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Abstract

How plants cope with the increase of population density via root plasticity is not well documented. Abiotic environments and

plant ontogeny may play an important role in determining plant response to density and thus contribute to understanding this

issue. We aimed to investigate root plasticity in response to density under contrasting soil conditions at three stages of plant

growth in an annual herbaceous species Abutilon theophrasti. We conducted a field experiment by subjecting plant individuals

to low, medium and high densities (13.4, 36.0 and 121.0 plants m-2, respectively) under fertile and infertile soil conditions,

and a series of root traits were measured at three harvests when they had grown for 30, 50 and 70 d. Results revealed the

complexity of root response to density, which may increase, decrease or canalize, depending on the strength of above- and

below-ground interactions, which varied with soil conditions or growth stage. The intensity of above- and/or below-ground

interactions increased with decreased soil resources, but first increased then decreased with growth stage. Facilitation is more

likely to occur at low to moderate below-ground interaction, when above-ground interaction is negligible, and resources are

abundant and at early stage of plant growth. Plants may prefer to adjust biomass allocation to maintain total mass stable

initially, before suffering decreased total mass, in response to intraspecific interactions.

Introduction

Population density, or competition, is one of major biotic environmental factors in nature. The increase of
density can result in variations in multiple resources and plant-plant interactions (Casper et al.1997), affecting
plant growth in many ways. However, the complexity of density effects is not well understood. Researches on
effects of above- and below-ground competition separately (Cahill 2003, Murphy et al. 2007) or those of light
quality or shade due to increased density (Bongers et al. 2018, Forster et al. 2011) contributed important
information, but cannot help understanding how plants respond to density in an integrative perspective.

One aspect of the complicacy is the effects of abiotic environmental factors in plant response to density
(Forster et al. 2011). Below-ground competition can be aggravated when below-ground resources limit plant
growth (Casper and Jackson 1997, Schenk 2006). Increased soil resources can result in a shift in competition
from occurring primarily below-ground to primarily above-ground (Tilman 1988, Wilsonet al. 1991), and
an increased interaction between above- and below-ground competition (Cahill 1999). Consequently, soil
conditions can significantly alter plant response to density (Poorter et al.2012). However, little evidence
exists. A study showed above- and below-ground competition elicited independent responses, and the level
of soil nutrient did not affect root response to the presence of neighbors (Murphy and Dudley 2007). Perhaps
the low-nutrient regime did not cause true nutrient deficiencies, especially when competition was not intense.
Substantial abiotic effects may result from effects of low vs. high levels of many resources, or infertile versus
fertile soil conditions.

Another important aspect of the complicacy is temporal heterogeneity of density effects. For a dense pop-
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ulation, as plant sizes grow, competition intensity first increases then weakens (Hutchings et al. 1981).
Moreover, from the perspective of allometric growth, a plant experiences significant changes in allocation
pattern at various developmental phases (Harper et al. 1970, Weiner 2004). However, allometric analysis
or removal of size effect within a single stage cannot eliminate ontogenetic effects, as plasticity of allometric
relationships in response to density is stage dependent as well (Liet al. 2013). Therefore trait plasticity
in response to density is expected to differ among stages, which may explain the inconsistency in relevant
results.

Compared to above-ground responses, below-ground responses to density or competition received much less
attention. Studies have mostly focused on root: shoot ratio or root mass allocation, producing inconsistent
results: 1) neither above- nor below-ground competition alters root allocation (Cahill 2003, Casper et al.
1998); 2) interactions among plants enhance root: shoot ratio (Gersani et al. 2001, O’Brien et al. 2005);
3) root mass ratio is lower at high density relative to low density (Forster et al. 2011, Poorter et al. 2016,
Poorter et al. 2012). The inconsistency may result from distinct density effects in different research systems,
which vary in manipulation of density treatments, amounts of species, abiotic environments, and stages of
plant growth etc., wherein plant growth stage and abiotic environments should be the most significant of all.

