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Abstract Phenotypic plasticity is an important attribute
that enables plants to survive across a range of environ-
ments. We conducted two experiments to investigate the
plasticity of architectural traits and biomass ratios for
Fagopyrum esculentum Moench in response to population
density and sowing date. These included (1) inter-planting
distances of 5, 10, 15, or 20 cm; and (2) sowing on 25 July,
1 August, 5 August, or 10 August. Many traits exhibited
phenotypic plasticity that was coupled with changes in
plant size. However, variations in leaf/mass ratio from
either experiment, as well as leaf/root ratios in response to
sowing date, were independent of size. When coefficients
of variation were computed, some consistency was found in
the magnitude of trait plasticity for both density and sowing
date. For each experiment, leaf/root ratios, leaf/mass ratios,
and stem/mass ratios were most plastic. Although this
suggests that biomass ratios could be more responsive to
environmental changes, a wide array of traits should be
considered if we are to fully understand the mechanism for
these phenomena.
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Phenotypic plasticity is the ability of organisms to vary
their morphology and physiology depending on their
growth habitat (Bradshaw 1965; Schlichting 1986; West-
Eberherd 2003). It is critical for plant species that live
where environmental factors fluctuate both spatially and
temporally (Schlichting 1986; Sultan and Bazzaz 1993).
Although this attribute has been known since the beginning
of the twentieth century, only in the last 15 years has it been
recognized as an important source of diversity (Sultan
2000). Since then, many studies have demonstrated that
plasticity is a major source of phenotypic variation,
contrary to an earlier (neo-Darwinian) view of this variation
as trivial “noise” (Sultan 2004).

Phenotypic variation can be due either solely because of
differences in growth rates under environments with
contrasting resource availability, i.e., “passive plasticity”
(Coleman et al. 1994; Wright and McConnaughay 2002) or
else as a result of “active plasticity” (Weiner 2004), in
which fluctuations in growth trajectories are induced by
changes in the environment that lead to ontogenetic or true
plasticity (Wright and McConnaughay 2002). To distin-
guish between these two types, comparisons must be made
as a function of plant size (allometrically). A plastic change
that is independent of size is more likely to arise from an
adaptive rather than a passive response to the environment
(Moriuchi and Winn 2005).

Most phenotypic studies have been conducted under
controlled conditions, where certain resources (e.g., light or
nutrients) have been artificially supplied (Gedroc et al.
1996; Müller et al. 2000; Navas and Garnier 2002; Bonser
and Aarssen 2003; Bell and Galloway 2007; Zhang et al.
2008). However, in nature, differences in population
densities and seedling emergence dates are two selection
pressures that can modify the amount of resources available
to individuals within a population (Sadras et al. 1997;
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Bouvet et al. 2005; Zhou et al. 2005; Wang et al. 2006). For
example, the success of seeds sown at high densities is
limited by light as a result of shading (Weiner and Fishman
1994; Bell and Galloway 2007). Seeds that germinate later
in the growing season may receive insufficient radiation to
complete their life cycle (Zhou et al. 2005; Wang et al.
2006). Little research has been focused on the effect of
sowing date on phenotypic plasticity, but thus far has
instead concentrated on reproductive allocation (Sadras
et al. 1997; Zhou et al. 2005; Wang et al. 2006).

A logical corollary for modular organization is that the
plasticity of the whole plant depends on both the compo-
nent parts or traits that exhibit plasticity, and the nature of
that plastic response. Moreover, traits may differ in the
magnitude of their plastic responses to different resources,
thus resulting in a “hierarchy” of responses (White 1979;
Navas and Garnier 2002). This underscores the importance
of considering a wider range of plant traits (Ryser and Eek
2000) rather than relying on very broad categories, such as
root versus shoot biomass (Gedroc et al. 1996; Müller et al.
2000). In fact, Ryser and Eek (2000) and Navas and Garnier
(2002) are part of the only research groups known to have
evaluated the magnitude of plasticity for individual traits.

