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Abstract

Darwinian agriculture (also called Evolutionary agroecology) which focuses on the trade-off between individual fitness and

community performance, can provide an efficient approach to enhance crop production. However, evolutionary or ecological

processes, in particular the tragedy of the commons in crops, remain poorly understood. We used a pot experiment to

examine whether wheat plants fell into this ‘tragedy’ when confronted with roots of an intra-variety neighbour and how the

magnitude was influenced by soil fertility. Two varieties (old landrace Monkhead and modern variety 92-46) were selected for

this study. Root competition scenarios were set by growing two plants of the same variety with a mesh or plastic partition.

Soil fertility gradients were set by adding nutrient solutions with low or high application frequency. Biomass were tested and

allometric relationship were analyzed to reveal resource allocation pattern. Old Monkhead had similar relative allocation to

root biomass with modern 92-46, but had greater relative allocation to stem&leaf biomass and lower relative allocation to

seed biomass. The presence of neighbour affected allometric relationships only in 4 out of 24 allometic comparisons, which all

appeared in low fertility treatments. Fertilizer addition increased stem&leaf biomass allocation of Monkhead and decreased root

and seed biomass allocation at the same time. By contrast, stem&leaf and seed allocation of 92-46 was not changed by fertilizer

addition although root allocation was decreased. Our results demonstrated that there was a trade-off between non-reproductive

and reproductive allocation for wheat varieties. There was not notable tragedy of the commons in wheat varieties, although a

small degree was observed in Monkhead. Moreover, the occurrence and magnitude of the tragedy was dependent on resource

availability and variety resource-use strategy. Our results underlie the importance of understanding the mechanisms behind the

tragedy of the commons in crop varieties with different ecological strategies, and provide insights into the role of Darwinian

agriculture in global food production.
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Abstract

Darwinian agriculture (also called Evolutionary agroecology) which focuses on the trade-off between indi-
vidual fitness and community performance, can provide an efficient approach to enhance crop production.
However, evolutionary or ecological processes, in particular the tragedy of the commons in crops, remain
poorly understood. We used a pot experiment to examine whether wheat plants fell into this ‘tragedy’ when
confronted with roots of an intra-variety neighbour and how the magnitude was influenced by soil fertility.
Two varieties (old landrace Monkhead and modern variety 92-46) were selected for this study. Root com-
petition scenarios were set by growing two plants of the same variety with a mesh or plastic partition. Soil
fertility gradients were set by adding nutrient solutions with low or high application frequency. Biomass
were tested and allometric relationship were analyzed to reveal resource allocation pattern. Old Monkhead
had similar relative allocation to root biomass with modern 92-46, but had greater relative allocation to
stem&leaf biomass and lower relative allocation to seed biomass. The presence of neighbour affected allo-
metric relationships only in 4 out of 24 allometic comparisons, which all appeared in low fertility treatments.
Fertilizer addition increased stem&leaf biomass allocation of Monkhead and decreased root and seed biomass
allocation at the same time. By contrast, stem&leaf and seed allocation of 92-46 was not changed by fertil-
izer addition although root allocation was decreased. Our results demonstrated that there was a trade-off
between non-reproductive and reproductive allocation for wheat varieties. There was not notable tragedy
of the commons in wheat varieties, although a small degree was observed in Monkhead. Moreover, the
occurrence and magnitude of the tragedy was dependent on resource availability and variety resource-use
strategy. Our results underlie the importance of understanding the mechanisms behind the tragedy of the
commons in crop varieties with different ecological strategies, and provide insights into the role of Darwinian
agriculture in global food production.

Keywords: Root competition; Resource allocation; Growth redundancy; The tragedy of the commons;
Trade-offsIntroduction

In recent years, researchers or plant breeders have applied evolutionary or ecological theories to improve crop
yields while maintaining or increasing agricultural sustainability, an approach called Darwinian agriculture
(Denison et al. 2003; Denison 2012) or Evolutionary agroecology (Weiner et al. 2010; 2017). This approach
can provide an efficient and correct solution to global crop risks through group selection for crop genotypes
that have low individual fitness and high population yields (Zhang et al. 1999; Denison et al. 2003; Denison
2012; Weiner 2019).