Finally, but not the least importantly, meta-analyses showed that lab grown plants experience different
abiotic and biotic environments from those grow in fields, and have a much shorter time for growing, which
may strongly affect a plant’s overall morphology and physiology (Poorteret al. 2016). It is thereby necessary
to apply growth regimes closer to field conditions for understanding density-induced plasticity that real
occurs in nature (Gratani 2014, Poorter et al. 2016). Here we conducted a field experiment, growing plants
of an annual species Abutilon theophrasti at different densities, under fertile versus infertile soil conditions,
to measure a series of root traits at three stages of plant growth, in order to investigate whether and how
plant root response to density can be altered by soil conditions and plant growth stage.

Material and methods

Studied species

Abutilon theophrasti Medicus (Malvaceae) is a native species to China and India, now spreads worldwide. It
is an annual weedy species, erect with stout stems, usually can grow to a height of 1-1.5 m. Through rapid
growth, it can reach reproductive maturity within 90 d, and complete its life cycle in ˜5 mo (McConnaughay
et al. 1999), with substantial plasticity in allocation, morphology and architecture in response to varying
environmental factors (McConnaughayet al. 1992). It colonizes relatively nutrient-rich habitats, being
ubiquitous 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 were collected from local wild
populations near the research station in late August 2006 and 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. The treatment of infertile soil conditions
as a plot was established using the original soil of experimental field at the station that had been used
annually for many years (aeolian sandy soil), and the treatment of 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). Seeds
of A. theophrastiwere 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.

Data collection
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Plants were harvested at 30, 50 and 70 d of 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 individual plant, the following traits
were measured if applicable: diameter at the basal of the main root, length and number of lateral roots
(above or equal to 1 mm in diameter along the main root). Morphological root traits were not measured at
30 d of growth due to small sizes of plants. Each individual was then separated into roots, stems, petioles,
leaves, reproductive organs and branches (if any), enveloped respectively, and oven-dried at 75 oC for 2 d
and weighed.

Statistical analysis

All statistical analyses were conducted using SAS statistical software (SAS Institute 9.0 Inc. 2002). Biomass
traits including shoot mass, root mass, total biomass and root:shoot ratio, and morphological traits including
main root length, main root diameter, lateral root number and lateral root length were analyzed. To minimize
variance heterogeneity, all data were log-transformed before statistical analysis. Three-way ANOVA and
ANCOVA were used to evaluate overall effects of growth stage, soil conditions and population density
and their interactions on all traits, with total biomass nested in growth stage as a covariate in three-way
ANCOVA. Within each soil condition at each stage, effects of density were analyzed by one-way ANOVAs
for total mass, and one-way ANCOVAs for all the other traits with total mass as a covariate. For a given
trait, it was considered to exhibit apparent plasticity whenever plant size (total biomass) accounted for
significant variation in its response to density, and any variation in its expression that was independent of
total biomass was considered an indication of true plasticity (after removal of size effects) (McConnaughay
and Coleman 1999, Weiner 2004). Multiple comparisons used Least Significant Difference (LSD) method of
the General Linear Model (GLM) program in one-way ANCOVA, which also produced adjusted mean values
and standard errors.

Results

Growth stage, soil condition and population density had significant effects on total biomass and almost all
other traits (Table 1). Interactions between stage and soil conditions, stage and density, soil conditions and
density were also significant for most mass traits, stage and soil condition interaction were also significant for
most morphological traits. Except for root: shoot ratio and lateral root length, plant size (or total biomass)
accounted for a significant amount of variations in all traits.

Total biomass was decreased by infertile vs. fertile soil, and by the increase of density in both soil conditions
at all stages except for those of 30 d-growth in fertile soil (Fig. 1). At 30 d of growth, neither soil condition nor
population density affected total biomass, but effects of density on shoot mass and root mass were significant
in fertile soil, though a large fraction of these variations were due to effects of plant size (Table 2).

After removal of size effect, effects of stage, soil, density, and stage and soil interactions were still significant
for most traits (Table 1). A greater number of traits responded to density in infertile vs. fertile soil at 50 d
and 70 d (Table 2). True plasticity occurred in all traits except main root length in response to density, and
responses of these traits varied with soil conditions and/or growth stages (Table 2; Fig. 2-4). Density effect
on main root length was significant in three-way ANCOVA, but not in one-way ANCOVA under either soil
conditions at any stage, indicating apparent plasticity (Table 2).