Here, our aim was to enhance our understanding of
phenotypic plasticity in plants by manipulating the sowing
date and population density of an annual species, Fagopy-
rum esculentum Moench. We examined the norms of
reaction for some selected architectural traits and biomass
ratios. Our hypotheses were that (1) the species would react
significantly to changes in density and emergence date, (2)
these responses would reflect “true” plasticity, and (3) such
changes would be related to a hierarchy of plastic responses
among traits.

Materials and Methods

Study Species

F. esculentum Moench is a broadleaf, herbaceous plant that
grows rapidly and flowers prolifically over several weeks.
Seedlings can emerge as soon as 4 days after sowing. Plants
typically mature in 75 to 90 days and can be 0.6 to 1.2 m
tall depending on environmental conditions. Growth form
primarily shows sympodial branching. When the terminal
bud ceases elongation (usually because a terminal flower
has formed), an auxiliary bud or buds become the new main
shoots, i.e., the renewal shoots.

Experimental Design and Treatments

Two experiments were conducted in 2006 at the Ecological
Research Station of Northeast Normal University, Changling

County, Jilin Province, China (123°44 E, 44°40 N). Experi-
ment 1 for population density compared among plants that
developed from seeds sown at spacings of 20, 15, 10, or 5 cm,
which represented a low (L), medium (M), high (H), or very
high (HH) density, respectively. All seeds for this evaluation
were sown on 25 July. Experiment 2 analyzed the success of
sowings (all at a 20-cm spacing) on 25 July, 1 August, 5
August, or 10 August. These experiments and treatments
corresponded to the natural growing conditions for this
species in our study location. One trial (treatment L sown on
25 July) was common to both experiments. A completely
randomized design was implemented with three replicates,
and individual plots were 3 m×3 m. All plots were irrigated,
and N fertilization was supplied at the recommended rates to
prevent water and nutrient stresses. Undesired weeds and
insects were adequately controlled. At maturity (i.e., when
about 80% of the plants in a treatment had fully produced
seeds), ten plants per replicate (30 per treatment) were
excavated and the number of branches per plant was recorded.
Whole-plant biomass (hereafter referred to as total plant
biomass) and leaf to root ratios were obtained after oven
drying the samples at 65°C for 48 h. Stem/mass ratios or leaf/
mass ratios were calculated as the ratio of stem or leaf
biomass, respectively, to total biomass. Stem length, basal
stem diameter, total branch length, and number of internodes
also were measured. The dry masses of seeds and flowers
were termed “reproductive biomass” (Table 1).

Data Analysis

All data were analyzed with a general linear model
procedure (GLM) and SPSS statistical software (version
11.5). To reveal true plastic responses, we accounted for the
effect of plant size (McConnaughay and Coleman 1999;
Cheplick 2003). This was achieved by using total biomass
as a covariate in the general linear model ANCOVA (Navas
and Garnier 2002; Bell and Galloway 2007). When the
effect of treatment was significant, differences in traits
among treatments were assessed by a Bonferroni post hoc
test. From ANCOVA, adjusted means corrected for the effect
of total plant biomass were calculated for each experiment.
Whenever total biomass explained significant variation in a
trait response to either density or sowing date, this trait was
said to exhibit passive plasticity (McConnaughay and
Coleman 1999; Wright and McConnaughay 2002; Weiner
2004). By contrast, any variation in trait expression that was
independent of total biomass (size) was considered an
indication of true plasticity (Weiner 2004). Thus, we
expressed the amount of plasticity for each trait as a
coefficient of variation, calculated as: CV=100×standard
deviation of individual treatment means / grand mean of
treatment means (Schlichting and Levin 1986; Ryser and
Eek 2000; Navas and Garnier 2002). Adjusted means were
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used to represent the degree of plasticity for those traits
that were partly influenced by differences in total plant
biomass. For those traits that varied independently of
total biomass, however, we used their true means to
assess the level of plasticity. This value was computed
separately for density and sowing date experiments.
Because the variation in number of internodes from the
density experiment was mainly a consequence of the
change in total biomass, plasticity was not calculated for
this trait.