In crop stands, genotypes of high competitiveness allocate more photosynthetic products to vegetative organs
for capturing limiting resources, suppress weak competitors (e.g. Donald’s ideotypes), and thus can be
favoured by natural selection (Donald 1968). However, high individual competitive ability can have negative
effects on other individuals and results in declines in population yield (Zhang et al. 1999; Weiner et al. 2017).
It has been recognized that breeders should practice group selection to maximize the collective performance
of crops (Weiner et al. 2010; Denison 2012). It has long been argued that high-yielding ideotypes should be
weak competitors (Donald 1968). For example, the dwarf cereal varieties which contributed greatly to the
green revolution (Borlaug 2007), are less competitive for light compared with taller varieties (Jennings and
de Jesus 1968).

When competing for a common pool of resources crop plants increase growth of vegetative organs at the
expense of reproductive growth (Zhang et al. 1999; Gersani et al. 2001; Maina et al. 2002; Padilla et al.
2013), resulting in a phenomenon called ‘tragedy of the commons’ (Hardin 1968). We expect that crop plants
of higher competitiveness and growth redundancy have greater expression of the tragedy of the commons.
However, direct empirical studies testing sensitivity to the tragedy of the commons in crop varieties remain
rare.

The tragedy of the commons can arise if plants can detect and discriminate between their own roots and roots
of their neighbours (i.e. self/non-self discrimination). The magnitude of the tragedy of the commons caused
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by root competition in crop plants may decline in fertile soil, because high soil fertility can decrease nutrient
limitation for plant growth and alleviate competition below-ground between individual plants (O’Brien et al.
2005; Schenk 2006; de Kroon et al. 2012). On the global scale, plant species can be put along a continuum
with exploitative and conservative growth strategies as two ends according to their resource environment
they adapt to (Reich 2004; Wright et al. 2004). Exploitative species are characterized by traits related to
resource-rich habitats including high resource acquisition and individual competitiveness, while conservative
species have the opposite characteristic combination (Maire et al. 2009; Wooliver et al. 2016). We expect that
crop varieties would possess different sensitivities to competition with neighbour plants if they are selected
artificially under different resource (water and fertilization) conditions (Zhu and Zhang 2013; Weiner et al.
2017). However, little is known on how the magnitude of the tragedy of the commons varies in relation to
resource availability.

Previous studies on the tragedy of the commons often involve treatments that provide a constant rooting
space and amount of nutrients per plant (Gersani et al. 2001; Maina et al. 2002; O’Brien et al. 2005).
However, this results in plants that share rooting space with a neighbour potentially having access to twice
as much volume as plants grown alone (Schenk 2006; Semchenko et al. 2007; Semchenko et al. 2017).
Thus, effects of detection of neighbours may be confounded with effects of size of rooting volume for each
competitor (Hess and de Kroon 2007; Semchenko et al. 2007). Previous studies have shown that plant
production increases in response to the increase in the volume to which a plant has access (McConnaughay
and Bazzaz 1991; Hess and de Kroon 2007). To solve this problem, Semchenko et al. (2007) used a ‘mesh
partition’ to separate two plants in a pot which halved the volume but allowed competition, in which each
plant had access to the same volume as plants separated by a ‘plastic partition’.

In this research, we adopted the method of Semchenko et al. to set up mesh partition and plastic partition
(Semchenko et al. 2007), examining the responses of two varieties from different eras to the presence of
intra-variety neighbours and changes in soil fertility. Old Monkhead was the local landrace and modern
92-46 was released in 2000. Both were widely grown in semi-arid areas in Gansu Province; modern 92-46
has a smaller root system but higher grain yield than old Monkhead (Zhu and Zhang 2013). We make
the following predictions: (1) modern 92-46 has more reproductive allocation and less allocation to non-
reproductive components than old Monkhead; (2) old Monkhead has a greater expression of the tragedy
of the commons than modern 92-46; (3) the occurrence and magnitude of the tragedy of the commons is
dependent on soil fertility.