At 30 d of growth, plant individuals in fertile soil conditions had lower shoot mass, higher root mass and
root: shoot ratio at medium and high density, compared to at low density (p < 0.05), but not in infertile soil
(Fig. 1, 2). Under infertile soil, high density enhanced shoot mass, reduced root mass and root: shoot ratio at
50 d (p < 0.01); medium and high density enhanced shoot mass at 70 d (p < 0.05); no significant response to
density was found under fertile soil at the two stages. For morphological traits, lateral root length decreased
with higher densities under both soil conditions (p < 0.01), but main root diameter was decreased by high
density in infertile soil only (p < 0.05) at both stages (Fig. 3). High density also reduced lateral root number,
compared to that at low density (p = 0.002), for 50 d-growth individuals in infertile soil.
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Discussion

Although root morphological traits generally decreased, root mass allocation increased, decreased or cana-
lized, with increased density, depending on different soil conditions and growth stages. These suggested the
responses of plant roots to density is not merely a single or simple reaction, but of complexity, including
multiple responsive trends within and among traits. Density effects included effects of above- and below-
ground interactions respectively, the strength of which can vary with soil conditions and growth stage in
actuality. The response of plant total mass mainly reflected the passive effects of intraspecific interactions
and its intensity, while responses of root:shoot ratio and root morphological traits explicitly revealed the
strategies of plants in dealing with such biotic environmental effects (plant active reactions).

Due to the complexity of results, we used a table to illustrate this issue, by classifying plant response to
density into three circumstances (Table 3): (a) response to below-ground interaction only (when above-ground
interaction is negligible), (b) response to above-ground interaction only (when below-ground interaction is
negligible), and (c) response to both kinds of interactions or response to density (effects of both interactions
are not negligible). Within each circumstance, the intensity of above- or (and) below-ground interactions can
be estimated as low (L), moderate (M) or high (H) level according to the response of plant total mass. To
reinforce our conclusions, we also cited results from other studies in each circumstance.

Response to below-ground interaction only

In our study, at the first stage, plants were not large and branchy enough to interfere each other above
ground, thus they should have mainly experienced below-ground interactions, with negligible above-ground
interactions. During this period, we found no response in total mass and two kinds of responses in root: shoot
ratio under two soil conditions respectively (Fig. 1 and Table 3a): (1) increased root: shoot ratio with higher
densities in fertile soil; (2) canalized root: shoot ratio in infertile soil. When total mass did not respond to
interaction, we consider it experienced low level of interaction. In this scenario, response of root allocation
to below-ground interaction varied with soil conditions.

Plant-plant interaction can produce either competitive or facilitative results (Callaway 2007, Callaway et
al. 1997), depending on plant growth stages or stress levels (Callaway 1995, Callaway et al.2000, Callaway
and Walker 1997). Soil conditions may affect root responses via modifying the intensity of below-ground
interaction. Low to moderate level of interaction is more likely to produce facilitative effects (Casper and
Jackson 1997), as in studies of Gersani et al. and O’Brien et al. (Gersani et al. 2001, O’Brien et al. 2005).
It also implied facilitative effects of below-ground interaction can only be detected when above-ground
interaction is negligible, which usually occurs at early stage of plant growth and when resources are abundant.
Increased root allocation in response to density in fertile soil at 30 days of plant growth in this study
suggested a facilitative effect of below-ground interaction. By contrast, no response in root allocation in
infertile soil suggested below-ground interactions were not strong enough to affect root allocation, or otherwise
facilitative effect was counteracted by competition, which was aggravated due to resource deficiency. As
resource availability decreased, intensity of below-ground competition generally increases (Cahill 1999, Casper
and Jackson 1997, Schenk 2006). We also found a decrease in root:shoot ratio by intraspecific interaction
in dry soil, though response of total mass indicated facilitation. It suggested water deficiency may intensify
below-ground competition, leading to decreased root allocation, even when the overall result of interaction
is facilitative.

