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Abstract

Phenotypic integration and developmental canalization have been hypothesized to constrain the degree of phenotypic plasticity,

but there is little evidence for the relationships among the three processes in different environments, especially for plants under

natural conditions. To address this issue, we conducted a field experiment by subjecting plants of Abutilon theophrasti to low,

medium and high densities, under infertile and fertile soil conditions, measured a variety of traits and analyzed canalization

(coefficient of variation [CV]), integration (coefficient of integration [CI] and the number of significant correlations of a trait with

other traits [NC]), and plasticity (REL RDPIs and ABS RDPIs) in these traits and their relationships at two stages of plant

growth. Our results showed an increase in mean CV, NC and ABS RDPIs of traits with density, and the positive correlations

between trait NC and ABS RDPIs became stronger with higher densities but weaker over time in fertile soil, while correlations

among trait CV, NC and ABS RDPIs became stronger over time in infertile soil. Results suggested shared or cooperation

mechanisms among phenotypic integration, canalization and plasticity. Soil conditions and growth stage may affect responses

of these correlations to density via modifying plant size and competition strength. The attenuated canalization and enhanced

integration may be helpful for the production of plasticity, especially under intense competition.

Introduction

Phenotypic plasticity, defined as the ability to produce different phenotypes in response to different envi-
ronmental conditions (Bradshaw, 1965; Massimo Pigliucci, 2005). The expression of a phenotype under a
certain environment is the result of the integration of local responses of many modules or traits and their
interactions (Pigliucci & Preston, 2004). Consequently, the evolution of a given trait and its plasticity may
be subject to restrictions due to its genetic correlations with other traits (Agrawal & Stinchcombe, 2009; Gi-
anoli & Palacio-López, 2009). Not all species or traits are plastic, probably because the extent of phenotypic
plasticity is limited by both intrinsic and extrinsic factors (DeWitt et al. , 1998; Givnish, 2002; Valladares
et al ., 2007).

A process that may limit phenotypic plasticity is developmental canalization, which is generally assessed by
coefficient of variation (CV) in traits (Woods et al. , 1999). Developmental canalization, or robustness, is the
property of an organism that buffers development against environmental and genetic perturbations to produce
a consistent phenotype (Waddington, 1957), including environmental canalization and genetic canalization
(Wagner et al. , 1997). Environmental canalization indicates the insensitivity of traits to environmental
perturbations in variable environments (Debat & David, 2001; S.C. Stearns et al. , 1995; Wagner et al.
, 1997), like a process in opposition to phenotypic plasticity (Stearns et al. , 1995; Wilkins, 1997). But
both phenotypic plasticity and environmental canalization may reflect the ability of an organism to adjust
phenotypic expression appropriately in dealing with environmental changes, at individual and population
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. levels respectively (Reed et al. , 2010; Schlichting & Pigliucci, 1998). Genetic canalization, refers to the
buffering of the effects of genetic variation (Wagner et al. , 1997). The developmental canalization here
may include both genetic and environmental canalization. It is widely appreciated that stress conditions
increase phenotypic variability in traits (Woods et al. , 1999). If both plasticity and instability of traits
increase with environmental stress, it is reasonable to infer some common mechanisms in charge of the
two kinds of variabilities (Meiklejohn & Hartl, 2002). Wagner et al.(1997) hypothesized that selection for
environmental canalization may facilitate the evolution of genetic canalization, given the ample evidence for
genetic canalization from empirical studies (Dun & Fraser, 1958; Dworkin, 2005; Polaczyk et al. , 1998; but
see Hermisson & Wagner, 2004). However, relevant studies did not find changes of environmental canalization
affect the level of genetic canalization (Debat et al. , 2009; Ian Dworkin, 2005; Meiklejohn & Hartl, 2002). In
the unpredictable environments of Mediterranean ecosystem, environmental stress favors both plasticity and
high degree of genetic variations across species in oak seedlings (Valladares et al. , 2002), implying negative
correlations between plasticity and canalization. Studies on the relationships between trait plasticity and
canalization are rarely seen, even less on how environments affect their relationship, especially for plant
species.

