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Abstract While leaves typically emerge near shoot
apices around the outer surface of a plant canopy, their
relative position “moves” deeper into the canopy as
additional leaves emerge. The photosynthetic capacity
(Amax) of a given leaf can be expected to decline over
time as its relative position (P,) in the canopy becomes
progressively deeper; this can be observed as a spatial
gradient with the A, of leaves declining distally
from the shoot apex. As a consequence, we propose
that the photosynthetic capacity averaged over a
single leaf’s lifespan is equivalent to the average
photosynthetic capacity of the entire plant canopy at a
given time; in other words, there is an ergodic time to
space averaging in the organization and development
of plant canopies. We tested this “canopy ergodic
hypothesis” in two woody (Alnus sieboldiana and
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Mallotus japonica) and two herbaceous (Polygonum
sachalinensis and Helianthus tuberosus) species by
following the photosynthetic capacity in 100 individ-
ual leaves from the time of their emergence until their
death. We compared the average photosynthetic
capacity of individual leaves through time (time-
average) to the average photosynthetic capacity of all
the leaves along a shoot at the time of emergence of
the focal leaf (space-average). We found that A,,x and
P, were positively correlated and that the time-
averages of three plant species (Alnus, Mallotus, and
Helianthus) were not significantly different from the
corresponding space-averages, although the averages
differed among individual plants. Polygonum, how-
ever, did show significant differences between time
and space averages. Ergodicity appears to apply to the
leaf—canopy relationship, at least approximately—the
average photosynthetic capacity of a single leaf
through time (time-average) can represent the average
photosynthetic capacity of the entire canopy.

Keywords Canopy photosynthesis -

Time-average - Space-average - Canopy ergodic
hypothesis

Introduction

The canopy of plant communities has a three-
dimensional structure that changes through time
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(Hollinger 1989; Holbrook and Lund 1995). At any
point in time, light conditions change vertically
within a canopy (Monsi and Saeki 1953; Hirose and
Werger 1989; Kitajima et al. 2005). Leaves at the
upper or outer part of a plant canopy are usually well
insolated, and leaves lower or deeper in the canopy
usually shaded (Kikuzawa 2003; Hikosaka 2005). A
newly emerged leaf typically is situated at the outer
edge of the canopy, other leaves on the growing shoot
being basipetal to this focal leaf. With the progress of
time and shoot elongation, however, this focal leaf is
progressively more and more shaded by newly
emerging leaves above and to the side in the
expanding canopy, and concomitantly, the photosyn-
thetic capacity of the focal leaf declines with time
through reallocation of limiting resources to more
recently emerged leaves (Field 1983; Hirose and
Werger 1987). In other words, although the actual
position of a leaf is fixed on the shoot or stem, its
relative position in the canopy changes from the outer
edge of the canopy to its interior as the canopy
expands. Progressively more and more shaded leaves
below the focal leaf are shed until at last the focal leaf
is among the innermost leaves deep in the canopy
interior just before itself being shed (Kikuzawa
2003). The rate and temporal context of this
progression from exterior to interior canopy position
varies with the rates of shoot growth and leaf
turnover, being generally most rapid in herbaceous
or pioneer tree species with indeterminate shoot
growth and slowest in woody evergreen species with
slow leaf turnover. This sequence of events can be
viewed as a “downward movement” of the leaf
through the growing canopy. Corresponding to this
“downward movement,” the focal leaf will be
subjected to a predictable decline in insolation, and
consequently, undergoes acclimation to lower photo-
synthetic capacity over time (Reich 1984; Kikuzawa
2003; Miyazawa and Kikuzawa 2004).

We believe that this “downward movement” of a
single leaf through time can potentially represent the
vertical structure (Hikosaka 2005; Kitajima et al.
2005) in irradiance and photosynthetic capacity from
the outer edge to the deep interior of a canopy at a
given time. We propose a hypothesis that the average
photosynthetic capacity (and rate) through a single
leaf’s life from its emergence to fall can express both
the mean photosynthetic capacity and the realized
mean rate of photosynthetic gain of the entire canopy
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at the time of the emergence of the focal leaf. By
analogy to work in statistical mechanics, we call this
an “ergodic canopy hypothesis.” The ergodic hypoth-
esis in statistical mechanics assumes that the time
average for the properties of any system of interest
will be equal to the averages of those same properties
for all the members of the ensemble (Tolman 1979).
By analogy, we predict that the average photosyn-
thetic capacity and the realized rate of photosynthetic
gain through time of a single leaf will equal the
average photosynthetic capacity and the realized rate
of photosynthetic gain of an ensemble of leaves in
space (the plant canopy). We hypothesize, in other
words, that at least at some stages in their develop-
ment, plant canopies are ergodic.