Results

Almost all traits differed significantly among treatments
(Table 2). Plants at the lowest density (L) were relatively
large, with significantly higher total plant biomass and
significantly longer and more branches compared with
those at very high density (HH) (Figs. 1 and 2). The group
of plants growing at HH or high density (H) had
significantly longer stems than those at the two lowest
densities (M and L; Fig. 2a). At HH, plants had a
significantly higher stem/mass ratio (SMR), closely fol-
lowed by plants at H, whereas those at M or L had the
lowest SMR (Fig. 3a). Similarly, plants at HH had the
highest leaf/mass ratio (LMR) and leaf/root ratio (L/R;

Fig. 3b, c). The differences in these two traits were,
however, only significant for those at L.

Plants from seeds sown on 25 July had significantly
greater total plant biomass compared with later sowings
(Fig. 1b). They also had larger stems, longer branches, and
more branches and internodes (Fig. 4). The total number of
branches produced in plants from that date was significant-
ly (p<0.05) different from that of plants established on 10
August (Fig. 4c). Plants from the first sowing also had a
significantly higher SMR (Fig. 5a). Although plants from
seeds sown on 10 August were relatively smaller, they had
a significantly higher LMR and L/R than those started on
25 July (Fig. 5b, c).

Most of these responses were related to changes in total
plant biomass (Table 2). Due to this size dependency,
adjusted means varied substantially from true means for the
number of internodes (Fig. 2d). Variations in L/R (density),
stem length, stem diameter, number and length of branches,
and the number of internodes (sowing) could be partially
explained by changes in overall total biomass (Table 2).
LMR varied independently of total plant biomass in both
experiments, while the L/R varied independently of total
biomass only in the sowing date experiment (Table 2,
Figs. 3b and 5b, c).

Reproductive biomass was significantly reduced in plants
at higher densities and with later sowing dates (Fig. 6).

Density Sowing Date

Traits Covariate F Treatment F Covariate F Treatment F

Total biomass 34.514* 38.747*

Stem/mass ratio 30.949* 20.525* 39.447* 8.176*

Leaf/mass ratio 0.600 ns 3.055* 0.120 ns 5.188*

Leaf/root ratio 6.709* 4.563* 0.336 ns 3.770*

Stem length 28.287* 10.481* 27.696* 32.138*

Stem diameter 95.214* 5.264* 45.905* 2.814*

Branch length 77.744* 13.198* 65.431* 13.442*

Number of branches 9.451* 4.581* 14.115* 5.090*

Number of internodes 33.057* 0.196 ns 10.176* 11.353*

Table 2 ANOVA/ANCOVA
to examine variations in
architectural traits and biomass
ratios for changes in population
density and sowing date

Total biomass was used as a
covariate when ANCOVA
was performed

ns not significant (p>0.05)

*p<0.05, significant effect

Table 1 Field experiments at Changling

Experiment Treatment code Sowing date Plant–plant distance (cm) Plot size Number of sampled plants

1 HH 25 July 5 3 m×3 m 30

H 25 July 10 3 m×3 m 30

M 25 July 15 3 m×3 m 30

L 25 July 20 3 m×3 m 30

2 None 25 July 20 3 m×3 m 30

None 1 August 20 3 m×3 m 30

None 5 August 20 3 m×3 m 30

None 10 August 20 3 m×3 m 30
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Traits differed in their degree of plasticity for the two
experiments (Fig. 7). Nevertheless, the pattern of plasticity
was consistent for both density and sowing date. There, the
L/R, LMR, and SMR were the most plastic, whereas stem
length and stem diameter were the least plastic.

Discussion

Although plasticity is a major source of phenotypic diversity
in plants, most studies of this have been conducted under
controlled conditions (Dudley 2004; Bell and Galloway
2007). The effect of plant development on the expression
of traits and investment toward different structures also is
often overlooked when assessing environmentally induced
plasticity (Coleman et al. 1994; McConnaughay and
Coleman 1999). Our study focused on disentangling the
effects of density and timing of germination on phenotypic
variation due to altered developmental rates, with true plastic
shifts of investment into architectural traits and biomass
ratios so that we could identify the relationships between
adaptive and passive plasticity.