Phenotypic integration may also play a role as an internal constraint to phenotypic plasticity (Gianoli, 2001,
2003; Pigliucci et al. , 1995; Schlichting, 1986, 1989; Valladares et al. , 2007). Phenotypic integration refers
to the pattern and magnitude of character correlations (M. Pigliucci & Preston, 2004), which results from
genetic, developmental and/or functional connections among traits (Pigliucci & Preston, 2004; Schlichting &
Pigliucci, 1998), and is often expressed in terms of the number of significant phenotypic correlations between
traits (Pigliucci, 2002; Pigliucci & Marlow, 2001; Schlichting, 1989). Evidence has shown that the degree
of plasticity in response to shading or drought in a given trait decreased with the increase of the number
of its correlations with other traits in two local species from Chile, suggesting the restriction of phenotypic
integration to the degree of plasticity (Gianoli & Palacio-López, 2009), and the greater the constraints of
genetic correlations for a trait, the lower its ability to respond to environments. On the other hand, however,
the strength of phenotypic integration may also increase with environmental stresses (Garćıa-Verdugo et
al. , 2009; Gianoli, 2004; Schlichting, 1989; Waitt & Levin, 1993), which also induce plastic responses in
traits, implying the positive correlations between phenotypic integration and plasticity in traits. Since most
empirical studies have only studied patterns of phenotypic integration in a single environment (Pigliucci &
Preston, 2004; but see Liu et al. , 2007; Pigliucci et al. , 1995), we still know surprisingly little about how the
environment influences levels of phenotypic integration (Mallitt et al. , 2010), even less on the relationship
between phenotypic integration and plasticity and its variation with environmental conditions.

Population density, as one of the major natural stresses that result in size variations in plants, its variation
can result in the heterogeneity of multiple environmental factors, inducing complex responses in traits. Both
variation among individuals and phenotypic plasticity can impart integration among morphological traits
(Klingenberg, 2014). Thereby such responses to density may also correlate with developmental canalization
and phenotypic integration. Correlations can vary with different abiotic conditions and growth stages, due
to their influences on trait plasticity (Wang et al. , 2017), integration and canalization (Damiánet al. , 2018;
Goswami et al ., 2015). We need more detailed studies on integration, canalization and plasticity to generalize
about the relationships among them (Kavanagh, 2020), especially at different stages of plant growth or
under different abiotic conditions. As traits may differ in the magnitude of their plastic responses to different
resources, resulting in a “hierarchy” of responses (White, 1979), the importance of considering a wider range
of plant traits is underscored (Ryser & Eek, 2000). Here we conducted a field experiment on an annual
herbaceous species ofAbutilon theophrasti , to analyze phenotypic plasticity, canalization and integration for
a number of allocation and morphological traits and their relationships in response to density for plants
under two contrasting soil conditions at two growth stages. We aimed to test the following hypotheses: 1)
trait plasticity, canalization and integration increase with higher densities; 2) there are positive correlations
among the three processes, which intensified with greater densities; 3) soil conditions and growth stage can
influence responses of their correlations to density.

Materials and methods
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. Study species

Abutilon theophrasti Medicus (Malvaceae) is an annual weedy species, native to China and India. It usually
grows to a height of up to 1-1.5 m, and can reach reproductive maturity within 90 d, completing its life
cycles in ˜5 mo (McConnaughay & Coleman, 1999), with substantial plasticity in allocation, morphology
and architecture in response to varying environmental factors (McConnaughay & Bazzaz, 1992). It colonizes
relatively nutrient-rich habitats and is typically found in open fields, on roadsides, and in gardens.

Experimental design

The experiment was conducted in 2007 at the Pasture Ecological Research Station of Northeast Normal
University, Changling, Jilin province, China (44°45’ N, 123°45’ E). Seeds of A. therophrasti were collected
from local wild populations near the research station in the late August of 2006 and were dry stored at -4oC.
We used a split plot design, with soil conditions as the main factor, density and block as a sub-factor. Two
large plots were assigned as two (infertile and fertile) soil conditions, each was divided into nine 2 × 3 m
sub-plots and randomly arranged with three treatments of densities and blocks. Seeds of A. theophrasti were
sown on June 7, 2007, with three inter-planting distances of 30, 20 and 10 cm, to reach target plant densities
of 13.4, 36 and 121 plants per m-2, assigned as Low, Medium and High density treatments respectively. Most
seeds emerged 4 d after sowing. Seedlings were thinned to the target densities at four-leaf stage. Plots were
hand-weeded when necessary and watered regularly.