No significant facilitative effects on total mass may be explained by a shift of plant strategy in dealing
with environmental stress. For example, under plant-plant interaction, plants may prefer to alter biomass
allocation at first, then alter total mass as interaction intensity increases. As interaction intensity continued to
increase, total mass can decreased at high level of interaction, when root:shoot ratio responded to interaction
(Li et al. 2016) or kept stable (Cahill 2003). As plants grew larger, the strength of competition first increased
then decreased (Hutchings and Budd 1981). Plants in fertile soil first altered biomass allocation then kept
it stable, due to the attenuation of interaction intensity (Wang et al. 2017). However, we do not know why
root allocation increased with interaction in this situation (Li et al. 2016). Of course, the intensity of below-
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ground interaction can also be affected by a variety of other factors, such as pot space, number of neighbors
(or growing density), sizes of species (due to age or genetic nature), thus we also referred to information on
these factors.

Response to above-ground interaction only

Our study did not include results on response to above-ground interaction only. To interpret this issue more
explicitly, however, we quoted results from light-effect studies (Table 3b), which simulated density effects via
manipulating variations in light quantity and quality. Although light signals cannot completely equate to
above-ground interaction, but these results provided essential information, which is difficult to acquire using
density or interaction treatments, especially when plants are expected to grow in more nature or normal
state.

From these results, we found above-ground interactions can had no effects at low to moderate levels, or
had stronger negative effects on root allocation (Table 3b) than below-ground interactions (Table 3a). Light
competition may not affect total mass and root allocation at low intensity (Murphy and Dudley 2007), or
decrease them at high intensity (Kennedy et al. 2007). Similarly as below-ground interaction, the strength
of above-ground interaction may first increase then decrease over time (Hutchings and Budd 1981, Wang et
al. 2017). And plants interacting with neighbors may alter biomass allocation while maintaining total mass
at first, then alter total mass as interaction intensifies. When total mass did not respond to light while root
allocation decreased (Forster et al. 2011), it suggested above-ground interaction was getting increasingly
intense and began to affect root allocation, but not strong enough to affect total mass. No response in root
allocation and a decrease in total mass indicated attenuated above-ground interaction (Casper et al. 1998).
It is interesting to note that root mass allocation in shade was lower than that in full light, but unaffected
by density (Table 3b, 3c; Forsteret al. 2011), suggesting the decrease of root allocation by above-ground
interaction can be alleviated by facilitative effects of below-ground interactions in dense population .

Response to density

As plants grew large enough, both above- and below-ground interactions occurred, plant root response
to density may actually depend on the relative strength of competition vs. facilitation. When competition
became intense enough to counteract or surpass facilitative effects, increased density either did not affect root
allocation (Forsteret al. 2011), or decreased root allocation (Maliakal et al. 1999), depending on resource
levels (Table 3c). Nutrient depletion can intensify below-ground competition (Tilman 1988, Wilson and
Tilman 1991). As below-ground resources decreased, competition among plants transformed from primarily
above-ground to primarily below-ground (Grime 1973, Grime 1979). Consequently, when a plant in dense
population suffers resource deficiency, its root allocation is more likely decreased, due to intensified below-
ground competition primarily, as the case in infertile soil conditions at 50 days of plant growth in this study.
Otherwise, sufficient resources may alleviate below-ground competition, leading to no response to density
in roots, such as in fertile soil at the same stage in this study. However, no response to density in root
allocation also occurred in infertile soil at 70 days of growth, suggested interaction intensity first increases
then decreases over time (Hutchings and Budd 1981, Wang et al. 2017).

Relationships between root and leaf responses

Comparing response to density in root and leaf allocation, we found an attenuated decrease in root allocation
by density and an intensified decrease in leaf allocation from 50 d to 70 d in infertile soil, and with better
soil conditions at 50 d (Wang et al. 2017). It implied a trade-off relationship between responses of the two
modules. The mass accumulation of stem is important for its elongation and leaf positioning, thus determining
plant competition advantage. Therefore the increment of root mass cannot be at the cost of stem mass but
of leaf mass at vegetative stage, determining the negative relationship between responses of roots and leaves.

