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Abstract Plants respond to local heterogeneity in abiotic
and biotic conditions by changing module-level mor-
phology, growth, and reproductive patterns. This paper
presents a conceptual framework for the study of mod-
ular responses in plant crowns, clarifies the points that
should be considered for scaling up from modular re-
sponses to the consequences at the whole-plant level,
characterizes the interspecific differences in modular re-
sponse patterns, and discusses their ecological signifi-
cance. The modular response was defined as either
autonomous or interactive, depending on whether the
response of a module to its local condition is indepen-
dent from the conditions of other modules. For evalu-
ation of the autonomy of the modular response, the
importance of considering positional relationships and
organizational levels of modules was then proposed as
these internally affect the modular response pattern, and
their interspecific differences were characterized using
several concepts. The identification of an autonomous
modular unit is essential for scaling up module-level
studies to the whole plant. For understanding the eco-
logical significance of the modular response, further
interspecific comparisons and assessments of the scale
and the predictability of environmental heterogeneity
are required. The conceptual framework will be useful
for such purposes.

Keywords Phenotypic plasticity Æ Plant foraging Æ
Modularity Æ Scale up Æ Tree architecture

Introduction

Plants are described as being modular in their con-
struction and built up of similar repeated units termed
‘‘modules’’ (Table 1, White 1979; Hallé et al. 1978). A
module can be defined at several organizational levels. A
bud, a metamer, a shoot, a branch, or a ramet can all be
defined as a module. A high-level module is composed of
lower-level modules, creating a nested modular hierar-
chy (Godin and Caraglio 1998; Barthélémy and Caraglio
2007). A metamer consists of a node plus the leaf at that
node and its subtended bud, if present, plus a portion of
the internode; the shoot consists of continuous meta-
mers that have developed from a single apical meristem
(Room et al. 1994). The term ‘‘branch’’ is usually used to
represent the branching structure that develops from a
lateral bud on the trunk and consists of one or more
shoots (Sprugel et al. 1991). Small shrub species often
form multiple aboveground stems, in contrast to the
single-trunk form of many tall tree species (Wilson
1995). In these multi-stemmed species, an aboveground
stem can be considered as a modular unit of the plant
crown and is termed a ‘‘ramet’’ (Harper 1985).

In general, local heterogeneity in abiotic and biotic
conditions exists among modules within a plant. For in-
stance, shoots andbranches on theupper andouter parts of
the crown receive greater amounts of light than those on
lower and inner regions of the crown (e.g., Chazdon et al.
1988; Koike 1989; Kull et al. 1999; Osada et al. 2001;
Kaitaniemi and Ruohomäki 2003). Neighboring plants
cause local shading of portions of the plant crown (e.g.,
Jones and Harper 1987; Umeki 1995; Stoll and Schmid
1998). The effects of biotic factors are also spatially dis-
tributedwithin a plant.Plant tissue lossbyherbivore attack
occurs on a local scale (e.g., leaf, shoot, or branch) and is
spatially distributed within the plant (Haukioja et al. 1990;
Marquis 1996; Yamasaki andKikuzawa 2003;Mizumachi
et al. 2004). Pollinator visitation behavior results in heter-
ogeneous pollen loads on flowers (Karron et al. 2009).
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Because of the modularity of plants, they can respond
to local heterogeneity in the abiotic and biotic condi-
tions within the plant by changing morphology, growth,
and reproductive patterns at the module level (White
1979). I refer to this intraindividual plasticity as the
‘‘modular response’’ (Table 1). The ecological and
adaptive significances of the modular response have
been extensively studied in clonal plants. One of the
modular responses to local environmental heterogeneity
in clonal plants is selective placement of resource-
acquiring structures in favorable patches. This enhances
resource acquisition at the whole-plant level in com-
parison with an unresponsive pattern of placement and
is regarded as a manifestation of ‘‘foraging behavior’’ in

plants (see Hutchings and de Kroon 1994; Stuefer 1996;
Hutchings and Wijesinghe 1997 for review). Recent
works on belowground root foraging have also demon-
strated that modular responses to fine-scale heteroge-
neity of belowground resources can significantly
enhance whole-plant performance (see Robinson 1994;
Hodge 2004; Hutchings and John 2004 for review).