We established the infertile soil conditions as a plot using the original soil of experimental field at the station
that had been used annually for many years (aeolian sandy soil). The fertile soil conditions was set up by
covering the other large plot with 5-10 cm virgin soil transported from a nearby meadow with no cultivation
history (meadow soil), with contrasting nutrient contents of the two soil conditions (Wang et al., 2017). The
meadow soil is not located far away from the experiment field, which used to be meadow as well and has
been reclaimed for experimental use since the establishment of research station. Therefore, basically the soil
of the experimental field was the same type as the meadow soil, but with different conditions or qualities.
Covering the other plot with meadow soil led to a greater amount of soil or nutrients for the fertile soil
treatment, which also led to thicker soil layers of the fertile plot than the infertile one. To keep the soil and
resource amounts as even as possible, we crushed the blocky soil into very small bits, and mingled them
adequately, before spreading them over the entire plot and compaction. Seeds were sown into all plots at the
same burial depth and sowing rate.

Data collection

Plants were harvested at 30, 50 and 70 d of plant growth, representing developmental stages of early vegetative
growth, late vegetative or early reproductive growth, and middle to late reproductive growth respectively.
At each stage, six individual plants were randomly chosen from each plot, making a total of 6 replicates × 3
plots × 3 densities × 2 soils × 3 stages = 324 samplings. For each plant, the following traits were measured
if applicable: the length of stem, diameter at the basal of stem, petiole length and angle, leaf number, lamina
width (lamina size), branch length, angle and number, main root length, main root diameter, lateral root
length and lateral root number (above or equal to 1 mm in diameter along the main root). Morphological
traits of plants at 30 d of growth were not taken into account due to small plant sizes. Each individual plant
was then separated into root, stem, petiole, leaf, reproductive and branch parts if any, oven-dried at 75oC
for two days and weighed.

Statistical analysis

All statistical analyses were conducted using SAS statistical software (SAS Institute 9.0 Inc. 2002). All
traits were used in analyses (abbreviations see Table 1). All data were log-transformed except for petiole
angles and branch angles (square root-transformed) to minimize variance heterogeneity before statistical
analysis. Three-way ANOVA and ANCOVA were performed to evaluate the overall effects of growth stage,
soil condition and population density and their interactions on all traits, with total mass nested in growth
stage as a covariate in three-way ANCOVA. Within each soil condition at each stage, effects of density were
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. analyzed by one-way ANOVA for total mass, and one-way ANCOVA for all the other traits with total mass
as a covariate. Adjusted mean values of traits produced from multiple comparisons by LSD method of the
General Linear Model (GLM) program in ANCOVAs were used in calculation of plasticity.

The plasticity in traits was evaluated with the revised simplified Relative Distance Plasticity Index (RDPIs),
for its strong statistical power in tests of differences in plasticity (F. Valladares, Sanchez-Gomez, & Zavala,
2006). For a given trait, its RDPIs values in response to high and medium densities relative to low density
(H-L RDPIs and M-L RDPIs) were calculated as:

RDPIs = (X – Y )/(X + Y )

where X was the adjusted mean trait value at high or medium density, and Y was the mean value at low
density. Both the level and degree of plasticity (relative plasticity and absolute plasticity) in traits were
calculated as REL RDPIs and ABS RDPIs respectively.

Phenotypic canalization was evaluated by coefficient of variation (CV) for a given trait, calculated as the
standard deviation divided by mean value of the trait. Phenotypic integration was estimated with the number
of significant correlations of a trait with other traits (NC; p < 0.05) and coefficient of integration (CI)
(Cheverud, Rutledge, & Atchley, 1983). Correlations among traits were evaluated by Pearson Correlation
Coefficients (PCC) produced by PROC CORR (Gianoli & Palacio-López, 2009). CI for traits was computed
as:

I = [[?](λ -1)2/(n 2-n )]1/2

where n is the number of traits andλ is an eigenvalue of the correlation matrix of the normalized data.

Both Correlation and regression analyses were applied to qualify and quantify the relationships between
phenotypic plasticity (RDPIs) and phenotypic canalization (CV) or integration (NC) at different densities
for plants in each soil conditions at each stage. Results of correlations and regressions were also analyzed
with three-way ANOVA to access effects of population density, soil conditions and growth stage and their
interactions; and one-way ANOVA for effects of density on these relationships in each soil conditions at each
stage.