Plant canopy development can be characterized in
four phases: expanding, dynamically stable, statically
stable, and degrading. During the expanding phase of
canopy growth, new leaves develop on the shoot
without loss of older leaves. However, eventually,
older leaves begin to senesce and to be shed as the
canopy reaches a steady state condition (dynamic
stability) in which leaf fall and leaf emergence rates
are in balance and leaf numbers in the canopy
constant. An arrested condition (static stability) then
can occur if leaf turnover stops and leaves persist, but
eventually leaf senescence and loss predominate in a
degrading canopy. Stages in canopy development
when leaf numbers are stable, the domain of the
ergodic hypothesis, occur in many plant species from
diverse environments. The dynamically stable phase,
for example, can easily last for more than a year in
species from the aseasonal tropics. In evergreen trees,
although leaf number within a year changes, the year-
to-year uniformity in leaf numbers could also be
considered dynamically stable. Furthermore, we will
show that the domain of ergodicity can be extended
by relaxing the requirement for dynamic stability of
leaf number. Under relaxed conditions, approximate
ergodicity can apply with the space-averaged photo-
synthetic capacity, a constant independent of time,
and the time-averaged photosynthetic capacity only a
little smaller than the space average.

To the degree that the conditions for ergodicity
apply in the real world, we believe that ergodic
hypothesis can yield new insights into the functional
ecology of plant canopies. For example, we recently
proposed a model to represent the gross primary
production of plant communities as the product of the
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lifetime carbon gain by a single leaf, the daily rate of
leaf production, and the duration of the period
favorable for photosynthetic activity within a year
(Kikuzawa and Lechowicz 2006). In this framework,
the total carbon gain by a plant community through-
out a year (gross primary production) in principle
could be obtained simply by measuring the lifetime
carbon gain of a single leaf, although practically one
would average a sample of leaves measured over
their lifetimes. Postulating ergodicity, we argued that
the lifetime carbon gain of a single leaf could be
obtained by the average rate of photosynthetic
capacity of a leaf through its life (Kikuzawa and
Lechowicz 2006). While this possibility is appealing
in principle, the operational difficulties of selecting
truly “representative leaves” in an intrinsically
complex and dynamic plant canopy and measuring
their lifetime average photosynthetic capacity and
gains are causes for some skepticism about the
testability and utility of such an ergodic perspective.
In this paper, we therefore make an initial test of the
ergodic canopy hypothesis using two woody and two
herbaceous plant species, all either planted or natu-
rally growing in open sites. We compare (1) the
canopy development of these species to assess if the
dynamic stability required for canopy ergodicity
exists. (2) We analyze the relationship between
photosynthetic capacity and relative position to assess
how the capacity is determined by leaf position. (3)
We also analyze temporal trend in space averages to
assess if factors other than light regime affect
photosynthetic capacity. Finally, we compare (4)
the average photosynthetic capacity of single leaves
over their life spans with the average photosynthetic
capacity of the plant canopy at a given time.

Model
Basic ergodic model

We recognize three premises a critical to the canopy
ergodic hypothesis.

(1) The photosynthetic capacity (An.x) of a single
leaf is highest at the time of leaf expansion and
then decreases with time due to both aging and
degradation of local light conditions as the
canopy expands. In other words, A, is a

function of light intensity (/) and age (¢) from its
full expansion.

Amax :Amax(la t) (1)

(2) Only the insolation regime on each leaf primar-
ily affects Apa. Other conditions such as
temperature, foliar water regime, and nutrient
availability can be considered more uniform
within the canopy compared to insolation.

(3) An established, non-degrading plant canopy has
stable leaf numbers. When some leaves are
newly added by leaf expansion at the top of a
shoot, corresponding numbers of leaves will be
shed at the base of the shoot and the number of
leaves on a shoot therefore is constant.