We demonstrated both types of plasticity here (Table 2).
Because the availability of resources fluctuated according
to density and sowing date, our plants varied in the speed
by which they passed through the ontogenetic trajectory
(Weiner 2004). The apparent differences in true means for
traits could have been a direct effect of developmental stage
or plant size (Coleman et al. 1994; McConnaughay and
Coleman 1999; Wright and McConnaughay 2002; Weiner

2004). Often investment toward a range of structures during
ontogeny increases exponentially, resulting in overall size
differences among traits. Thus, we might conclude that the
comparatively low trait values observed from higher
densities and later sowing dates indicated that those groups
of plants were in the early stages of growth when harvested.
By contrast, higher values for the same traits from the low-
density and earlier-sown treatments merely meant that those

Fig. 2 Variations in stem length (a), branch length (b), number of
branches (c), and number of internodes (d) in response to population
density. True means are in black and adjusted means, corrected for effect
of total biomass (see Table 2), are in gray. Post hoc test was performed
only with adjusted means that showed significant treatment effect.Means
followed by the same letters are not significantly different (p<0.05)

Fig. 1 Variations in total biomass in response to population density
(a) and sowing date (b). Means followed by the same letters are not
significantly different (p<0.05)
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plants had reached later developmental stages. In this case,
the differences observed did not necessarily translate into
adaptive plastic responses but were due to differences in
growth rates (Coleman et al. 1994; McConnaughay and
Coleman 1999; Wright and McConnaughay 2002; Weiner
2004).

However, we did find some evidence of true or adaptive
plasticity. For instance, when plants shade each other or are
grown in environments with limited light, they tend to have
a higher L/R (Tilman 1988; Thompson et al. 1992) and/or
undergo a characteristic shade-avoidance response that is
manifested in their elongation of stems and petioles (Ballaré
and Scopel 1991; Schmitt 1993; de Kroon and Hutchings
1995; Sultan 1995; Dudley and Schmitt 1996; Huber and
Wiggerman 1997; Gautier et al. 2001; Bell and Galloway
2008). This is precisely what we observed here (Figs. 2a
and 3b, c). Even when the effect of total plant biomass was
considered and removed, sowing at a high or very high
density resulted in plants with significantly longer stems,

higher LMR, and a greater L/R than those at the lowest
density. When shading occurred, height could have been an
important determinant of success because it enabled a plant
to position its leaves above its neighbors for better light
interception (Weiner and Fishman 1994; Bell and Galloway

Fig. 4 Variations in stem length (a), branch length (b), number of
branches (c), and number of internodes (d) in response to sowing date.
True means are in black and adjusted means, corrected for effect of total
biomass (see Table 2), are in gray. Post hoc test was performed only
with adjusted means that showed significant treatment effect. Means
followed by the same letters are not significantly different (p<0.05)

Fig. 3 Variations in stem mass ratio (a), leaf mass ratio (b), and leaf
to root ratio (c) in response to population density. True means are in
black and adjusted means, corrected for effect of total biomass (see
Table 2), are in gray. Post hoc test was performed only with adjusted
means that showed significant treatment effect. Means followed by the
same letters are not significantly different (p<0.05)
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2008), rather than because the taller plant had a more
efficient photosynthetic mechanism (Schwinning and
Weiner 1998). Thus, although the very high-density plants
had significantly longer stems (Fig. 2a) and a significantly
greater SMR (Fig. 3a), they also had significantly thinner
stems (stem diameter) than those at the low density (data
not shown). This clearly suggests that the most densely
grown plants invested a significant proportion of their
biomass toward the stems, to increase lengths, rather than
toward the lateral expansion of stem diameter.

Although such a stem elongation response could
improve fitness in dense populations, it could be
maladaptive when light is not limiting (Dudley and
Schmitt 1996; Pigliucci 2001). This further enhances the
plausibility that elongation is adaptive and responsive to
very high density (Bell and Galloway 2008). However, a
high LMR and greater L/R might enable plants growing at
high densities to optimize their capture of light (Bloom

et al. 1985; Hirose 1987; Johnson and Thornley 1987;
Dewar 1993).