Results

Effects of stage, soil, density, and interaction between stage and soil were significant for most traits, and
interactions between stage and density, between soil and density were also significant for several different
traits (Table S1). Plant size (total mass) explained significant variations in most traits. Across both stages,
infertile vs. fertile soil and high and medium vs. low density reduced total biomass (P < 0.001; Fig. S1).

Responses of variables to density

Density had significant effects on mean coefficient of variation (CV), mean number of correlations (NC), and
mean degree of plasticity (ABS RDPIs) for all traits (P < 0.05; Table 2). However, responses of variables
to density became less significant over time (Fig. 1). Across both soil conditions at 50 d, compared to
low density, high and medium densities increased CI (LSD, P< 0.010). In fertile soil, high vs low density
increased mean CV by 20% at 50 d (P = 0.046), decreased NC slightly at 70 d (P = 0.067). No difference in
mean CV and CI between densities was found at 70 d. CV values were significant in more traits, NC values
tended to decrease, with higher densities in fertile soil (Table S2, S3). Across both growth stages, mean
ABS RDPIs in response to high density was greater than that in response to medium density, compared to
low density in infertile soil (P < 0.001; Fig. 1). Total mass was highly plastic, with the average relative
plasticity (REL RDPIs) of -0.433 in response to high density across all soil conditions and stages and other
traits had plasticity varying with soil conditions and growth stages (Table S4).

Relationships among variables

Trait NC had negative correlations with REL RDPIs, and positive correlations with ABS RDPIs, and trait
CV mainly had positive correlations with RDPIs (Fig. 2 and Table S5). These correlations decreased over
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. time in fertile soil, and increased over time in infertile soil. Soil conditions, growth stage and population
density had more significant effects on correlations between NC and ABS RDPIs, effects of growth stage
and population density were more significant for correlations between CV and REL RDPIs (Table 3). For
both stages, density effects on correlations between NC and RDPIs and between CV and RDPIs were more
significant in fertile vs. infertile soil (Table 4 and Fig. 2).

Discussion

Developmental canalization

Theoretically, it is predicted increments in environmental variations may lead to relatively higher levels
of plasticity in morphological traits (Bradshaw, 1965; de Jong, 1995), whereas fitness-traits may be more
likely to maintain stable under a range of environmental conditions (Lerner, 1954; Stearns & Kawecki,
1994; Waddington, 1957; Wagner et al., 1997). Characters more closely related to fitness are expected
to be better buffered against environmental effects because deviations from the optimal phenotype will be
strongly selected against (Clarke, 1995; Lerner, 1954; Stearns & Kawecki, 1994; Waddington, 1957). These
predictions have been proved by the contrasting performances in the degree of plasticity in response to
temperature between morphological traits and fitness traits (Liefting et al. , 2009). However, we did not
find reproductive mass ratio had lower plasticity in response to density than other traits, and its among-
individual variation (CV) was higher than other traits at different densities, consistent with other studies
(Woodset al. , 1999). It suggested the relative stability of fitness traits depends on the level or range
of environmental variations, and increased phenotypic variations can be produced under highly stressful
conditions that plants are incapable to adapt (Woods et al. , 1999). When the stress is severe enough,
the buffering against drastic changes may no longer be able to prevent such overt changes, and phenotypic
variability in more robust traits might assist survival at the population level (Elgart et al. , 2015). The
increase of density should have been severe enough to cause the decrease of reproductive allocation in this
study.