In plant crowns, effects of herbivore attack (see
Honkanen and Haukioja 1998 for review), reproduction
(see Obeso 2002 for review), and light heterogeneity (see
Stoll and Weiner 2000; de Kroon et al. 2005 for review)
on plant performance (e.g., growth, survival, and future
reproductive potential) have been studied at the module
level below the level of the individual. This is because

Table 1 Key terms and concepts useful for the study of intra-individual phenotypic plasticity to local environmental heterogeneity within
the plant crown

Term Definition Section

Module A repeated structural unit of a plant (e.g., leaf, flower,
metamer, shoot, or branch)

‘‘Introduction’’

Modular response Phenotypic changes in morphology, growth, and repro-
ductive patterns of modules in response to local hetero-
geneity in abiotic and biotic conditions within the plant

‘‘Introduction’’

Autonomous modular response Modular responses to local conditions occur independently
of both the conditions of other modules and of the
conditions of the whole plant

Fig. 1b

Interactive modular response Modular responses to local conditions are modified either
by the conditions of the other modules or by conditions
of the whole plant

Fig. 1c–e

Competitive interaction A type of interactive modular response: the modular
responses are enhanced by interactions between modulesa.
Correlative inhibition of shoot growth in a plant canopyb

is a typical example. Competitive exploitation of resources
from a module in a poor condition by a module in a better
condition is one possible mechanism of the interaction

Fig. 1c

Cooperative interaction A type of interactive modular response: the modular
responses are averaged out or weakened by interactions
between modulesa. Cooperative transfer of resources into
a module under a poor condition from a module under a
better condition is one possible mechanism of the inter-
action

Fig. 1d, e

Positional effect Developmental potential of a module is internally
controlled by its topological or spatial position within a
plantc, and an obvious example is seen in the phenomenon
of apical dominance or controld. The positional rela-
tionships between modules can modify the modular re-
sponse patterns

Fig. 2

Organizational plan The manner in which trees organize and control develop-
ment of their module units as whole-plant systems, being
either hierarchic or polyarchice

Fig. 3

Hierarchic organization The organizational plan in which a single axis dominates
and controls the developments of the other axes, forming
an excurrent tree shapef

Fig. 3a

Polyarchic organization The organizational plan in which all axes have equal po-
tential for development, forming a decurrent tree shapef

Fig. 3b

Hierarchy of plasticity The differential degrees of plasticity among modules at
different levels, such as leaf, shoot, and branchg

Fig. 4

ade Kroon et al. (2005)
bSnow (1937), Novoplansky et al. (1989)
cStafstrom (1995)
dCline (1991), Wilson (2000)
eÉdelin (1991), Millet et al. (1998a, b, 1999),
fBrown et al. (1967)
gWhite (1979), Valladares (1999)
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such effects are expected to be localized at the module
level to some extent, as well as because data collection
and experiments on whole plants are difficult, especially
for woody plants with complex and large architectures
(e.g., shrub and tree species). Some studies, such as those
on plant–herbivore interactions (Haukioja et al. 1990;
Honkanen and Haukioja 1994, 1998; Marquis 1996) and
trade-off relationships between reproduction and vege-
tative growth (Tuomi et al. 1982; Obeso 1993; Bañuelos
and Obeso 2004; Kawamura and Takeda 2006), have
pointed out a difficulty in scaling up from the modular
response to its consequences for whole-plant perfor-
mance. If the examined modules are not ‘‘autonomous
units (Table 1)’’ in their responses to local conditions
(e.g., loss of leaf tissue, flower and fruit production, and
shading), the results of module-level studies cannot be
scaled up directly to the whole plant. For instance, when
evaluating the effect of herbivore attack, the perfor-
mance (e.g., growth) of damaged shoots may be com-
pared to that of intact shoots in the same individual.
This comparison cannot provide a correct assessment of
the effect of local damage on whole-plant performance if
the damage affects not only the performance of the
damaged shoots but also that of intact shoots.

In addition to the problem concerning autonomy of
the modular response, the present study highlights an-
other problem that should be considered in the study of
modular responses in plant crowns. The modular re-
sponse pattern may change depending on the ‘‘positional
relationships’’ as well as the ‘‘organizational levels’’ of
examined modules (Table 1). Plants internally regulate
the developmental processes of their modules according
to the positions and organizational levels of the mod-
ules, and thereby form characteristic architectures of
species (Hallé et al. 1978; White 1979; Stafstrom 1995;
Barthélémy and Caraglio 2007). The modular response
patterns should be examined by considering structural
effects that reflect internal regulations.

The first objective of this study was thus to clarify the
above points that should be considered for scaling up
from the modular response to its consequences at the
whole-plant level by presenting a conceptual framework.
The conceptual framework provides cues for analyzing
the complex data of field plants, for appropriately
designing experiments, and for stimulating the devel-
opment of simulation models of crown processes using
new parameters. The conceptual framework is explained
through hypothetical examples of shoot growth re-
sponses to micro-environmental light heterogeneity
within the plant crown, and actual data and related
concepts from previous studies are reviewed and com-
pared to the conceptual framework.