Given these premises, consider a model shoot
(Fig. 1) that for simplicity can retain only two leaves
at a time. The shoot elongates adding a new leaf
apically while shedding a leaf at the shoot base
(Fig. 1a). Leaf position is recorded relative to the
shoot apex (Fig. 1b). At time 7, a newly expanded
focal leaf appears (age 0); the insolation regime at
that leaf is [, and A,,,, of the leaf is A, (Ip, 0). At
time f;, one time unit after 7y, another new leaf
appears apically with age zero and insolation regime
Iy. Thus, at time #;, the focal leaf has “dropped” to a
subapical position with insolation regime /; and its
Anmax has decreased to A, (I1, 1). The A« of the
new leaf at the apex is now A, ,.x (1o, 0). In this simple
model, the average A,.x of 7o and #, for the focal leaf
is therefore 1/2[Amax (I9,0) + Amax({1,1)], which is
equivalent to the average A,.x at t = t;, or at any
time. From the preceding arguments, the position of a
leaf, P,, can be taken as an integrative variable
representing both leaf age and relative position (light
regime) within a canopy. We can expect that A« is a
function of P,.

Amax = Amax(Pr) (2)

Here, the relative position of a leaf is defined as
Pr=(i—1)/(N-1), (3)

where i is the positional order of a living leaf
counting from one for the leaf at the base of a shoot,
and N is the total number of leaves on the shoot. P, is
one for the highest leaf of a shoot, and zero for the
lowest leaf.
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Fig. 1 Schematic representation of changes in relative leaf
position (P,), leaf age, and light condition (/) with time (¢) in a
model canopy. “Shaded” leaf indicates the focal leaf for which
the time average photosynthetic rate was calculated. (a) leaf
dynamics with shoot elongation, (b) relative representation of
the canopy, leaf number was fixed with the apical leaf being
P. = 1. (c) An example of “extension” of the model. In this
schema, two leaves appear (m = 2), but only one leaf drops;
thus, this is an expanding phase rather than a stable phase.
However, even in this case, the time average was similar but
only slightly smaller than the space average. (d) Results of a
simulation in which 2 new leaves appear (m = 2) per unit time
and 1 leaf drops per unit time, and A,,,x depends on relative
leaf position (P,) as Apax = pP; + g. We simulated 10 “time
units” starting from the initial number of leaves (V) of 3. At
time 1, the time average is equal to the space average, but the
former slightly decreases with the progress of time. Numerals
in the parentheses indicate the values of p and ¢ used in
calculations

Extended model

We can relax the conditions for ergodicity to
encompass the expanding phase in canopy develop-
ment. Requirements for this approximation are as
follows:

(1) The rates of emergence and shedding of leaves
are constant, but not necessarily the same. We
assume that the emergence rate is larger than the
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shedding rate when the canopy is in the
expanding phase.

(2) A shoot allocates nitrogen to leaves so that A«
is a function of the relative position of a leaf.
We assume that the relationship between A«
and P, is linear:

Amax = pPr +¢q (4)

where p and g are positive constants.
The space-averaged A,.x for a shoot with N leaves
is given by:

S PP, + 4} _ > {pih+a} _p
N B N 2
Hence, space-averaged photosynthesis is indepen-
dent of both the number of leaves and the time at
which the space average is calculated.

We assume that it takes one time unit for one leaf
to be shed from a shoot and m leaves emerge in the
same duration. The parameter m is larger than one in
the expanding phase of the leaf population. Now,
consider a leaf that appears at time one at the top of
the shoot with N leaves (Fig. 1c). This leaf is shed at
time N + 1. At time ¢, the order of this leaf is N—
t + 1, and the number of leaves on the shoot is
N + (m—1)(t—1). Thus, the time-averaged photosyn-
thesis of this leaf is given as

+4q

N N—
Zf’;l {pP: +q} _ Do {pNHm—l)(lt—l)—l + ‘1}
N N

This time-averaged photosynthetic capacity is only
modestly less than the space-averaged photosynthetic
capacity (p/2 + q) (Fig. 1d).

This relaxed model contains the strict conditions
for ergodicity as the special case when m = 1; then,
the time-average is equal to the space-average (p/
2 + ¢) and does not depend on the number of leaves
(e.g., the time when the focal leaf appears).