Navas and Garnier (2002) reported no changes in LMR
in response to reduced illumination. These conflicting
observations could be partly due to the fact that their study
was conducted in controlled environments, e.g., glass-
houses. Indeed, contrasting results have been found for
stem elongation from an oat variety sown at different
densities in the field, as well as in a garden experiment
where light was artificially supplied (Semchenko and Zobel
2005). This suggests that this group of plants might
experience a different quality of light. Experiments with

Fig. 7 Coefficient of variation for traits in response to population
density and sowing date. L/R leaf/root ratio, LMR leaf/mass ratio, SMR
stem/mass ratio, BL branch length, BN number of branches, SD stem
diameter, SL stem length

Fig. 6 Variations in reproductive biomass in response to population
density (a) and sowing date (b). Means followed by the same letters
are not significantly different (p<0.05)

Fig. 5 Variations in stem mass ratio (a), leaf mass ratio (b), and leaf
to root ratio (c) in response to sowing date. True means are in black
and adjusted means, corrected for effect of total biomass (see Table 2),
are in gray. Post hoc test was performed only with adjusted means that
showed significant treatment effect. Means followed by the same
letters are not significantly different (p<0.05)
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altered light availability have been performed under
controlled conditions, for example, whole-plant shading
versus natural growth in an open field, where only some
parts of the plant might be shaded (Zhang et al. 2008).

Another response closely related to that seen with stem
elongation was the decrease in length and total number of
branches observed in plants grown at very high density
(Fig. 2b, c). In fact, branching frequency can be reduced by
increased population densities (Sultan and Bazzaz 1993;
Callaway et al. 2003, van Kleunen and Fischer 2003). A
greater branching intensity is generally associated with the
potential for producing new plant modules (Watson and
Casper 1984; Geber 1990; Fagerström 1992; Bonser and
Aarssen 1996; Watson et al. 1997; Huber and During 2001),
which may in turn maximize the final number of reproductive
meristems (Duffy et al. 1999; Bonser and Aarssen 2003).
Therefore, for an annual species such as F. esculentum, which
can produce seeds along the length of its axes, a high
branching intensity would maximize the number of seeds
obtained at the end of the growing season. However, this
decline in intensity might be adaptive under shaded conditions
where strong apical dominance functions to induce vertical
elongation rather than a lateral expansion of branches, thus
further enhancing the ability of such individuals to “forage”
for light (Schmitt and Wulff 1993; Bonser and Aarssen 2003).

Plants from seeds sown at different dates also showed
some truly plastic responses, along with the direct effect of
development (Table 2, Figs. 4 and 5). Delayed sowing is
often coupled with shorter days, lower temperatures, and
reduced radiation (Egli and Bruening 2000). Under these
conditions, plants usually respond plastically—being
smaller, having shorter and fewer stems and branches, and
initiating flowering earlier (Zhou et al. 2005). Similar
responses to limited light were suggested by our results.
Compared with the first sowing, plants that arose from the
last seeding had significantly shorter and thinner stems,
fewer and shorter branches, and fewer internodes (Fig. 4).
The diminished allocation of resources toward supporting
structures, as well as early flowering, may be a strategy by
which plants with a condensed, but complete, life cycle can
still maintain population persistence, and are able to adapt
to unpredictable year-to-year environmental variation
(Zhou et al. 2005). Such an allocation strategy appears to
benefit annual plants because they have shorter life cycles
(Sultan 2000). Our plants from seeds sown on 10 August
had a greater LMR and higher L/R compared with the other
treatments, and this effect was entirely independent of total
plant biomass (Fig. 5b, c). This suggests that a mechanism
exists by which these plants retain a very small stature
(compare total biomasses in Fig. 1) that is less costly in
terms of carbon expenditure. Simultaneously, their invest-
ment in structures would improve their capture of limiting
resources. Because delayed sowing is associated with

decreased solar radiation (Egli and Bruening 2000), having
a high L/R would optimize the ability of plants from later-
sown seeds to exploit the available light (Bloom et al. 1985;
Hirose 1987; Johnson and Thornley 1987; Dewar 1993).