The second objective was to review studies that
examine interspecific differences in the patterns and de-
grees of modular responses to local light heterogeneity
within the plant crown, describe the kinds of interspe-
cific differences that are currently found, and then dis-
cuss the potential external and internal factors
responsible for these interspecific differences. Descriptive

studies of interspecific differences in plant traits are
fundamental to considering the ecological and evolu-
tionary significance of a trait. However, the modular
response is not a simple trait like many leaf and crown
characteristics (e.g., leaf size, leaf thickness, crown depth
to width ratio, and trunk diameter to height ratio), but is
a complex trait that is difficult to describe. This study
characterizes interspecific differences in modular re-
sponses according to the conceptual framework and
identifies several concepts that are useful for character-
ization.

Theoretical and empirical studies have demonstrated
that the scale and predictability of environmental het-
erogeneity primarily determine the adaptive value of a
phenotypic response to a changing environment and
therefore act as important selection pressures on the
evolution of phenotypic plasticity in plants (see DeWitt
et al. 1998; Sultan 2000; Givnish 2002; Alpert and
Simms 2002 for review). Based on these, I discuss po-
tential relationships of the scale and the predictability of
environmental heterogeneity to differences in modular
response patterns observed between species from differ-
ent habitats. I also mention some internal constraints on
modular responses, such as the effects of hydraulic
architecture.

Autonomy versus interaction in the modular response

Autonomy

The first point that should be considered is the
‘‘autonomy’’ of the modular response (Table 1). If the
response of a module to its micro-environmental con-
dition is independent of other modules, the modular
response is considered to be autonomous (Sprugel et al.
1991; Sorrensen-Cothern 1993). Figure 1 shows a
hypothetical example of the shoot growth response to
light micro-environmental heterogeneity within a plant.
This example involves three individual plants, each of
which consists of two shoots (A, B), and the two shoots
receive equal or different amounts of light. The shoot
growth rates are plotted against light intensity. A
baseline relationship can be determined from the data
for the individuals (H and I) in which the two shoots
receive the same amount of light (Fig. 1a). The shoot
growth response to within-plant light heterogeneity
(individual J) is examined in comparison to this baseline
relationship. If the response of a particular shoot is
independent of the other shoots, the shoot growth rates
at a given light intensity will be equivalent between the
individuals with uniform (H and I) and heterogeneous
(J) micro-light environments (Fig. 1b). In this case, the
modular response is defined as autonomous. If the
modular response is assumed to be autonomous, the
effect of local shading on whole-plant performance (i.e.,
the total growth rates of the two shoots) can be evalu-
ated simply by comparing the shoot growth rates be-
tween shade and sun conditions.
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There are several lines of evidence that support the
concept of autonomous modular response. Simulation
models that assume independent resource acquisition
and use by modular units closely replicate real plant
growth and the dynamics of population and community
(Sorrensen-Cothern 1993; Takenaka 1994; Colasanti and
Hunt 1997; Colasanti et al. 2001; Hunt and Colasanti
2007). Experimental studies have demonstrated that be-
tween-branch or between-shoot carbon movement
within plants is very limited; i.e., they demonstrated the
carbon autonomy of modular units (Watson and Casper
1984; Yamamoto et al. 1999; Hasegawa et al. 2003; La-
cointe et al. 2004; Hoch 2005; Volpe et al. 2008). Brooks
et al. (2003) conducted an experiment on Douglas-fir
trees that reduced transpiration of a portion of the foli-
age on a branch by bagging and shading and then
monitored the gas-exchange responses of the remaining
sunlit foliage on the branch relative to control branches.
No responses were observed for the sunlit foliage of the
partially shaded branches, suggesting the autonomy of
gas-exchange responses within a branch system. Brooks
et al. (2003) also showed that the xylem within branches

is only partially interconnected, which would lead to
autonomous water supplies within a branch.

Interactions

In contrast to autonomous modular responses, Fig. 1c–e
describes hypothetical examples of ‘‘interactive’’ modu-
lar responses (Table 1). The shoot growth response to
microenvironmental light heterogeneity within a plant
differs from the baseline relationship obtained from
individuals in a uniform microenvironment. By defini-
tion, in these cases, the modular response is not auton-
omous, but rather is interactive. The local shading of
one shoot affects the growth rates of the other shoots.
The effect of local environmental light changes on the
target shoot alone cannot predict its consequence on
whole-plant performance.