It is reported a positive relationship exists between below- and above-ground competition under fertilized
condition (Cahill 1999). Inconsistent results may be caused by different methodologies in study systems.
In competition studies, competition intensity and plant response were usually estimated by referring to
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plant above-ground performance only, regardless of below-ground performance (Cahill 1999, Gaucherand et
al. 2006). However, in plasticity studies, we often considered root, leaf and stem traits respectively, which
indeed differed substantially in response to neighbors. Further evidence for the relationship between above-
and below-ground competitions can be provided by relevant studies via calculating responses of both above-
and below-ground modules.

Responses of different root traits

Different root morphological traits differed in response to density: those mainly amplify into horizontal space
such as lateral root length and number, and main root diameter, were more likely to decline with increased
density, while those expands primarily into greater depth such as main root length unaffected. These implied
an effect of spatial orientation of density on root propagation: the presence of neighbor tended to restrict
its expansion horizontally rather than vertically (Gundel et al. 2014). For example, high density increased
roots of apple (Malus sp.) into deeper rather than upper soil layers (Atkinson et al. 1976), similar to other
results (Mason et al. 1982, Pearson et al. 1985). Belowground modules of bulb that enlarge horizontally were
decreased by high density, but not for roots that grow into greater depths (Li et al. 2011).

The presence of neighbors in the horizontal space may have reduced nutrients available, making it is in-
efficient to forage a greater range for satisfactory resources (Semchenko et al. 2007). Therefore, as long as
the deeper space is available, it is more intelligent to expand roots into greater depth to acquire resources,
than scrambling for the deficient upper-soil resources (Gundel et al. 2014). Such spatial-orientation effects of
density can also be proved by alleviated reduction by density in lateral root traits in fertile vs. infertile soil.
When inefficient root placement cannot be avoided, as plants grown in pots with small depth, reproductive
growth will inevitably decline, exactly as in the phenomenon of ‘tragedy of commons’ (Gersani et al. 2001).
Due to the costs of producing plasticity, an extra root proliferation will be costly itself. If it brings no bene-
fits at all, or sheer expenditure without subsequent income, plants will be unable to maintain reproductive
growth.

Conclusions

In conclusion, plant root growth may increase, decrease or canalize, in response to the increase of density,
depending on the strength of above- and below-ground interactions, which can vary with soil conditions and
plant growth stage. (1) As interaction intensity increases, plants first alter biomass allocation to keep plant
size stable, then suffer a reduction of plant size. Low to moderate below-ground interaction is more likely
to facilitate root growth, but the effects fade away when interaction is intense; above-ground interaction
mainly induce negative root response at high intensity. (2) Soil conditions altered root response mainly
through effects on below-ground interactions, growth stage affected root response mainly through effects on
plant size and both kinds of interactions. (3) By comparing root and leaf responses to density, we found
a negative relationship between them. It shed light on the necessity of considering both below-ground and
various above-ground modules in competition studies. (4) Increased density was more likely to restrict root
growth horizontally than vertically. It is more efficient for plants to forage greater depth for resources, than
competing for the deficient resources in upper soil.

The study underscored the important roles of abiotic environmental factors and plant ontogeny in determi-
ning plant response to biotic environmental factor, which may at least partly explain the inconsistent results
in relevant studies. The complexity of plant response to density can be better understood under different
backgrounds of abiotic factors and plant ontogenetic stages.
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([2019]1089), NSFC-Cultivation-Program Priority Funding Program (2017-5788), Ecology Domestic First-
Class Discipline Construction Program (GNYL2017-007) to S.W..

Data Accessibility

- Sampling morphological data: Dryad doi: 10.5061/dryad.ngf1vhhs2
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Table 1. Three-way ANOVAs on log-transformed total biomass (TM) and ANCOVAs on log-transformed
root traits, with growth stage (GS), soil conditions (SC), and population density (PD) as effects, and
log10(TM) as a covariate in ANCOVA.