Materials and methods

Materials

Spring wheat (Triticum aestivum ) is the main grain crop in semi-arid areas of Northwest China. Monkhead,
the local variety, was widely grown in 1940s. Modern 92-46 was released in 2000 and was widely grown at
the beginning of 21 century. The two varieties have similar phenology, but Monkhead is awnless and highly
tillering, thus can be easily distinguished from 92-46 when harvested (Zhu and Zhang 2013).

Methods

We conducted a pot experiment in the greenhouse in Beijing Normal University from May until August in
2011. A randomized block design was used with three factors including root partition (two levels: plastic
partition and mesh partition, Fig. 1), soil fertility (two levels: low fertility and high fertility) and varieties
(two levels: Monkhead and 92-46). All experimental treatments were repeated 20 times with a total of 160
pots.

To set up partitions, we firstly put two nylon net bags (aperture size 20μ) filled with vermiculite into one pot
(made by PVC pipes, 16cm diameter and 48cm long) which were equally separated by a plastic composite
panel. Secondly, in mesh partition treatments, we removed the plastic composite panels, which permitted
the movement of soil nutrients and root exudates from one side to the other while preventing direct contact
between roots of the two individuals. In plastic partitions, the edges between the pots and the partitions were
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sealed with silicon (Fig. 1). In either plastic partition or mesh partition, all individuals have access to half
volume of the pot, which enabled us to eliminate the effect of soil volume which might be confounded with
effects of detection of neighbours (Semchenko et al. 2007). In low fertility treatments, pots were watered
with nutrient solution (0.2 g L-1 Peter’s professional) until saturation every 14 days (1.6 L every 14 days),
while in high fertility treatments, pots were watered every day (0.4 L every day).

All seeds were vernalized at 4 oC for one day, germinated at 25 oC. Two seedlings were transplanted into
the pot with each in the centre of each half. Spike, stem&leaf and root were harvested at maturity for each
individual plant. Roots were separated from the substrate and cleaned with tap water. All samples were
dried at 65 oC to a constant weight and weighed. Seeds of each plant peeled out from ears were counted and
weighed.

Statistical analyses

We used a three-way ANOVA to test for the effects of partition treatments, wheat varieties and soil fertility on
tiller number and plant biomass. Differences between treatments were determined by running SNK multiple
comparisons. ANOVA was conducted with SPSS statistical software (version 17.0; SPSS Inc., Chicago, IL,
USA).

We compared static allometric relationships between treatments using standardized major axis regression
(SMA), in which whole-individual biomass was taken as the independent variable, and biomass of different
parts (i.e. root, stem&leaf and seed biomass) as the dependent variables (Müller et al. 2000; Weiner 2004).
Given that biomass variables are interdependent, the Model Type II regression was used to reduce measure-
ment errors associated with allometric data (Henry and Aarssen 1999; Niklas 2006). The slopes of regression
lines were compared by running multiple post-hoc multiple comparisons. SMA analyses were conducted
using the Standardized Major Axis Tests and Routines (SMATR) 2.0 (Warton et al. 2006). Biomass data
were log-transformed before analysis when necessary to improve normality of residuals and homogeneity of
variances.

Results

Tiller number and plant biomass

Tiller number was significantly greater in Monkhead compared with 92-46, but tiller number generally
increased in high fertility irrespective of variety (Table 1, Fig. 2a). Increase of tiller number in response to
fertilizer addition was more in Monkhead compared with 92-46 (significant Variety × Fertility interaction,
Table 1, Fig. 2a). Root biomass and stem&leaf biomass were greater in Monkhead (Table 1, Fig. 2b-c),
but there was no significant difference in seed biomass between the two wheat varieties (Table 1, Fig. 2d).
Fertilizer addition increased plant biomass in all plant components (Table 1, Fig. 2). Root and stem&leaf
biomass responses to fertility differed between the two varieties (significant Variety × Fertility interaction,
Table 1), with Monkhead showing more pronounced responses to high fertility compared with 92-46 (Fig.
2b-c). We did not detect significant interactions between variety and fertility for seed biomass (Table 1, Fig.
2d). There were no significant effects of partition treatments on tiller number or biomass, and we did not
detect significant Variety × Partition interactions, Fertility × Partition interactions or Variety × Fertility
× Partition interactions (Table 1).