Figure 1c shows a hypothetical example of ‘‘competi-
tive interaction’’ (Table 1). The shade shoot AJ of the
partially shaded individual J grows less vigorously than
shootAI of the totally shaded individual I, whereas the sun
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Fig. 1 A hypothetical example of shoot growth response to local
light environmental heterogeneity within a plant. Three individuals
(H, I, J), each consisting of two shoots (A, B) that receive different
amounts of light (50, 100% of full sunlight) are considered. a Shoot
growth rates of individuals H and I plotted against light intensity,
where the two shoots of the same individual are assumed to receive
equal amounts of light and have equal growth rates. b–e Shoot
growth rates of a partially shaded individual J are plotted upon the

baseline relationship shown in a. b The ‘‘autonomous’’ response,
where the growth rate of a shoot is determined solely by the
amount of light received by the shoot; c–e the ‘‘interactive’’
response, where the growth rate of a shoot is not only determined
by the amount of light received by the shoot but is also affected by
the light received by the second shoot. The interaction can be
classified as ‘‘competitive’’ (c) or ‘‘cooperative’’ (d, e)
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shoot BJ grows more vigorously than shoot BH of the to-
tally non-shaded individual H. This interaction has been
referred to as ‘‘correlative inhibition’’ (Table 1, Snow
1937). Correlative inhibition has been extensively de-
scribed for shoot growth responses to local light environ-
ments within a plant and is probably mediated by
hormones and resource competition between shoots
(Novoplansky et al. 1989; Sachs et al. 1993; Honkanen and
Haukioja 1994; Stoll and Schmid 1998; Takenaka 2000;
Henriksson 2001; Sprugel 2002; Novoplansky 2003; He
andDong2003;Umeki andSeino 2003;Umeki et al. 2006).

‘‘Cooperative interaction’’ is the opposite of com-
petitive interaction (Table 1). The shade shoot AJ of the
partially shaded individual J grows more vigorously
than shoot AI of the totally shaded individual I, whereas
the sun shoot BJ grows less vigorously than shoot BH of
the totally non-shaded individual H (Fig. 1d, e). Coop-
erative interactions appear to be less likely than com-
petitive interactions, although in some conditions it can
be adaptive and may occur. Using 14C labeling, Cregg
et al. (1993) reported that partial shading of the terminal
shoot could induce carbohydrate movement from the
lateral shoot to the terminal shoot in loblolly pine, but
the amount of carbohydrate movement was so small
that they regarded it as biologically insignificant.

de Kroon et al. (2005) argued that whole-plant plas-
ticity is the sum of all environmentally induced modular
responses plus all interactive effects that are due to
communication and behavioral integration of modules.
They proposed that integration between interconnected
modules may essentially result in three possible modifi-
cations of individual modular response. First, local re-
sponses to environmental quality may be enhanced by
module interactions. Second, the response may be
averaged out or quantitatively weakened. Third, module
integration may qualitatively alter local plastic responses
by inducing a novel response that is not expressed in the
absence of among-module variation. The first type of
‘‘enhanced response’’ corresponds to the ‘‘competitive
interaction’’ concept (Fig. 1c), and the second type of
‘‘weakened response’’ corresponds to the ‘‘cooperative
interaction’’ concept (Fig. 1d, e). Recently, de Kroon
et al. (2009) proposed a conceptual model of modular
responses to local environmental heterogeneity that in-
volves: (1) plasticity at the level of individual modules in
reaction to localized environmental signals; and (2) the
potential for modification of these responses either by
the signals received from connected modules that may be
exposed to different conditions, or by signals reflecting
the overall resource status of the plant. They reviewed
the evidence that supports use of the model for exami-
nation of physiological and molecular mechanisms of
signal perception and transduction between modules.

Interspecific differences

Although increasing evidence points to several types of
interactions between modular units within a plant

crown, comparative studies of different species are
scarce. Dong (1995) compared local morphological re-
sponses to partial shading between two stoloniferous
herb species of similar morphology but from contrasting
habitats (open fenlands and forest). The conceptual
framework presented here may be applicable to the
morphological study of Dong (1995). In a species from
open fenlands, Hydrocotyle vulgaris, partially shaded
plants showed contrasting leaf morphology [petiole
length, lamina area, and specific leaf area (SLA)] be-
tween shade branches and sun braches, indicating a
modular response to the local light environment. The
morphological differences between shade and sun
branches were larger than were the differences observed
between plants growing under uniform shade and sun
conditions. This pattern corresponds to the enhanced
response proposed by de Kroon et al. (2005) and the
competitive interaction proposed here (Fig. 1c). In
contrast, a forest species, Lamium galeobdolon, did not
show any clear morphological differences between shade
and sun branches, and the partially shaded plants had an
averaged morphology that fell between those of the
plants under uniform shade and sun conditions. This
observation corresponds to the weakened response
proposed by de Kroon et al. (2005) and the cooperative
interaction proposed here (Fig. 1e).