Trait N TM GS SC PD GS*SC GS*PD SC*PD SC*GS*PD
Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages Across all three stages
Df 1 2 1 2 2 4 2 4
TM 282 2601.19*** 121.88*** 60.54*** 42.40*** 7.71*** 7.15*** 3.11*
SM 282 6784.72*** 133581*** 6656.14*** 2906.51*** 2.43 3.95** 3.72* 1.99
RM 282 4938.17*** 157.76*** 102.18*** 219.23*** 3.36* 2.88* 3.01* 1.23
R/S 282 1.32 24.77*** 7.05** 0.14 2.16 3.13* 3.50* 1.41
Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d Across two stages of 50 and 70 d
Df 1 2 1 2 2 2 2 2
TM 199 132.09*** 166.00*** 62.11*** 0.98 0.18 8.20*** 2.88
MRL 199 5.51** 54.37*** 1.50 9.03*** 16.14*** 3.03* 0.81 1.44
MRD 199 131.22*** 86.52*** 374.02*** 135.81*** 11.91*** 2.24 0.61 2.95
LRL 199 0.73 57.36*** 19.03*** 74.13*** 61.99*** 1.88 0.11 2.17
LRN 199 38.97*** 7.04** 106.81*** 42.70*** 2.09 0.38 2.89 3.44*

RM: root mass; SM: shoot mass; R/S: root: shoot ratio; MRL: main root length; MRD: main root diameter;
LRL: lateral root length; LRN: lateral root number. Significance levels were: * p < 0.05, ** p < 0.01, ***
p < 0.001.

+Total biomass, shoot mass, root mass and root: shoot ratio were analyzed with data across all three stages
(282 individuals in total), and other traits across two stages of 50 and 70 d (199 individuals).

Table 2. F values for one-way ANOVAs on log-transformed total biomass (TM) and ANCOVAs on log-
transformed root traits, with population density (PD) as effect in two soil conditions at 30, 50 and 70 d of
growth, and log10(TM) nested within growth stage as a covariate in ANCOVAs.

Trait Infertile soil Infertile soil Infertile soil Fertile soil Fertile soil Fertile soil
N TM (Df = 1) PD (Df = 2) N TM (Df = 1) PD (Df = 2)

30 d 30 d
TM 37 1.69 46 2.64
SM 37 3479.65*** 1.57 46 13194.4*** 3.62*
RM 37 79.05*** 1.34 46 39.57*** 2.79
R/S 37 0.15 1.37 46 21.47*** 2.87
50 d 50 d
TM 49 39.40*** 53 13.98***
SM 49 11954.6*** 11.98*** 53 22725.7*** 2.27
RM 49 96.34*** 7.45** 53 451.34*** 2.34
R/S 49 1.00 7.98** 53 0.06 2.35
MRL 49 19.24*** 1.80 53 10.68** 3.26
MRD 49 269.48*** 4.74* 53 447.95*** 0.41
LRL 49 16.64*** 13.25*** 53 56.20*** 8.57***
LRN 42 21.44*** 8.53*** 53 52.16*** 1.48
70 d 70 d
TM 51 9.17*** 46 19.83***
SM 51 1515.25*** 3.31* 46 3697.80*** 2.38
RM 51 176.49*** 1.89 46 87.67*** 1.53
R/S 51 0.00 1.49 46 0.46 1.59
MRL 51 0.01 2.83 46 1.19 0.46
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MRD 51 19.89*** 4.16* 46 161.14*** 1.64
LRL 51 18.39*** 15.45*** 46 0.98 11.52**
LRN 51 34.58*** 6.23** 46 45.90*** 0.80

N represents the number of individual values for each trait in each soil and stage combination. SM: shoot
mass; RM: root mass; R/S: root: shoot ratio; MRL: main root length; MRD: main root diameter; LRL:
lateral root length; LRN: lateral root number. Significance levels were: * p < 0.05, ** p < 0.01, *** p <
0.001.

Table 3. Results and information of experimental treatments for present study and other studies, showing
responses of root: shoot ratio or root mass ratio to (a) below-ground interaction only; (b) above-ground
interaction only; and (c) below-, above-ground interactions or population density.