Materials and methods
Plant material

In order to assess the prevalence of ergodicity in
nature, we collated various measurements we had
made of photosynthetic capacity for leaves of differ-
ent ages along growing shoots in four different
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species. Alnus sieboldiana Winkl. (Betulaceae) is a
small tree species native to southwestern Japan. The
species is widely planted in central Japan to stabilize
slopes and is naturalized in open spaces. We sampled
the uppermost shoot on each of five 1-m tall saplings
in the spring of 2000. Mallotus japonicus Muell. Arg.
(Euphorbiaceae) is another small tree species widely
distributed in Japan that commonly grows along open
roadsides. We sampled the uppermost shoots on three
I-m tall saplings in 1999 and 2000. Polygonum
sachalinensis Maxim. (Polygonaceae) is a herbaceous
species usually found in sunny sites and reaching
more than 1 m in height; we sampled 12 plants in an
open site in 1993. Helianthus tuberosus L. (Astera-
ceae) is an herbaceous plant introduced to Japan from
North America and now widely naturalized in open
sites. Individual stems grow from tubers in spring,
often reaching more than 1 m by autumn. At first, the
phyllotaxis of the plants is opposite with two leaves
at a node, but after the stems exceed 1 or 2 m, the
phyllotaxis changes to alternate or to verticillate with
three leaves at a node. At this stage, plants also
vigorously branch and flower. We sampled three
stems from each of three density plots in an
experimental garden (see the next section), counted
number of leaves on each stem, and measured their
Anax from early May to late June after which the
number of sampled stems was reduced to one in each
plot and measured until mid-August in 1998.

Study sites

Alnus and Mallotus were grown naturally in a 0.1 ha
open site on the campus of the Center for Ecological
Research of Kyoto University in Ohtsu, central Japan
(Kikuzawa 2003). Mean annual temperature in Ohtsu
was 14.8°C, highest in August (27°C) and lowest in
January (4°C). Mean daily and maximum tempera-
tures on days when measurements were made in 2000
were 18.9°C and 24.3°C in May, increased to 28.5°C
and 34.1°C in August, and declined to 6.0°C and
12.3°C in December. A Helianthus planting in the
nursery of the Botanical Garden of Kyoto University,
Kyoto, central Japan consisted of six 1-m” plots
situated in a 5 x 10 m area with the plots separated
by at least a meter from one another. Either 5, 25, or
100 tubers were planted in each plot, replicated 3, 2,
or 1 time(s), respectively. We refer to these hereafter
as 5-, 25-, or 100-stem plots. Climate conditions in

Ohtsu and Kyoto are very similar; the difference in
the annual mean temperature is less than 1°C. Finally,
the Polygonum study was made in Bibai, Hokkaido,
in northern Japan, where mean annual temperature
was 7°C, highest in August (21°C) and lowest in
January (—6.7°C). Mean daily and maximum tem-
peratures of days in 1993 when plants were sampled
were 15.1°C and 20.0°C in June and 19.9°C and
25.0°C in August. The sampled Polygonum plants
were grown naturally in an open site of 1500 m?; the
12 sampled shoots were situated about 1 m apart and
the effect of mutual shading was small.

Measurements

For each species, we selected one shoot per individ-
ual plant and counted the number of leaves on the
shoot at one- or two-week intervals, recording newly
emerged and newly fallen leaves. Fallen leaves and
their positions were clear from leaf scars compared
against the previous observation.

Photosynthesis

The photosynthetic capacity of each leaf in situ was
measured at 1500 pmol m~2 s™' and CO, concen-
tration at 350 ppmV using a Licor 6400 (Lincoln,
Nebraska). Measurements were carried out from 8 to
11 local time and occurred on the same or the nearest
day as the recording of leaf emergence and abscis-
sion. The same leaves were assayed at each
measurement time. Measurements were carried out
five to eleven times at one- or two-week intervals
from May through August, or as late as December if
healthy leaves persisted.

Leaf selection for average in time

We selected focal leaves for analysis near the upper
part of a canopy (P, > 0.8, soon after emergence) and
followed them throughout most of their lifespan as
their P, progressively declined with growth of the
stem (P, < 0.2, soon before abscission). Leaves that
appeared very early in the season usually had an
initial P, lower than 0.8 and were excluded from the
analysis; leaves that appeared late in the season did
not move to a deeper position as they aged (their P, is
usually greater than 0.2), and were also excluded.
Fourteen focal leaves were selected from Alnus, 26
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from Polygonum, 39 from Mallotus, and 21 from
Helianthus. Photosynthetic capacities measured sev-
eral times for each of the focal leaves gave 100
“time-averaged” photosynthetic capacities that could
be compared against the “space-averaged” capacities
on a total of 27 stems.

Leaf selection for average in space

Corresponding to the 100 time-averaged photosyn-
thetic rates, we obtained 100 average photosynthetic
rates for shoots (space-average). If the focal leaf was
situated at the top of the stem at the initial stage, the
average photosynthetic rate of leaves at all nodes of
the stem at that time yielded the space average
corresponding to the time average. If the focal leaf
was not situated at the top of the stem at the initial
stage, the photosynthetic rates of all leaves below the
focal leaf (including the focal leaf) of the stem at that
time yielded the space average. In this way, we
obtained 100 space-averaged photosynthetic rates,
each corresponding to the time average required to
test the ergodic hypothesis.