The interspecific differences in modular response
patterns found by Dong (1995) could be associated with
differences in the spatial and temporal heterogeneity of
light environments between the forest and the open
habitat. Modular responses to local resource heteroge-
neity are expected to enhance the whole-plant level
ability and efficiency of resource acquisition, because the
selective investment of resources (e.g., carbon and
nutrients) in the modules with high-resource availability
(e.g., high light levels) will result in a high return (e.g.,
photosynthetic production) per unit resource invested.
However, if the temporal change and spatial scale of
resource heterogeneity within the plant are faster and
smaller than the time and scale of the modular response,
respectively, then growth and morphological changes in
the module in response to local heterogeneity are a
maladaptive adjustment (Ackerly 1997; see also DeWitt
et al. 1998; Sultan 2000; Givnish 2002; Alpert and
Simms 2002 for review). Forest understorey light envi-
ronments are highly heterogeneous both in space and
time (see Valladares 2003 for review), which might re-
strict evolution of the morphological modular response
to light heterogeneity in the forest species L. galeobdo-
lon.

Internal constraints on the transportation of re-
sources and hormones between modules may be another
factor that causes interspecific differences in the patterns
and degrees of modular response. Orians et al. (2004)
examined the hydraulic sectoriality within a tree crown
using hydraulic dye staining and demonstrated that the
transport of water and nutrients in trees was restricted to
specific vascular pathways (i.e., sectored) (Orians et al.
2004, 2005; Ellmore et al. 2006). Interestingly, they
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showed that the degree and pattern of sectoriality dif-
fered markedly between species. This may be the cause
of species-specific patterns of modular responses to local
heterogeneity, such as light environment and herbivore
attack (Orians et al. 2004).

Structural effects on the modular response:
positional effects

Positional effects

When we test whether the modular response is autono-
mous or interactive, positional relationships between
modules should be incorporated into the data analysis
and the experimental design (Table 1). This is because
the topological and spatial position of a module within a
plant affects the developmental potential of the module
through genetically controlled inherent rules of devel-
opment in plants (Stafstrom 1995; Winn 1996a, b;
Preston and Ackerly 2004). Indeed, in tree crowns, shoot
position, such as height (Takahashi et al. 2006; Osada
2006) and branch order (Suzuki 2003), has been shown
to affect the shoot growth pattern independently of the
light environment.

The obvious example of a positional effect is ‘‘apical
dominance’’, where terminal shoots grow more vigor-
ously than lateral shoots (Cline 1991). Apical dominance
(or control) may also affect branch angle, such that the
terminal leader shoot grows vertically with lateral shoots
growing horizontally (Wilson 2000). Apical dominance
leads to a structural and functional differentiation of
axes, such that a single terminal axis grows vertically

and strongly, whereas the other lateral axes orient hor-
izontally, grow less vigorously, and sometimes produce
flowers more frequently. These structural and functional
differentiations of modules have been described as a
‘‘division of labor’’ between modules within tree crowns
(Hallé et al. 1978). For example, Yagi and Kikuzawa
(1999), Yagi (2000), and Seino (2010) analyzed the
morphological differentiation of current-year shoots in
tree crowns and proposed a functional division of labor:
short shoots for leaf display and long shoots for space
exploitation.

Positional effects on the modular response

Figure 2 illustrates a hypothetical example of the posi-
tional effect on shoot growth responses to within-plant
light heterogeneity. The two shoots that comprise an
individual differ in their position; one is a terminal shoot
developing from an apical meristem of an axis, and the
other is a lateral shoot derived from the axillary meri-
stem on the axis. Different partial shading experiments
are considered; the terminal shoot TY is shaded in
individual Y, whereas the lateral shoot LZ is shaded in
individual Z. If a positional effect on the shoot growth
response is evidenced, individuals Y and Z show differ-
ent patterns of response (Fig. 2a, b). The shade terminal
shoot TY of the partially shaded individual Y may grow
more vigorously than the terminal shoot TX of the to-
tally shaded individual X due to cooperative resource
transfer from the well-lit lateral shoot LY (Fig. 2a). In
contrast, the shaded lateral shoot LZ of the partially
shaded individual Z may grow less vigorously than the
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Fig. 2 A hypothetical example of the positional effects on shoot
growth responses to light microenvironmental heterogeneity within
a plant. Individuals W, X, Y, Z that consist of one terminal shoot
(T) and one lateral shoot (L) are considered. The number above
each shoot of each individual shows the light intensity received by
the shoot (scale, % full sunlight). Different possible relationships

between shoot growth rates and light intensity are shown a
‘‘cooperative interaction’’ when terminal shoot is shaded, b
‘‘competitive interaction’’ when lateral shoot is shaded (see the
text for additional explanation and Fig. 1 for a description of the
competitive and cooperative relationships)