Allometric relationships

We found significant linear relationships between whole plant biomass and reproductive or non-reproductive
components across treatments (Table 2). In root-total relationships, the slope and intercept were similar
between Monkhead and 92-46 at either fertility level (Table 2, Fig. 3a-b). Fertilizer addition did not affect
the slope but lower the intercept for both varieties (Table 2, Fig. 3a-b). In (stem+leaf)-total relationships,
the slope was similar between the two varieties whilst the intercept for Monkhead was greater than that
of 92-46 at either fertility level (Table 2, Fig. 3c-d). Fertilizer addition did not affect the slope for both
varieties and the intercept for 92-46, but increased the intercept for Monkhead (Table 2, Fig. 3c-d). In seed-
total relationships, the slope for Monkhead was greater than that of 92-46 whilst the intercept was lower at
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either fertility level (Table 2, Fig. 3e-f). Fertilizer addition did not affect the slope for both varieties and the
intercept for 92-46, but decreased the intercept for Monkhead (Table 2, Fig. 3e-f).

In all 24 allometic comparisons (both slopes and intercepts) between mesh partition and plastic partition,
only 4 showed small differences in slope or intercepts, and all of them were in low fertility treatments (Table 3,
Appendix 1 and 2 ). For Monkhead in low fertility treatments, the intercept in seed-total biomass regression
was lower in mesh partition than in plastic partition, whilst in (stem+leaf)-total biomass regression was
greater (Table 3, Appendix 1c and e). For 92-46 in low fertility treatments, the slope in root-total biomass
regression was greater in mesh partition whilst the intercept was lower (Table 3, Appendix 1b).

Discussion

Modern 92-46 had greater relative seed production by reducing stem&leaf allocation

Previous studies suggest that modern crop varieties have higher population yields, but lower competitive
ability and individual fitness (Zhang et al. 1999; Zhai et al. 2016; Weiner et al. 2017). Our first prediction was
based on these findings and was supported by our results in this research, which showed that old Monkhead
had significantly greater stem&leaf and root biomass than modern 92-46, but the two wheat varieties had
similar seed production per individual plant (Fig. 2). Static allometric analysis suggested that there were
no significant differences in root-total allometric relationship between Monkhead and 92-46 regardless of
fertility levels (Table 2, Fig. 3a-b). However, Monkhead had greater relative allocation to stem&leaf biomass
than modern 92-46 (i.e. greater intercepts of the stem&leaf biomass – total biomass regression, Table 2, Fig.
3c-d), and lower relative allocation to seed biomass (i.e. lower intercepts of the seed biomass – total biomass
regression, Table 2, Fig. 3e-f). This is to say, modern 92-46 consumed less resources / biomass to produce the
same amount of seeds compared to old Monkhead, reflecting more efficient conversion of vegetative biomass
to reproductive biomass (Weiner 2004).