Statistical analysis
Factors affecting Aax

In order to examine the factors affecting A,,.x, We
regressed An.x on P, and leaf age separately, and
compare the results using the Akaike Information
Criterion (AIC).

Temporal trend in space-average photosynthesis
rates

In order to examine whether a temporal trend in
space-averaged photosynthetic capacity existed, we
applied the following statistical model to the data:

AiJ':b0+b1D+1j+SiJ'

where A; ;, is the space-average photosynthetic capac-
ity of the j-th indiviual in the time i, D is a duration in
days from a certain date to a measurement date, /; is a
random effect with variance 021 that is associated
with the j-th individual, and ¢;; is a random error
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having a variance o”. For Mallotus, we used only data
obtained in 2000 for this analysis.

Comparison between time-averaged
and space-averaged photosynthetic capacity

In order to test whether the method of averaging
(time-average vs. space-average) influences the esti-
mate of average photosynthetic capacity, we fitted the
following mixed-effects models. For Alnus and
Polygonum, we fitted a mixed model:

Aijxk=bo+bIM+ 1+ Lij+ ¢

where A; . is the average of the j-th leaf on the i-th
individual, M is a bivariate variable representing the
method of averaging (M = 1 for time-average and
M = 0 for space-average), I; and L;; are random
effects for individual stem and leaf within individual
stem with variances ¢’ and o7, respectively, and ¢;
is a random error with variance ¢~. For Mallotus, we
fitted the mixed model:

A,‘JJ{:b0+b1M+b2Y+1[+L,‘J+8[_j’k

where Y is a bivariate variable representing the
measurement year (Y =0 for 1999 and Y =1 for
2000). For Helianthus, we fitted the the mixed model:

A,‘JJ{:b0+b1M+b3D+I,‘+L,'J+S[J1k

where D is planting density.

In order to fit these models, we used the function
Ime() in R (R Development Core Team, 2006) with
the maximum likelihood method option (meth-
od = “ML”). We selected the “best” model using
the Akaike Information Criterion (AIC) by compar-
ing candidate models whose variables were a subset
of the variables in the full model.

Results
Canopy development

Leaf emergence of Alnus occurred in early to mid-
April, and the number of leaves increased until mid-
May (for about 50 days) without leaf fall, stabilizing
at about 5 leaves per shoot after which nearly
constant new leaf emergence and abscission contin-
ued until late October (around 180 days from leafing
out). Hence the period of dynamic stability when
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ergodicity might occur is about 130 days from late
May to late October (Fig. 2a). As new leaf emergence
ceased, leaf number was rather stable until the end of
November because of less leaf-fall; this can be
considered a statically stable phase, which is fol-
lowed by canopy degradation after December to
January in the next year.

Canopy expansion in Polygonum occurs in the first
30-40 days of the growing season, and the dynam-
ically stable phase is from about 40 to 100 days
(Fig. 2b), with no static stability phase and canopy
degradation from about 100 to 150 days. In Mallotus,
no leaf fall occurs within 50 days after leaf emer-
gence (canopy expansion phase) and dynamic
stability occurs from 50 days to 150 days (Fig. 2c);
after 150 days, leaf number was statically stable for
around 30 days and then degraded. Leaf fall started
around 30 days in Helianthus, and the period from 30
to 120 days approached but never fully reached
dynamic stability; new leaf emergence exceeded leaf

fall so leaf number was increasing (Fig. 2d). Because
of the acropetal appearance of new leaves along the
stem and the basipetal shedding of old leaves in the
dynamic phase, the P, of the focal leaf decreased with
time in all four species (Fig. 3), but once new leaf
emergence stopped, P, changed little until canopy
degradation began (Fig. 3a—c).

Photosynthetic capacity

The photosynthetic capacity was usually higher in
younger leaves, and the photosynthetic capacity of a
given leaf decreased over time (Fig. 4). Since the
decrease in P, (Fig. 3) corresponded to the decrease
in Apnax (Fig. 4) with time, A,.x can be expressed as
the function of P, (Eq. 2), as shown in Fig. 5, as
positive, significant linear correlations. The depen-
dency of A,.x on P, differs among species (Fig. 5),
reflecting the degree of self and mutual shading. In
Helianthus, coefficients of determination (*) and
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Fig. 3 Changes in the relative position (P,) of leaves on a
shoot with time since shoot emergence. (a) Alnus sieboldiana,
(b) Polygonum sachalinensis, (¢) Mallotus japonicus, and (d)
Helianthus tuberosus. A representative shoot of each species is