738



lateral shoot LX of the totally shaded individual X due to
competitive resource exploitation by the well-lit terminal
shoot TZ (Fig. 2b). If these hypothetical relationships
occur, then when evaluating the modular response to
micro-environmental heterogeneity within a plant the
positional relationships among modules must be taken
into account.

Interspecific differences

Interspecific differences in positional effects on the
modular response have been pointed out in several
studies. Goulet et al. (2000) examined the effect of light
on the shoot growth increment of branches at four
positions in the crowns of sugar maples and yellow birch
saplings. Sugar maples did not exhibit any significant
branch positional effects on shoot growth and displayed
large shoot growth responses to light. In contrast, yellow
birch showed significant branch positional effects in
addition to the light effect, and a significant interaction
effect of branch position and light on shoot growth.

The concept ‘‘organizational plan’’ was proposed by
Édelin (1991) to describe the interspecific differences in
positional controls of tree architecture development
(Millet et al. 1998a, b, 1999; Costes et al. 2006). The
organizational plan indicates the manner in which trees
organize and control the developments of their modular
units as whole-plant systems (Table 1). The organiza-
tional plan can be ‘‘hierarchic’’ or ‘‘polyarchic’’ (Fig. 3;
Table 1). In the hierarchic organization, a single axis
dominates and controls the developments of the other
axes, whereas in the polyarchic organization, all axes
may have equal potential for development. Plants with a
hierarchic organization have strong positional control
on the modular response, such that terminal shoot
growth has a strong priority over the growth of other
shoots (Fig. 2). In contrast, plants with a polyarchic
organization can be less constrained by internal posi-
tional effects and be freer in the exploitation of local
resource heterogeneity by modular response.

The relative advantages of hierarchic and polyarchic
strategies of modular response may depend on the pre-
dictability of environmental heterogeneity. Crown
development with a hierarchic organization can be inter-
preted as a growth strategy for directional foraging, and
this growth strategy is advantageous when directional
growth is a sure way of improving the resource status of
the plant. For example, in an early stage of forest suc-
cession, vertical growth will ensure that plants improve
their light environment because of a lack of canopy trees.
Early-successional trees growing under such conditions
will favor vertical crown growth with a hierarchic orga-
nization. In contrast, if the improvement of resource
status by directional growth is uncertain, opportunistic
growth with a polyarchic organization may be favored
over directional growth with a hierarchic organization.
For example, in the middle to upper layers of late-suc-
cessional forests with complex and well-developed struc-

tures, the improvement of light environments by vertical
growth appears to be unpredictable. Late-successional
adult trees surviving under such a condition could adopt
the opportunistic growth strategy with a polyarchic
organization. In support of the hypothesis, architectural
analysis of deciduous temperate trees by Millet et al.
(1998a, b, 1999) found that early-successional trees had a
hierarchic architecture throughout their ontogenesis,
whereas the alternation of hierarchic and polyarchic
phases of development was observed in late-successional
trees. However, quantitative assessments of light hetero-
geneity in early- and late-successional forests and com-
parisons of the modular responses between early- and
late-successional species are required to explicitly test the
functional links between the organization plan of tree
architecture and successional status.

Structural effects on the modular response:
hierarchy of plasticity

Hierarchy of plasticity

Another important point to consider is the ‘‘hierarchy of
plasticity’’ of the modular response (Table 1, White

(a)

(b)

Fig. 3 Schematic of the organizational plan of plant architecture
representing how the axes are organized. aHierarchic organization,
in which a single terminal axis dominates the lateral axes, and a
clear morphological differentiation exists between the terminal and
lateral axes. b Polyarchic organization, in which the terminal and
lateral axes have equal potential for development and do not have
any clear morphological differentiations
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1979; Valladares 1999). The hierarchy of plasticity is
seen in the differential degree of plasticity among mod-
ules at different organizational levels, such as leaf, shoot
and branch (e.g., Ackerly 1997; Navas and Garnier
2002; Kawamura and Takeda 2002, 2008; Mori et al.
2008).