Phenotypic integration

In spite of the recognized importance that changes in the correlation structure can have for evolutionary
change (Lande & Arnold, 1983), we still know surprisingly little about how the environment influences levels
of phenotypic integration. Despite much recent progress on this topic (Pigliucci & Preston, 2004; Schlosser
& Wagner, 2004), most empirical studies have only studied patterns of phenotypic integration in a single
environment (Pigliucci & Preston, 2004; but see Liu et al., 2007; Pigliucci et al. , 1995). In this study,
we found an increase in coefficient of integration (CI) with density at 50 d (Gianoli, 2004; Schlichting,
1986; Wylde & Bonduriansky, 2020), and decrease in the number of correlations (NC) with density at 70
d (Badyaev et al. , 2005; Mallitt et al. , 2010; Pigliucci & Kolodynska, 2002). The stage-dependence
responses in CI suggested the strength of response of integration to density decreased over time. It is
hypothesized that the increase in the number and strength of correlations among functionally correlated
traits (phenotypic integration) is related to the extent of environmental stress (Gianoli, 2004; Schlichting,
1986), and endow plants the ability to effectively respond to such stress (Chapin III, 1991). At 70 d, density
effects on plants became attenuated, due to small individuals being obsoleted (Wang et al. , 2017). This
may lead to weakened responses in trait correlations. It is reported phenotypic integration contributed to
differences between native and invasive species less than phenotypic plasticity (Osunkoya et al. , 2014),
but differences in phenotypic integration plasticity were more distinguishable than differences in plasticity
for clones ofDaPhnia magna (Plaistow & Collin, 2014). It suggested phenotypic integration plays a more
important role in plant adaptation to environmental stresses.

Correlations among canalization, integration and plasticity

Our results showed an increase in among-individual variations (mean coefficient of variation, CV) for all traits
by high vs. low density in fertile soil only, indicating a decreased level of canalization in traits, consistent
with other results (Imasheva, Loeschcke et al. , 1997; Ramler et al. , 2014; Teder et al. , 2008; Woods et
al. , 1999). At 50 d, plants in infertile soil were smaller, and displayed stronger responses to density than in
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. fertile soil (Wanget al. , 2017). The decrease in canalization or increase in among-individual variations might
be complementary to the increase in plasticity. However, there were also more positive correlations between
the degree of plasticity (ABS RDPIs) and CV with higher densities, suggesting some shared mechanisms of
the two process in response to environmental stress (Debat & David, 2001; Meiklejohn & Hartl, 2002). This
was consistent with that plasticity and within-environment variation are favored by environmental stresses
in the unpredictable environments of Mediterranean ecosystem (Valladares et al. , 2002). As sources of
phenotypic variation, canalization and plasticity are hypothesized to under the control of some common
mechanisms (Debat & David, 2001; Meiklejohn & Hartl, 2002), but proved by little evidence (Debat et al. ,
2009; Dworkin, 2005). Phenotypic plasticity actually depicts an ability of an organism to react to external
environmental changes via self-regulation, rather than simply a phenomenon of phenotypic difference or
change. To the opposite, developmental canalization is a mechanism of an organism in buffering against
environmental or genetic disturbances to minimize phenotypic variations (Waddington, 1952, 1956). The
correlations between the two processes were not significant at low density, indicating both the adaptability to
a novel environment and the robustness are compatible when a certain degree of phenotypic fluctuations exists
due to noise (Kaneko, 2012). However, the presence of environmental stresses may favor stronger plasticity
over canalization in traits. It seems the loss of canalization in some circumstances may not necessarily be
harmful, but facilitate the production of plasticity.

In spite of a decrease in mean NC by high density at 70 d, it had positive correlations with the magnitude
of trait plasticity (ABS RDPIs), which intensified with higher densities. It suggested in the evolution
of traits within an individual organism, the traits of greater integration were more able to respond to
environmental stress flexibly, or traits of greater plasticity are more likely affect the variations of other
traits. The mechanisms behind differences of organismal systems in their capacity to buffer or accommodate
stress-induced variation are poorly understood (Badyaev et al., 2005). On the one hand, buffering of a
stressor might be a consequence of developmental complexity rather than an evolved resistance mechanism
for resilience to stressors (Meiklejohn & Hartl, 2002; Rice, 1998; Siegal & Bergman, 2002; Waxman &
Peck, 1998). Under this scenario, the complexes of traits that share the greatest number of developmental
interactions (i.e., the most developmentally integrated) should be the most able to maintain functionality
and to accommodate the effects of stress during ontogeny. On the other hand, an organism’s ability to
function in different environments requires the ability to track and respond to environmental change (Eshel
& Matessi, 1998; Carl D. Schlichting & Smith, 2002; Waddington, 1941; Wagner et al. , 1997). The traits of
stronger integration have more connections with other traits, thus are more able to dominate the phenotypic
variation, and enhance the whole-plant fitness through plastic responses. Because integration can alleviate
the constraints to trait plasticity by environmental signal amplification or inhibition through developmental
interaction among trait plasticity (Lande, 2019). Inversely, traits of greater plasticity are more likely to
affect other traits through phenotypic integration, leading to stronger correlations among traits.