gradients (b) of regression of photosynthetic capacity
(Amax) against relative position (P,) were greater in
denser plots (0.486, 14.1 for 5—stems/m2, 0.732, 17.6
for 25-stems/m?, and 0.763, 21.4 for 100 stems/m?).
For Alnus, Mallotus, and Helianthus, the model with
the relative position of leaf used as an explanatory
variable had a smaller AIC than the model with the
leaf age as an explanatory variable (Table 1), indi-
cating that the A ., had a closer relationship with the
relative position than with leaf age. For Polygonum,
the model with the relative position of leaf used as an
explanatory variable had a larger AIC than the model
with the leaf age as an explanatory variable.

During the dynamic stability phase, a shoot has
leaves of different ages (Fig. 3) and thus different
photosynthetic capacities (Fig. 4). Hence, the average
photosynthetic capacity per shoot (space average) did
not vary greatly different with time in the dynamic
stability phase (Fig. 6). The space-averaged photo-
synthetic capacity decreased in the degrading phase
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shown. Shoot position was calculated as P, = (i—1)/(N—1),
where N is the total number of leaves on a shoot, and i is the
order from the shoot base of leaves attaching the shoot

(Fig. 6a, d), and tended to be higher in the expansion
phase (Fig. 6b). If some measurements at the
expanding or the degrading phases are excluded from
the analysis, no temporal trend in space-averaged
photosynthetic capacity was found; this is the case
when omitting the last measurement for Alnus, the
first two measurements for Polygonum, and the first
and the last four measurements for Helianthus
(Table 2).

Comparison between time-averaged
and space-averaged photosynthesis

For Alnus, Mallotus, and Helianthus, the “best”
model explaining average photosynthetic capacity did
not contain the method of averaging (time-average
vs. space-average), indicating that the time average
and space average did not differ significantly. The
“best” model, however, did include the method of
averaging for Polygonum (Table 3); the space
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average was greater than the time average for
Polygonum. In scatter plots of the time average for
photosynthetic capacity and the corresponding space
average, the data points fell along a line of equality
(Y = X) for Alnus, Mallotus, and Helianthus (Fig. 7a,
¢, d), but tended to be above the line for Polygonum
(Fig. 7b).

Discussion

An essential premise of the canopy ergodic hypoth-
esis is that a single leaf typically exists in a series of
light conditions over its lifespan, a long-recognized
fact (Kira 1975) affirmed in this study. In all the four
species we studied, the relative position of a focal
leaf on a shoot during the expanding and dynamic
stability phases in the canopy decreased with time as
the leaf “moved” from the outer edge of the growing
canopy “down” to its deep interior. In response to
this change in ambient light, a focal leaf can be

expected to adjust its photosynthetic ability by
reallocating limiting resources as its potential for
photosynthetic gains declines (Field 1983; Hikosaka
and Terashima 1995). This dependency of photosyn-
thetic capacity (Anax) on the leaf position (P,) differs
among our study species, probably reflecting the
degree of self-shading imposed by canopy architec-
ture, and in the case of high-density plantings of
Helianthus, a degree of shading by neighbors as well.

There was variation in canopy architecture among
the species where only self-shading prevailed: shoots
of Alnus grew more vertically and shoots of Mallotus
and Polygonum grew more horizontally. Self-shading
should therefore be greater in Alnus (Kikuzawa et al.
1996), and may contribute to the observed differences
in the dependency of A,,.x on P,. Despite quantitative
differences in A,,x on P, relationship among species,
all the study species qualitatively satisfy the require-
ment for a change in foliar photosynthetic capacity as
a leaf ages and changes position in an expanding
canopy.
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Fig. 5 Relationships

between maximum
photosynthetic rate (Aax)
and relative position of
leaves (P,). (a) Alnus
sieboldiana,

Amax = 8.63P, + 6.46
(pmol m~2 s’l),

= 0.359 (P < 0.0001),
(b) Polygonum
sachalinensis,

Amax = 4.28P, + 7.79.
= 0.128 (P < 0.0001),
(¢) Mallotus japonicus,

Apmax = 4.48P, + 8.83,
= 0.153 (P < 0.0001),

and (d) Helianthus
tuberosus.