Shoot
massa

Root
mass

Root:shoot
ratio

Total
mass

Interaction
intensity

Growth

spaceb
Density
treatmentc

Soil
conditions

Growth
stage

Species Source

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

a. Re-
sponse
to
below-
ground
inter-
action
only

NS NS NS NS L Plot 13, 36,
121
m-2

Infertile 30 d Abutilon
theophrasti

Present
study

- + + NS L— Plot 13, 36,
121
m-2

fertile 30 d Abutilon
theophrasti

Present
study

UA UA + + M 2.06 L 1, 4
pot-1

UA 42 d Glycine
max

Murphy
and
Dudley
2007

NS + + + M 500 ml 1, 2
pot-1

UA 60 d Pisum
sativum

O’Brien
et al.
2005

NS + + + M 13.27 L 1, 2
pot-1

UA 110 d Glycine
max

Gersani
et al.
2001

+ - - + M— 2L 1, 2
pot-1

dry 50 d Potentilla
recta,
Leu-
canthe-
mum
vulgare

S.
Wang
and
R. M.
Call-
away,
un-
pub-
lished
manuscript

UA UA + - H 500 ml 1, 4, 8,
16
pot-1

UA - Avena
sativa

Li et
al.
2016
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NS NS NS - H— 2L 1, 2
pot-1

wet 50 d Potentilla
recta,
Leu-
canthe-
mum
vulgare

S.
Wang
and
R. M.
Call-
away,
un-
pub-
lished
manuscript

UA UA NS - H— Plot 1 m-2 UA 120 d Achillea
mille-
folium
L. et
al.

Cahill
2003

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

b. Re-
sponse
to
above-
ground
inter-
ac-
tion only
(light
quan-
tity
and
qual-
ity
treat-
ments)

UA UA NS NS L-M 516 ml 0.5, 1.9
R: FR

UA 42 d Glycine
max

Murphy
and
Dudley
2007

UA UA - NS L-M— 115 ml 0.2, 1.0
R: FR;
65%, full
PAR

UA 80-170 d Acacia
implexa

Forster et
al. 2011

UA UA - - H 3 L 25, 50,
75
%shade

UA 1-2 y Picea
sitchen-
sis et
al.

Kennedy
et al.
2007

UA UA NS - H— 3.5 L 100
m-2

UA 60 d Abutilon theophrastiCasper
et al.
1998
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c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

c. Re-
sponse
to
both
above-
and
below-
ground
inter-
ac-
tions
(den-
sity)

+ - - - H Plot 13, 36,
121
m-2

Infertile 50 d Abutilon
theophrasti

Present
study

UA UA - - H Plot 80,
1076
m-2

- 60 d Impatiens
capen-
sis

Maliakal
et al.
1999

NS NS NS - H— Plot 13, 36,
121
m-2

Infertile 70 d Abutilon
theophrasti

Present
study

NS NS NS - H— Plot 13, 36,
121
m-2

fertile 50, 70
d

Abutilon
theophrasti

Present
study

UA UA NS - H— 115 ml 1, 15,
50
pot-1

- 80-170
d

Acacia
im-
plexa

Forster
et al.
2011

The intensities of above- (Above) and below-ground (Below) interactions were classified into Low (L), mod-
erate (M) and high (H) levels mainly according to the responses of total biomass. Results of the present
study were in bold font.

a NS, + and-signify no change, an increase and decrease in root: shoot ratio or root mass ratio in response
to competition. UA indicates the relevant information is unavailable.

b Size of pots or unrestricted space (UR) in field experiments.

c Number of individuals per square meter or pot (m-2 or pot-1), or light treatments.

Figure legends

Fig. 1. Original (left) and adjusted (right; by removing effects of total mass) mean values (± SE) of
plant root mass (grey) and shoot mass (white) at low, medium and high densities in infertile and fertile
soil conditions at 30, 50 and 70 d of growth. Different letters denoted significant differences between density
treatments (p < 0.05) within each soil condition and stage.

Fig. 2. Original (left) and adjusted (right; by removing effects of total mass) mean values (± SE) of root:shoot
ratio for individuals at low (white), medium (grey) and high (black) densities under infertile and fertile soil
conditions at 30, 50 and 70 d of growth. Different letters denoted significant differences between density
treatments (p < 0.05) within each soil condition and stage.

Fig. 3. Original (left) and adjusted (right; by removing effects of total mass) mean values (± SE) of main
root diameter (MRD), lateral root length (LRL) and number (LRN) at low (white), medium (gray) and high
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(black) densities under infertile and fertile soil conditions at 50 and 70 d of growth. Different letters denoted
significant differences between density treatments (p < 0.05) within each soil condition and stage.
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