Our results provided evidence that there was a trade-off between non-reproductive and reproductive allo-
cation for these wheat varieties (Zhang et al. 1999). However, our findings were not in line with previous
studies that found root redundancy in old grain plant varieties (Siddique et al. 1990; Semchenko et al. 2007),
and did not confirm our previous experimental finding that old Monkhead had more root redundancy than
modern 92-46 (Zhu and Zhang 2013). To be caution, however, these previous studies tested root redundancy
or allocation patterns using absolute root biomass or biomass ratio perspectives, and indeed these analysis
approaches have been criticized that they confound effects of plant size on resource allocations because plant
growth is allometric (Weiner et al. 2009; Qin et al. 2012; Du et al. 2020). It is possible that the magnitude
of root redundancy of old Monkhead was over-estimated in our previous study (Zhu and Zhang 2013). The
presence of stem&leaf redundancy in old Monkhead in the present study may simply reflect greater tiller
number in individual plants (Fig. 2a), and an increased cost of stem&leaf biomass in producing unit seed
biomass. Moreover, light competition is likely to be more intense than nutrient competition in our system
because plants tend to allocate more resources to stems and leaves to obtain size-asymmetric advantages
over neighbouring plants (Schwinning and Weiner 1998; Zhang et al. 1999), resulting in a greater risk of
stem&leaf redundancy.

No notable tragedy of the commons was found in Monkhead or in 92-46

Pot partitioning treatments allowed us to exclude confounding effects of rooting space when testing plant
responses to neighbours (Semchenko et al. 2007). We predicted that old Monkhead would have a greater
expression of the tragedy of the commons than modern 92-46. However, our results showed that most
allometric relationships were not affected by the presence of roots from an intra-variety neighbour (Table
3, Appendix 1, 2), which suggested stable allometric relationships in wheat crop when confronted with root
competition. However, in low fertility treatments, old Monkhead did show some tragedy of the commons, with
slightly increased allocation to stem&leaf biomass whilst reduced seed allocation in mesh partition compared
with plastic partition (Table 3, Appendix 1c and e). This slightly allometric plasticity due to competition
was also found in a research in Senecio vulgaris(Weiner, 2009). Anyway, as the magnitude of ‘the tragedy of
the commons’ was small, they might not have ecological and agricultural significance. However, in a recently
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research, both Monkhead and another modern variety showed significant root proliferation in the presence
of neighbour’s roots and the response was much higher in Monkhead (Zhu et al., 2019). More researches
using more varieties were needed to examine the universality of this tragedy of the commons. Moreover, old
Monkhead increased relative stem&leaf allocation in the presence of root competition, indicating the capacity
of neighbour-identity recognition via the phytochrome system (Smith 2000) or root exudates (Dudley and
File 2007; Chen et al. 2012; Fang et al. 2013; Kong et al. 2018).

The occurrence and magnitude of the tragedy of the commons were affected by soil fertility

In low fertility, old Monkhead showed some tragedy of the commons and modern 92-46 changed the slope of
root-total allometic relationships when confronted with an intra-variety neighbour, whilst in high fertility all
these patterns disappeared and both varieties showed consistent allocation trajectories between two partition
treatments (Table 3). Therefore, our results provided support for the third hypothesis that the occurrence
and magnitude of the tragedy of the commons were affected by soil fertility. Different fertilization effects
on the old and modern varieties were likely to be driven by different resource strategies and sensitivity to
competitive environments (Semchenko and Zobel 2005; Guo et al. 2012; Wang et al. 2014).

Modern varieties which were subjected to human domestication to improve seed yield often possess a smaller
root system, shorter root length and smaller diameter of the metaxylem vessels of the seminal roots (Li and
Zhang 1999). These characteristics in modern 92-46 make cooperation between individuals possible when
confronted with neighbour’s roots. Landraces and old varieties were subjected to long-term natural selection
under high-input nutrient conditions (Roucou et al. 2018), and thus resulted in exploitative resource strategies
represented by higher growth rates, larger root systems, larger fine-root proportion, and these landraces are
likely limited more by light than soil nutrients.