Both phenotypic integration and among-individual variation positively correlated with the degree of plas-
ticity, suggesting some cooperation mechanisms among the three processes. Greater flexibility of individual
systems is hypothesized to be produced by lessening their homeostatic integration (West-Eberhard, 2003).
Such a decrease might enhance the range of performance of individual organismal systems and ultimately
increase organismal capacity to adapt to changing conditions (Badyaev et al. , 2005; Rutherford, 2003).
Meanwhile, mechanisms for phenotypic plasticity and developmental canalization may be always functioning
in an organism. Organisms can maintain functionality in stressful environments by channeling stress-induced
developmental variation through buffering some organismal functions while increasing the flexibility of others
(Alberch, 1980; Nijhout, 2002). And the relaxation of canalization to some extent may assist the production
of plasticity in traits.

Effects of soil conditions and growth stage

Correlations among trait canalization, integration and plasticity not only varied with greater densities, but
such variations also change with soil conditions and growth stages. (Goswami et al. , 2015) showed an
increase in correlation between fluctuating asymmetry and integration over time. But we found correlations
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. among integration, canalization and plasticity increased over time in infertile soil, and decreased over time in
fertile soil. As competition intensity may increase over time in infertile soil, and decrease over time in fertile
soil (Wang et al. , 2017), soil condition and growth stage may also affect these correlations through modifying
plant size and competition intensity. Additionally, since the positive correlations between integration and
plasticity became stronger with higher densities in fertile soil only, it suggested plants in favorable conditions
are more able to deal with the increase of density via coordination of trait plasticity and integration, whereas
unfavorable conditions may attenuate this ability.

Conclusions

Our results showed an increase in phenotypic integration, plasticity and among-individual variation with
density, and the positive correlations between integration and plasticity became stronger with higher densities
but weaker over time in fertile soil, while the correlations among the three processes became stronger over
time in infertile soil. These suggested certain shared or cooperation mechanisms for integration, canalization
and plasticity in traits. Soil conditions and growth stage may affect the responses to density in correlations
among the three processes via effects on plant size and competition intensity. Phenotypic integration may
play a more important role in plant adaptation to environmental stresses, and the decrease in canalization
level may not be harmful. The released variations among individuals due to attenuated canalization and
enhanced integration may facilitate plant reaction and adaptation to environmental stresses, and inversely
plasticity may lead to higher level of phenotypic integration and reduced canalization, especially when plants
experience intense competition.
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Table 1 All traits and trait variables with their abbreviations and transformations in this study.

Trait/variable Unit Abbreviation Transformation

Total mass g TM Log
Root mass ratio / RMR Log
Stem mass ratio / SMR Log
Petiole mass ratio / PMR Log
Lamina mass ratio / LAMR Log
Reproductive mass
ratio

/ REMR Log

Stem length cm SL Log
Stem diameter mm SD Log
Main root length cm MRL Log
Main root diameter mm MRD Log
Lateral root length cm LRL Log
Lateral root number / LRN Log
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. Trait/variable Unit Abbreviation Transformation

Petiole length cm PL Log
Petiole angle o PA Sqrt
The number of leaves / LN Log
Lamina size mm LS Log
Coefficient of variation / CV Log
Coefficient of
integration

/ CI /

Number of significant
correlations

/ NC Log

Relative plasticity / REL RDPIs /
Absolute plasticity / ABS RDPIs /

Table 2 Three-way ANOVAs on effects of growth stage (GS), soil condition (SC), population density (PD)
and their interactions for all variables. Abbreviations for all variables are in Table 1.