Reproductive biomass was significantly reduced in
plants at higher densities and with later sowing dates
(Fig. 6). This suggests that, for these groups, investing
more in competitive structures was preferred to reproduc-
tion. Indeed, researchers such as Waite and Hutchings
(1982) have shown that, under unfavorable conditions,
plants may invest more in resource-acquiring structures in
lieu of reproduction.

Clearly the biomass ratios calculated here seemed to be
more plastic than the other traits because all except SMR
varied independently of total plant biomass (Table 2,
Figs. 3b and 5b, c). This was confirmed by our computation
for the coefficient of variation (Fig. 7), another index of
plasticity (Schlichting and Levin 1986; Ryser and Eek
2000; Navas and Garnier 2002). For both experiments, the
L/R, LMR, and SMR were most plastic, suggesting a
consistent pattern of hierarchy for plasticity in response to
density and sowing date. Biomass ratios can be more
responsive than other traits to even slight changes in the
environment (Poorter and Nagel 2000; Navas and Garnier
2002). Therefore, we might conclude that biomass ratios
were more relevant for evaluating plasticity in response to
density and sowing date in the species studied here.

A major limitation when applying biomass ratios,
however, is that they do not reflect internal constraints that
may control plant growth (Salomonson et al. 1994).
Furthermore, the most limiting resources are not always
correlated with biomass allocation (Weiner 2004). Plants
may also utilize other strategies in response to resource
availability—e.g., meristems that remain inactive or a re-
allocation toward flowering or branching, depending on the
nature of the limiting resource (Bonser and Aarssen 2003).
Nevertheless, the responses of other traits that we observed
emphasized how imperative it is to consider a wide range of
traits to fully understand plant responses to the environment
(Ryser and Eek 2000). The elongation of stems under high
population density recorded here might be of adaptive value
(Ballaré and Scopel 1991; Schmitt et al. 1995) because that
trait enables a plant to display its leaves higher in the
canopy, where it can capture more light.

Acknowledgments We thank Zhang Boatian and the other staff at
the research station for managing these experiments. This manuscript
benefited from discussions with Jacob Weiner and Cory Mathew. We
thank Colleen Cassady St. Clair for helping with the language and
Daffay Mamudu for assistance with the statistical analysis. Input from
Josphert Kimatu and Yiying Zheng is also acknowledged. We thank
the two anonymous reviewers for their helpful comments on an earlier
version of the manuscript. Financial support was given by the
National Key Basic Research Development Program, Grant no.
2007CB106801.

J. Plant Biol. (2009) 52:303–311 309



References

Ballaré CL, Scopel AL (1991) Photocontrol of stem elongation in
plant neighbourhoods: effects of photon fluence rate under
natural conditions of radiation. Plant Cell Environ 14:57–65

Bell DL, Galloway LF (2007) Plasticity to neighbour shade: fitness
consequences and allometry. Funct Ecol 21:1146–1153

Bell DL, Galloway LF (2008) Population differentiation for plasticity to
light in an annual herb: adaptation and cost. Am J Bot 95:59–65

Bloom AJ, Chapin FS, Mooney HA (1985) Resource limitation in
plants—an economic analogy. Annu Rev Ecol Syst 16:363–392

Bonser SP, Aarssen LW (1996) Meristem allocation: a new classifi-
cation theory for adaptive strategies in herbaceous plants. Oikos
77:347–352

Bonser SP, Aarssen LW (2003) Allometry and development in
herbaceous plants: functional responses of meristem allocation
to light and nutrient availability. Am J Bot 90:404–412

Bouvet JM, Vigneron P, Saya A (2005) Phenotypic plasticity of growth
trajectory and ontogenetic allometry in response to density for
Eucalyptus hybrid clones and families. Ann Bot 96:811–821

Bradshaw AD (1965) Evolutionary significance of phenotypic
plasticity in plants. Adv Genet 13:115–155

Callaway RM, Pennings SC, Richards CL (2003) Phenotypic
plasticity and interactions among plants. Ecology 84:1115–1128

Cheplick GP (2003) Evolutionary significance of genotypic variation
in developmental reaction norms for a perennial grass in
competition. Evol Ecol 17:175–196