Different resource strategies may result in between-species differences in plant – plant interactions, with
resource-exploitative old landraces being more plastic in response to light competition compared with
resource-conservative modern varieties. Our results were consistent with this idea; old Monkhead showed
significant changes in relative allocation to stems and leaves across fertilization rates, whereas no change was
recorded for modern 92-46 (Table 2, Fig. 3c-d). We deduced that under low fertility rates, plant communi-
cations were likely mediated by root recognition (Dudley and File 2007; Chen et al. 2012), because of higher
relative allocation to root biomass and lower tiller numbers in wheat varieties which minimized extensive
between-individual communications at the level of above-ground organs. Under high fertility rates, the lack
of differences in allometric relationships between plants in two partition treatments potentially reflected that
above-ground sensing had dominated plant communications via the photochrome system (Smith 2000), and
that individual plants could develop extensive communications even in the plastic partition treatments due
to higher relative allocation to stem&leaf biomass and greater tiller numbers. However, future work is needed
to examine whether the occurrence and magnitude of the tragedy of the commons varies with soil fertility
by experimentally separating plant communications between above-ground and below-ground components.

Conclusions

In conclusion, our results suggested that modern wheat allocated more resource to reproduction than to
vegetative growth. Old Monkhead can fall into a small degree of the tragedy of the commons when confronting
with intra-variety root competition, and the occurrence and magnitude of the tragedy of the commons were
dependent on resource availability and variety resource-use strategy. Modern 92-46 has shown a conservative
strategy related to efficiency in seed production, while old Monkhead has adopted an exploitative resource
strategy related to greater individual competitiveness. Based on our findings, we suggest that crop breeding
can increase population yield by consciously selecting varieties which reduce individual competitiveness.
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Tiller number Tiller number Root biomass Root biomass stem&leaf biomass stem&leaf biomass Seed biomass Seed biomass
Factors df F P F P F P F P
Cultivar (C) 1061.185 <0.001 501.757 <0.001 948.540 <0.001 1.260 0.263
Fertility (F) 658.706 <0.001 277.922 <0.001 1156.570 <0.001 125.933 <0.001
Partition (P) 0.456 0.500 0.044 0.834 2.130 0.146 0.057 0.812
C × F 188.419 <0.001 151.220 <0.001 375.146 <0.001 0.655 0.420
C × P 0.290 0.591 0.489 0.485 0.038 0.846 0.077 0.781
F × P 0.023 0.879 1.439 0.232 0.061 0.805 1.021 0.314
C × F × P 1.599 0.208 1.602 0.208 0.510 0.476 <0.001 0.984

Table 2 Standardized major axis regressions for log-transformed data of root, seed, stem&leaf biomass and
whole plant biomass of Monkhead and 92-46 varieties. L = low fertility; H = high fertility. Slopes and
intercepts with different letters are significantly different among treatments.

Regressions Treatments Treatments Slopes (95% CI) Intercept (95% CI) R2 P
Root ˜ whole plant L Monkhead 1.69a (1.30,2.19) -1.50a (-1.80,-1.20) 0.37 <0.001

92-46 1.49a (1.26,1.76) -1.40a (-1.49,-1.32) 0.74 <0.001
H Monkhead 1.47a (1.14,1.89) -1.64b (-2.10,-1.18) 0.38 <0.001

92-46 1.75a (1.54,1.99) -1.97b (-2.14,-1.79) 0.85 <0.001
stem&leaf ˜ whole plant L Monkhead 0.95a (0.84,1.08) -0.23b (-0.32,-0.15) 0.85 <0.001

92-46 0.96a (0.86,1.08) -0.32c (-0.36,-0.28) 0.88 <0.001
H Monkhead 0.87a (0.75,1.00) -0.04a (-0.19,0.10) 0.81 <0.001

92-46 1.08a (0.95,1.23) -0.37c (-0.48,-0.26) 0.84 <0.001
Seed ˜ whole plant L Monkhead 2.31a (1.89,2.83) -1.69b (-2.01,-1.37) 0.61 <0.001

92-46 1.31b (1.14,1.52) -0.67a (-0.74,-0.60) 0.81 <0.001
H Monkhead 2.89a (2.28,3.67) -3.30c (-4.14,-2.47) 0.47 <0.001

92-46 1.29b (1.05,1.59) -0.82a (-1.04,-0.61) 0.60 <0.001

Table 3 Standardized major axis regression for log-transformed data of root, stem&leaf, seed and whole
plant biomass across root partition treatments in the two fertility treatments. L = low fertility; H = high
fertility; MP = mesh partition; PP = plastic partition. Slopes or intercepts with different letters are different
between partition treatments.