Apax = 11.75P, + 6.19,
P = 0.596 (P < 0.0001)

Photosynthetic Capacity (A ,,,) pmol m2s'1

Relative Position (P,) of Leaves

Table 1 Coefficients of regression* of the light-saturated photosynthetic rates on the relative position of the leaf and leaf age

Species Explanatory variable p q P AIC
Alnus Relative position 9.1317 (0.6233) 7.9233 (0.3044) 0.4742 1172.655
Leaf age —0.100770 (0.008035) 16.682839 (0.452412) 0.3979 1205.160
Polygonum Relative position 4.2760 (0.6179) 7.7904 (0.3722) 0.1277 1802.051
Leaf age —0.114056 (0.008554) 14.067798 (0.357117) 0.3529 1699.334
Mallotus Relative position 5.7209 (0.4144) 7.5232 (0.2449) 0.2952 2238.970
Leaf age —0.037361 (0.004751) 13.115107 (0.376718) 0.1196 2340.599
Helianthus Relative position 19.9689 (0.9774) 5.8522 (0.3647) 0.5786 1745.630
Leaf age —0.23348 (0.01469) 19.04030 (0.54668) 0.4538 1825.014

* Regression models are Ap.x = p Py + g or Aax = p L + g, where A« is the light-saturated photosynthetic rate, P, is relative

position of a leaf within a shoot, L is leaf age in days, and p and ¢ are regression coefficients

Numbers in parenthesis are the standard errors of the corresponding estimates

There is an inherent space—time correspondence in
the biology of canopy expansion: the more basipetal
leaves on a growing shoot are older than the more
apical. The decline of photosynthetic capacity of a
single leaf with time is a universal trend (Sestak
1981; Kitajima et al. 1997, 2002; Mediavilla and

@ Springer

Escudero 2003; Koike 1990) found in both herba-
ceous (Thomas and Stoddart 1980; Hodanova 1981)
and woody plants (Koike 1990; Kikuzawa 2003).
This decline has usually been attributed to the
degradation of leaf function with age, and it can also
be explained by acclimation to microenvironmental
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change around a leaf in the canopy, especially
insolation (Hodanova 1981; Hikosaka et al 1994;
Kikuzawa 2003). The decline in photosynthetic
capacity with time may reflect an age-dependent
decline in investments for maintaining leaf function
that is optimized at the whole-canopy level (Hikosaka
et al. 1994; Hikosaka 2005), a possibility providing a
functional rationale for ergodicity. Mooney and
Gulmon (1979) suggested that the photosynthetic
capacity is saturated at lower nitrogen content at
lower light condition than at higher light condition
and hence that greater investment of nitrogen for
photosynthetic machinery in darker condition is not
advantageous for plants. Field (1983) proposed a
model predicting the optimal daily photosynthetic
gain by investing nitrogen for each leaf in accordance
with the light capture by each leaf. Furthermore,
Hirose and Werger (1987) proposed an optimum
nitrogen allocation model that maximized carbon
gain and tested the model for some herbaceous
communities. It is advantageous for plants to

P -
100
Days after April 15

200 0 20 40 60 80 100
Days after April 13

R
150

reallocate nitrogen from lower leaves in darker
conditions and to transport it to upper leaves in
brighter conditions (Hirose 2005; Hikosaka 2005),
although real nitrogen allocation does not always
follow predicted optimal allocations (Hollinger 1996;
Hikosaka 2005). We conclude that the decline of
maximum photosynthetic capacity with time is due to
these sort of adjustments of resource allocation to
each leaf to maximize carbon gain at the whole-
canopy level. This is concordant with both the decline
of maximum photosynthetic capacity with leaf
position for leaves in our study species and with the
premises of the canopy ergodicity hypothesis.

Do our data then support the ergodic hypothesis?

The deciding test for ergodicity is whether or not the
average photosynthetic capacity of a single leaf
throughout its life is equivalent to the average
photosynthetic capacity of a canopy at a given time.
During the large part of the growing season when leaf
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Table 2 Results of the analysis to detect temporal trend in
time-averaged photosynthetic rate

Species Parameter Estimate Standard P-
error value

Alnus bo 12.125409 0.6503501  0.0000
b, —0.000761 0.0045357  0.8676
oy 0.3015614
4 1.749651

Polygonum by 8.945152 0.8396431  0.0000
by —0.014988 0.0114287  0.2143
gy 0.5084955
a 0.9774309

Mallotus by 10.625986 0.5460790  0.0000
b —0.001931 0.0051355  0.7094
oy 5.287708e-05
4 1.408011