Figure 4 shows a hypothetical example of tree crown
architectural plasticity in response to light microenvi-
ronmental heterogeneity analyzed at the shoot and the
branch level. The individual tree consists of a trunk and
branches, and the branches are composed of shoots. I
propose here that the pattern and degree of the modular
response to microenvironmental heterogeneity within a
plant may be specific to each organizational level. Two
different types of shading experiment are illustrated:
branch-level shading, where one branch B1 is shaded,
and the other B2 is exposed to full sunlight; and shoot-
level shading, where one shoot S1 is shaded, and the
other S2 is exposed to full light. The relationship be-
tween module (branch or shoot) growth rates plotted
against light intensity may not always be the same be-

tween the two experiments. For example, a significant
shading effect on branch growth rates may be observed
in the branch-level experiment (Fig. 4a), and yet we may
fail to find any significant differences in growth rates
between shade and sun shoots in the shoot-level exper-
iment (Fig. 4b). This result becomes possible if a limiting
resource for growth is transported between the two
shoots and/or is shared in common at a higher organi-
zational level (e.g., branch). In this case, the ‘‘response
unit’’ is a branch, and the plant does not respond to
shoot-level microenvironmental heterogeneity, at least
as measured by the growth response. If such a hypo-
thetical situation occurs, the modular response to
microenvironmental heterogeneity needs to be tested at
several organizational levels.

Interspecific differences

Few interspecific comparisons of the hierarchy of plas-
ticity in plant crowns are available, but it is likely to
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S2 (100)

Branch-level Shading
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Shoot S1 , S2
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Fig. 4 A hypothetical example of the hierarchy of plasticity in tree
crowns. The degree and pattern of the modular response may differ
depending on the level of the module units that are examined.
Individual plant P consists of a trunk and branches. Arrows
indicate shoots. Two different shading experiments are illustrated:
Branch-level shading, where one branch B1 is shaded to 50% of full
sunlight, and the other B2 is exposed to full sunlight; Shoot-level

shading, where one shoot S1 is shaded to 50% of full light, and the
other S2 is exposed to full light. The light intensity experienced by
each branch or shoot is indicated by the number in parentheses.
Branch-level response might differ from the shoot-level response.
For example, a the growth rate of shade branch B1 can be reduced
compared to sun branch B2, whereas b the shade shoot S1 and sun
shoot S2 may have the same growth rates
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differ among species. In the shade-tolerant multi-stem-
med shrub, Vaccinium hirtum, Kawamura and Takeda
(2008) described the hierarchy of plasticity of growth
and morphological traits in response to light. The
growth of individual aboveground stems (i.e., ramets)
was strongly regulated by stem age and did not show
any growth responses to light. The plants responded to
light by changing the number and size of new sprouting
stems. This implies an integrated response at higher
organizational levels, such as the genet level. In contrast,
a closely related, less shade-tolerant species, V. bracte-
atum, showed significant stem growth in response to
light and expanded the crown under high light condi-
tions (Kawamura and Takeda 2002). Thus, the two
species differed in their growth response unit with re-
spect to light variation.

As mentioned earlier, the temporal duration and
spatial scale of a resource-rich patch should be longer
and larger than the response time and size, respectively
(Ackerly 1997; see also DeWitt et al. 1998; Sultan 2000;
Givnish 2002; Alpert and Simms 2002 for review). This
functional relationship between the scale of environ-
mental heterogeneity and the scale of modular response
may be applicable to the inflexible stem growth in
response to light variations observed in the shade-
tolerant V. hirtum. The distribution of the species was
concentrated in a low-light late-successional forest un-
derstorey (Kawamura and Takeda 2002). In such a
habitat, the temporal duration and the spatial scale of a
high light patch are likely to be shorter and smaller than
the stem longevity and size, respectively, of the species
(longevity, 15–25 years and maximum attainable size,
200-cm tall; Kawamura and Takeda 2004), and there-
fore the stem-level growth response to light might not
be adaptive.

Conclusions

Scaling up from a modular response to its consequence
at the plant level

To scale up from an individual-module study to the
whole plant, we should find the module units that can be
assumed to be autonomous with respect to their re-
sponses to local conditions. If the modular response is
shown to be autonomous, we can directly scale up from
the observed modular response to the whole plant.
Monitoring of the individual module response to local
environmental change is enough to assess its conse-
quences at the whole-plant level. This conclusion agrees
with that of a recent review on tree physiology and
architecture by Ishii et al. (2006) that emphasized the
necessity of identifying and analyzing physiologically
integrated modular units in trees, in addition to con-
ventional analyses of morphological modular units. If
the autonomy of modular response cannot be assumed
at any level of organization, functional–structural sim-

ulation models, which include the interactions between
modules, can be helpful for evaluating how modular
responses affect whole-canopy functions (e.g., Kennedy
2010).