Treatments Treatments Treatments Monkhead variety Monkhead variety Monkhead variety Monkhead variety 92-46 variety 92-46 variety 92-46 variety 92-46 variety
Slopes (95% CI) Intercept (95% CI) R2 P Slopes (95% CI) Intercept (95% CI) R2 P

Root ˜ whole plant L MP 1.65a (1.16, 2.35) -1.49a (-1.91, -1.07) 0.47 0.001 1.64a(1.32, 2.04) -1.47b(-1.61, -1.34) 0.80 <0.001
PP 2.00a (1.29, 3.10) -1.69a (-2.28, -1.09) 0.16 0.082 1.04b(0.79, 1.38) -1.24a(-1.34, -1.14) 0.67 <0.001

H MP 1.36a (0.97, 1.91) -1.52a (-2.08, -0.96) 0.52 <0.001 1.69a (1.38, 2.08) -1.92a (-2.20, -1.64) 0.83 <0.001
PP 1.66a (1.07, 2.58) -1.86a (-2.77, -0.94) 0.15 0.088 1.85a (1.57, 2.18) -2.05a (-2.29, -1.81) 0.89 <0.001

stem&leaf ˜ whole plant L MP 0.82a (0.67, 1.01) -0.13a(-0.25, -0.01) 0.83 <0.001 0.90a (0.78, 1.04) -0.29a (-0.34, -0.24) 0.91 <0.001
PP 1.04a (0.88, 1.22) -0.29b(-0.41, -0.18) 0.89 <0.001 1.08a (0.90, 1.30) -0.37a (-0.44, -0.30) 0.85 <0.001

H MP 0.82a (0.69, 0.98) 0.01a (-0.16, 0.19) 0.87 <0.001 1.16a (0.98, 1.39) -0.43a (-0.59, -0.26) 0.87 <0.001
PP 0.97a (0.75, 1.26) -0.18a (-0.49, 0.13) 0.72 <0.001 0.89a (0.72, 1.09) -0.23a (-0.37, -0.08) 0.83 <0.001

Seed ˜ whole plant L MP 2.49a (1.95, 3.18) -1.86b(-2.29, -1.42) 0.75 <0.001 1.27a (1.04, 1.53) -0.66a (-0.75, -0.57) 0.85 <0.001
PP 2.35a (1.62, 3.39) -1.68a(-2.26, -1.10) 0.42 0.002 1.45a (1.12, 1.86) -0.70a (-0.83, -0.58) 0.73 <0.001

H MP 4.31a (3.12, 5.94) -5.06a (-6.75, -3.38) 0.57 <0.001 1.14a (0.81, 1.61) -0.72a (-1.04, -0.40) 0.50 <0.001
PP 3.63a (2.72, 4.85) -4.21a (-5.50, -2.93) 0.65 <0.001 1.53a (1.23, 1.89) -0.98a (-1.24, -0.73) 0.81 <0.001

Figure legends

10



P
os

te
d

on
31

J
an

20
24

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
70

66
80

16
.6

57
90

82
1/

v
1

—
T

h
is

is
a

p
re

p
ri

n
t

a
n
d

h
as

n
o
t

b
ee

n
p

ee
r-

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 1 Schematic representation of mesh partition and plastic partition treatments.

Figure 2 Effects of partition type, soil fertility and variety on tiller number (a), root biomass (b), stem&leaf
biomass (c) and seed biomass (d). Low = low fertility; High = high fertility. Mean ±SE are shown (n = 20).

Figure 3 Regressions between whole plant biomass and root biomass (a-b), stem&leaf biomass (c-d) and
seed biomass (e-f) of Monkhead and 92-46. Regression lines are shown.

Fig. 1

Fig. 2

Fig. 3
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