Helianthus by 16.310498 1.955776 0.0000
by —0.023424 0.023258 0.3225
gy 4.067514
a 1.486436

numbers in the canopy are at or near stability, this is
the case for both woody species that we studied,
Alnus and Mallotus. In herbaceous species, the
situation is less certain. The dynamically stable phase
in canopy development in Polygonum was brief, only
about 60 days; the space-averaged and time-averaged

photosynthetic capacities in Polygonum correlated
consistently, but space-averaged values were signif-
icantly greater than the time-averaged ones. This
deviation from expectation may arise in the greater
insolation of all leaves in the canopies of the spatially
isolated Polygonum plants that we studied. That
possibility is consistent with our results in the
Helianthus plants that we studied, which grew in
crowded populations. The space and time averages
for photosynthetic capacity in Helianthus were not
significantly different, despite the fact that leaf
numbers never entirely stabilized in the steadily
expanding canopy. On balance, we believe that
acclimation of leaf function and canopy development
may generally be coordinated under a principle of
ergodicity, but that possibility requires testing across
a wider range of species and environments.

Our initial tests of the canopy ergodicity hypoth-
esis have focused on woody and herbaceous species
with successive leafing during development of their
canopies. There are many species in which the
canopy in a given year develops as a simultaneous
flush of new leaves so that there is no change in the
relative position of each leaf through a growing
season (Kikuzawa 1983, 2003). Within a single year,
this would seem to undercut the functional rationale
proffered for the ergodic effect, but in these
instances, ergodicity might still apply to the accli-
mation of the leaf function across years in the

Table 3 Maximum

likelihood estimate of the Species Parameter Estimate Standard error t-value (d.f.) P-value
parameters in the “best” Alnus bo 11.125 0.426 26.123 (24) <0.0001
model*
oy 0.628
4 1.417
Polygonum by 12.996 0.447 29.062 (44) <0.0001
b, —2.759 0.394 —7.004 (44) <0.0001
o1 0.894
o 1.392
* by is the intercept; b, is Mallotus by 11.794 0.446 26.461 (39) <0.0001
the coefficient for the by ~1.687 0.594 —2.838 (6) 0.0296
averaging method; b, is the
coefficient for the g1 0.389
measurement year; b is the oL 1.104
coefficient for planting P 1.616
PO I .
density; 0% is a variances of Helianthus bo 18.108 1.107 16.364 (39) <0.0001
a random effect for
individual; O'f is a variances bs —0.062 0.019 =3.311 (1) 0.1867
of a random effect for leaf a1 1.241
within individual; ¢® is a ” 1278

variance of random error
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annually expanded canopy of woody species. Grami-
noids are another example of a growth form in which
the canopy ergodicity hypothesis might be expected
to fail, because the fundamentally different organi-
zation of canopy growth in graminoids violates the
assumptions of the hypothesis. The space-time
equivalence inherent to the hypothesis assumes that
leaves appear successively from apical meristems
situated at the top of growing shoots that progres-
sively shade leaves below them as the canopy
expands. With the exception of the bamboos, grami-
noid leaves appear from a basal meristem and the
plant canopy has a vertically organized structure that
minimizes self-shading (Hirose et al. 1989). In this
case, it will be hard to apply the rationale developed
in this paper.

For woody plants, and particularly for large trees,
the influence of canopy structure on ergodicity is also
more complicated than in herbaceous forbs. The
ergodic effect may or may not apply for leaves
displayed on branch systems that develop and persist

over long time spans. Shoot emergence does not start
from the soil surface as in a stem of herbaceous
plants, but rather from meristems situated throughout
the persistent, woody canopy structure (Ishihara and
Kikuzawa 2004). Within a single growing shoot, new
leaves are situated acropetally to older leaves
(Miyazawa and Kikuzawa 2004), but individual
shoots are situated at various depths in the woody
canopy. Hence, the tree canopy as a whole is a
mosaic of new and old leaves. Although new leaves
are not always found only at the top of the canopy
(Kitajima et al. 2005), new shoots represent only a
very small part of the total tree canopy (Maillette
1982a, b); therefore, in a single year, a tree canopy is
akin to an herb with flushing growth habit. We might
assume that over time periods that exceed a single
growing season, it is the branches in a woody canopy
that are the unit of ergodicity rather than the leaves.
Shoots and branches are known to be shed within a
year and recruited (Ishii and Ford 2001; Seiwa et al.
2006). Fujiki and Kikuzawa (2006) proposed a model
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of stem replacement that would maximize the repro-
ductive success of an individual plant. Testing this
possibility experimentally will require many mea-
surements over many years, but in principle, the test
is possible. It would be immediately more useful first
to test the ergodicity of photosynthetic capacity in
additional annual and perennial herbs.
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