Source of
Variation

REL
RDPIs

REL
RDPIs

ABS
RDPIs

ABS
RDPIs Log (NC) Log (NC) Log (CV) Log (CV)

F P F P F P F P
GS 0.08 0.799 0.95 0.337 0.21 0.645 0.00 0.957
SC 0.07 0.775 0.39 0.539 0.58 0.448 0.26 0.612
PD 2.44 0.129 5.26 0.029 3.40 0.019 3.51 0.032
GS ×
SC

2.12 0.155 3.55 0.069 0.07 0.792 0.11 0.739

GS ×
PD

0.87 0.359 0.72 0.402 2.37 0.072 1.00 0.369

SC ×
PD

0.00 0.958 0.93 0.341 0.56 0.640 1.04 0.355

GS ×
SC ×
PD

0.62 0.437 1.27 0.268 1.10 0.351 0.41 0.664

Table 3 F -values for three-way ANOVAs on correlations among variables, with soil condition (SC), growth
stage (GS), population density (PD), plasticity type (PT) and their interactions as effects. Abbreviations
for all variables are in Table 1. P < 0.10, **P < 0.05, ***P < 0.01.

Source of Variation REL RDPIs REL RDPIs ABS RDPIs ABS RDPIs

NC CV NC CV
SC 4.11 0.70 61.52** 8.54*
GS 1.30 14.49* 23.90** 0.62
PD 5.47 18.36** 105.29*** 2.10
PT 1.10 18.02* 191.06*** 0.06
SC × GS 2.97 31.77** 272.81*** 54.98**
SC × PD 0.42 35.24** 173.68*** 2.84
SC × PY 3.32 50.33** 270.46*** 14.06*
GS × PD 0.56 1.92 4.05 2.47
GS × PT 0.71 0.56 33.92** 8.88*
PD × PT 0.36 6.71* 4.90 1.70
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. Source of Variation REL RDPIs REL RDPIs ABS RDPIs ABS RDPIs

SC × GS × PD 0.32 7.97* 75.35*** 3.44
SC × GS × PT 0.01 0.06 82.38*** 1.17
SC × PD × PT 0.02 2.41 26.25** 1.46
GS × PD × PT 0.55 2.39 12.22* 0.85

Table 4 General Linear Model (GLM) analyses on regressive relationships of relative plasticity (REL RDPIs)
and the degree of plasticity (absolute plasticity, ABS RDPIs) with the number of significant correlations (NC)
among traits and coefficient of variations of traits (CV) in response to density under infertile and fertile soil
conditions at 50 d and 70 d of plant growth. Abbreviations for all variables are in Table 1. P < 0.10, **P
< 0.05, ***P < 0.01.

Plasticity Stage Soil NC NC CV CV

FSloPe FIntercePt FSloPe FIntercePt

REL RDPIs 50D Infertile 0.41 0.70 0.92 0.94
Fertile 11.97*** 0.69 1.62 0.61

70D Infertile 1.39 2.17* 2.48* 0.61
Fertile 6.30*** 4.18*** 3.92** 0.85

ABS RDPIs 50D Infertile 0.92 0.69 0.44 0.36
Fertile 6.29*** 1.35 2.59* 1.22

70D Infertile 0.56 0.61 0.07 2.56*
Fertile 5.93*** 4.61*** 14.14*** 1.40

Figure legends

Fig. 1 Mean coefficient of variation (CV), coefficient of integration (CI) and mean number of significant
correlations with other traits (NC), and mean relative plasticity (REL RDPIs) and absolute plasticity (ABS
RDPIs) for all traits in response to density under infertile and fertile soil conditions at 50 d and 70 d.
Different letters and P values denote significant differences between densities within each soil conditions and
across both soil conditions respectively (P < 0.05).

Fig. 2 Regressions on the degree of plasticity (ABS RDPIs) vs. trait canalization (CV) and integration
(NC) at different densities for plants under infertile and fertile soil conditions at 50 d and 70 d of growth.
H-L: high-low density plasticity, M-L: medium-low density plasticity.

Fig. 1 Mean coefficient of variation (CV), coefficient of integration (CI) and mean number of significant
correlations with other traits (NC), and mean relative plasticity (REL RDPIs) and absolute plasticity (ABS
RDPIs) for all traits in response to density under infertile and fertile soil conditions at 50 d and 70 d.
Different letters and P values denote significant differences between densities within each soil conditions and
across both soil conditions respectively (P < 0.05).

Fig. 2 Regressions on the degree of plasticity (ABS RDPIs) vs. trait canalization (CV) and integration
(NC) at different densities for plants under infertile and fertile soil conditions at 50 d and 70 d of growth.
H-L: high-low density plasticity, M-L: medium-low density plasticity.
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