The conceptual framework proposed here (Table 1)
can be applied to a wide range of modular responses
occurring in plant crowns. The micro-environmental
light heterogeneity can be replaced by other local het-
erogeneities in abiotic and biotic conditions, such as
herbivore attack and pollinator visitation. The shoot
growth rates can be replaced by other types of modular
response, such as changes in physiological (e.g., leaf
nitrogen concentrations), morphological (e.g., leaf
thickness, display and branching pattern), reproductive
(e.g., flower size and fruit set) and life-history charac-
teristics (e.g., resource allocation to vegetative and
reproductive organs).

Ecological and evolutionary significance of the modular
response

Studies on the interspecific differences of the modular
responses in plant crowns are currently scarce but are
necessary for understanding their ecological and evolu-
tionary significance. Functional plant ecology has tried
to elucidate the functional axes of plant traits using in-
ter- and intra-specific correlation analysis among plant
traits, such as leaf morphological (e.g., leaf area, leaf
mass fraction) and physiological (e.g., photosynthetic
rate, nitrogen content, water use efficiency) traits, crown
traits (e.g., trunk-diameter allometry, height-crown area
allometry), life-history traits (e.g., maximum attainable
size, seed size), and successional status (or shade toler-
ance) (Reich et al. 1999, 2003; Wright et al. 2004;
Poorter et al. 2006; Niinemets 2010). This approach
enables us to identify and understand the basis of plant
functional groups and the major dimensions of ecolog-
ical strategy among species (see Westoby et al. 2002;
Niinemets 2010 for a review), and provides insights into
how different strategies contribute to species coexistence
(e.g., Kohyama et al. 2003; Mori and Takeda 2004;
Falster and Westoby 2005) and ecosystem function (e.g.,
an increase in stand-level light interception efficiency of
a mixed forest; Ishii and Asano 2010) of a plant com-
munity. Currently, branching, twig, and wood proper-
ties are being incorporated into these correlations
(Henry and Aarssen 2001; Westoby and Wright 2003,
2006; Seiwa et al. 2005). The modular response will be
the next trait targeted for incorporation. Comparative
studies on modular response traits among species with
different successional status and leaf and crown traits are
thus helpful for future integration of the results. This
study provides several useful concepts needed for char-
acterizing the interspecific differences in modular re-
sponses (Table 1), and suggests that the scale and the
predictability of environmental heterogeneity should
also be quantified in different habitats and in different
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species to test functional relationships between envi-
ronmental heterogeneity and the modular response.
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Millet J, Bouchard A, Édelin C (1998a) Plagiotropic architectural
development of four tree species of the temperate forest. Can J
Bot 76:2100–2118
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Ü, Oleksyn J, Osada N, Poorter H, Poot P, Prior L, Pyankov
VI, Roumet C, Thomas SC, Tjoelker MG, Veneklaas EJ, Villar
R (2004) The worldwide leaf economics spectrum. Nature
428:821–827

Yagi T (2000) Morphology and biomass allocation of current-year
shoots of ten tall tree species in cool temperate Japan. J Plant
Res 113:171–183

Yagi T, Kikuzawa K (1999) Patterns in size-related variations in
current-year shoot structure in eight deciduous tree species. J
Plant Res 112:343–352

Yamamoto T, Nobori H, Sasaki H, Hayasaka K (1999) The effects
of shading on the translocation of 13C-photosynthates between
lateral branches during the rapid growth period of cherry, pear,
and Japanese persimmon fruit. J Jpn Soc Hortic Sci 68:302–311

Yamasaki K, Kikuzawa K (2003) Temporal and spatial variations
in leaf herbivory within a canopy of Fagus crenata. Oecologia
137:226–232

744


	A conceptual framework for the study of modular responses to local environmental heterogeneity within the plant crown and a review of related concepts
	Abstract
	Introduction
	Autonomy versus interaction in the modular response
	Autonomy
	Interactions
	Interspecific differences

	Structural effects on the modular response: positional effects
	Positional effects
	Positional effects on the modular response
	Interspecific differences

	Structural effects on the modular response: hierarchy of plasticity
	Hierarchy of plasticity
	Interspecific differences

	Conclusions
	Scaling up from a modular response to its consequence at the plant level
	Ecological and evolutionary significance of the modular response

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