Coleman JS, McConnaughay KDM, Ackerly DD (1994) Interpreting
phenotypic variation in plants. Trends Ecol Evol 9:187–191

de Kroon H, Hutchings MJ (1995) Morphological plasticity in clonal
plants: the foraging concept reconsidered. J Ecol 83:143–152

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

Dudley SA (2004) Plasticity and the functional ecology of plants. In:
Dewitt TJ, Scheiner SM (eds) Phenotypic plasticity: functional
and conceptional approaches. Oxford University Press, Oxford,
pp 151–172

Dudley SA, Schmitt J (1996) Testing the adaptive plasticity
hypothesis: density-dependent selection on manipulated stem
length in Impatiens capensis. Am Nat 147:445–465

Duffy NM, Bonser SP, Aarssen LW (1999) Patterns of variation in
meristem allocation across genotypes and species in monocarpic
Brassicaceae. Oikos 84:284–292

Egli DB, Bruening WP (2000) Potential of early-maturing soybean
cultivars in late plantings. Agron J 92:532–537

Fagerström T (1992) The meristem–meristem cycle as a basis for
defining fitness in clonal plants. Oikos 63:449–453

Gautier H, Varlet-Grancher C, Membre JM (2001) Plasticity of
petioles of white clover (Trifolium ripens) to blue light. Physiol
Plant 112:293–300

Geber MA (1990) The cost of meristem limitation in Polygonum
arenastrum: negative genetic correlations between fecundity and
growth. Evolution 44:799–819

Gedroc JJ, McConnaughay KDM, Coleman JS (1996) Plasticity in root/
shoot partitioning: optimal, ontogenetic or both? Funct Ecol 10:44–50

Hirose T (1987) A vegetative plant model: adaptive significance of
phenotypic plasticity in matter partitioning. Funct Ecol 1:195–202

Huber H, Wiggerman L (1997) Shade avoidance in the clonal herb
Trifolium fragiferum: a field study with experimentally manipu-
lated vegetation height. Plant Ecol 130:53–62

Huber H, During HJ (2001) No long-term costs of meristem allocation to
flowering in stoloniferous Trifolium species. Evol Ecol 14:731–748

Johnson IR, Thornley JHM (1987) A model of root:shoot ratio
partitioning with optimal growth. Ann Bot 60:133–142

McConnaughay KDM, Coleman JS (1999) Biomass allocation in
plants: ontogeny or optimality? A test along three resource
gradients. Ecology 80:2581–2593

Moriuchi KS, Winn AA (2005) Relationships among growth,
development and plastic response to environmental quality in a
perennial plant. New Phytol 166:149–158

Müller I, Schmid B, Weiner J (2000) The effect of nutrient availability
on biomass allocation patterns in 27 species of herbaceous plants.
Perspect Plant Ecol Evol Syst 3:115–127

Navas ML, Garnier E (2002) Plasticity of whole plant and leaf traits in
Rubia peregrina in response to light, nutrient and water
availability. Acta Oecol 23:375–383

Pigliucci M (2001) Phenotypic plasticity: beyond nature and nurture.
Johns Hopkins University Press, Baltimore, MD, USA

Poorter H, Nagel O (2000) The role of biomass allocation in the
growth response of plants to different levels of light, CO2,
nutrients and water: a quantitative review. Aust J Plant Physiol
27:595–607

Ryser P, Eek L (2000) Consequences of phenotypic plasticity vs.
interspecific differences in leaf and root traits for acquisition of
aboveground and below ground resources. Am J Bot 87:402–411

Sadras VO, Bange MP, Milroy SP (1997) Reproductive allocation in
cotton in response to plant and environmental factors. Ann Bot
80:75–81

Salomonson A, Ohlson M, Ericson L (1994) Meristem activity and
biomass production as response mechanisms in two forest herbs.
Oecologia 100:29–37

Schlichting CD (1986) The evolution of phenotypic plasticity in
plants. Annu Rev Ecol Syst 17:667–693

Schlichting CD, Levin DA (1986) Phenotypic plasticity: an evolving
plant character. Biol J Linn Soc 29:37–47

Schmitt J (1993) Reaction norms of morphological and life-history
traits to light availability in Impatiens capensis. Evolution
47:1654–1668

Schmitt J, Wulff RD (1993) Light spectral quality, phytochrome and
plant competition. Trends Ecol Evol 8:47–50

Schmitt J, McCormac AC, Smith H (1995) A test of adaptive
plasticity hypothesis using transgenic and mutant plants disabled
in phytochrome-mediated elongation responses to neighbors. Am
Nat 146:937–958

Schwinning S, Weiner J (1998) Mechanisms determining the degree
of size asymmetry in competition among plants. Oecologia
113:447–455

Semchenko M, Zobel K (2005) The effect of breeding on allometry
and phenotypic plasticity in four varieties of oat (Avena sativa
L.). Field Crops Res 93:151–168

Sultan SE (1995) Phenotypic plasticity and plant adaptation. Acta Bot
Neerl 44:363–383

Sultan SE (2000) Phenotypic plasticity for plant development,
function and life history. Trends Plant Sci 5:537–542

Sultan SE (2004) Promising directions in plant phenotypic plasticity.
Perspect Plant Ecol Evol Syst 6:227–233

Sultan SE, Bazzaz FA (1993) Phenotypic plasticity in Polygonium
persicaria. 1. Diversity and uniformity in genotypic reaction
norms to light. Evolution 47:1009–1031

Thompson WA, Kriedemann PE, Craig IE (1992) Photosynthetic
response to light and nutrients in sun-tolerant and shade-tolerant
rain forest trees. 1. Growth, leaf anatomy and nutrient content.
Aust J Plant Physiol 19:1–18

Tilman D (1988) Plant strategies and the dynamics and structure of plant
communities. Princeton University Press, Princeton, NJ, USA

van Kleunen M, Fischer M (2003) Effects of four generations of
density-dependent selection on life history traits and their
plasticity in a clonally propagated plant. J Evol Biol 16:474–484

Waite S, Hutchings MJ (1982) Plastic energy allocation patterns in
Plantago coronopus. Oikos 38:333–342

310 J. Plant Biol. (2009) 52:303–311



Wang T, Zhou D, Wang P, Zhang H (2006) Size-dependent
reproductive effort in Amaranthus retroflexus: the influence of
planting density and sowing date. Can J Bot 84:485–492

Watson MA, Casper BB (1984) Morphogenetic constraints on
patterns of carbon distribution in plants. Annu Rev Ecol Syst
15:233–258

Watson MA, Hay MJM, Newton PCD (1997) Developmental
phenology and timing of determination of shoot bud fates. Ways
in which the development program modulates fitness in clonal
plants. In: de Kroon H, van Groenendael J (eds) The ecology and
evolution of clonal plants. The Netherlands, Backhuys, Leiden,
pp 31–53

Weiner J (2004) Allocation, plasticity and allometry in plants. Perspect
Plant Ecol Evol Syst 6:207–215

Weiner J, Fishman L (1994) Competition and allometry in Kochia
scoporia. Ann Bot 73:263–271

West-Eberherd MJ (2003) Developmental plasticity and evolution.
Oxford University Press, New York, USA

White J (1979) The plant as a metapopulation. Annu Rev Ecol Syst
10:109–145

Wright SD, McConnaughay KDM (2002) Interpreting phenotypic
plasticity: the importance of ontogeny. Plant Species Biol 17:119–131

Zhang H, Zhou D, Huang Y, Japhet W, Sun D (2008) Plasticity and
allometry of meristem allocation in response to density in three
annual plants with different architectures. Botany 86:1291–1298

Zhou D, Wang T, Valentine I (2005) Phenotypic plasticity of life-
history characters in response to different germination timing in
two annual weeds. Can J Bot 83:28–36

J. Plant Biol. (2009) 52:303–311 311


	Evidence of Phenotypic Plasticity in the Response of Fagopyrum esculentum to Population Density and Sowing Date
	Abstract
	Materials and Methods
	Study Species
	Experimental Design and Treatments
	Data Analysis

	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


