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Light-mediated self-organization of sunflower stands
increases oil yield in the field
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Here, we show a unique crop response to intraspecific interfer-
ence, whereby neighboring sunflower plants in a row avoid each
other by growing toward a more favorable light environment and
collectively increase production per unit land area. In high-density
stands, a given plant inclined toward one side of the interrow
space, and the immediate neighbors inclined in the opposite
direction. This process started early as an incipient inclination of
pioneer plants, and the arrangement propagated gradually as a
"wave” of alternate inclination that persisted until maturity. Mea-
surements and experimental manipulation of light spectral com-
position indicate that these responses are mediated by changes in
the red/far-red ratio of the light, which is perceived by phyto-
chrome. Cellular automata simulations reproduced the patterns
of stem inclination in field experiments, supporting the proposi-
tion of self-organization of stand structure. Under high crop pop-
ulation densities (10 and 14 plants per m?), as yet unachievable in
commercial farms with current hybrids due to lodging and
diseases, self-organized crops yielded between 19 and 47% more
oil than crops forced to remain erect.
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lobal food supply needs to increase by 70% to adequately

feed the expected population of 9.2 billion for 2050 (1).
Opportunities for expansion of agriculture into new areas are
limited, and in some cases, this expansion may compromise en-
vironmentally fragile landscapes (2). A more promising approach
is to improve yield per unit area, which requires a combination of
improved varieties, better agronomic practices, and exploiting
the synergies between varieties and agronomy (3, 4).

Progress in yield of maize in the United States over the last
70 y has been partially related to hybrids with improved tolerance
to high stand density (5). There is no similar evidence for sunflower,
but in experiments where disease and lodging have been prevented,
oil yield increased from 2 to 3 t-ha~! when plant density increased
from 5 (the standard in commercial crops) to 14 plants per m? (6).
Increasing stand density reduces yield per plant, in part due to
enhanced competition for resources between neighbors (7-9).
Theory and empirical evidence show that high yield per unit area is
associated with a less competitive plant (10-13). In addition to
competing for resources, neighbor plants generate sensory signals.
For instance, mutual shading in dense stands reduces the activity of
photosensory receptors such as phytochromes and cryptochromes
(14, 15). Light absorption by photosynthetic pigments reduces the
red-light (R)/far-red-light (FR) ratio perceived by phytochromes
and the blue-light irradiance perceived by cryptochromes. The
simulation of shade signals can, by itself, generate reductions in
yield of spaced sunflower (16) or wheat (17) plants.

Self-organized systems are widespread in nature, and feature
order emerging from locally interacting components of the sys-
tem, often initiated by random change that is amplified by pos-
itive feedback (18-22). Self-organization in biology has been
described at levels of organization from molecular to ecosystem
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(22). At the organ level in plants, for example, the frequency
distribution of seeds per fruit can be explained by simple rules of
resource flow into ovules, random processes, and hormone-
mediated positive feedback (21). At the population and commu-
nity level, self-organization can lead to plant arrangements in rings,
lines, labyrinths, or bands (23-25). This self-organization process
results from the balance between facilitation and competition
that alters resource availability, plant survival, and demography
(26). These resource- and survival-driven processes are relatively
primitive forms of self-organization compared with the dynamic
signal communication-driven processes of social insects; for ex-
ample, ants and bees can select among alternative pathways to
food through coordinated behavior that emerges from chemical
communication networks (27). Here, we show that field-grown
sunflower plants self-organize in high-density stands, in a process
involving light signal-mediated shifts in stem angles, with no
changes in plant survival, and that this self-organization process
increases oil yield per unit area.

Results

Sunflower Plants Incline Away from Neighbors in High-Density Stands.
Stands of sunflower were grown in east (E)-west (W)-oriented
rows spaced at 0.70 m in the field at a density typical of com-
mercial crops (5.1 plants per m?) and compared with two higher
densities (10 and 14 plants per m?). At the higher densities, plants
adopted an alternate spatial arrangement, whereby a given plant
inclined toward the north (N) interrow space, and the immediate
neighbors inclined in the opposite direction. At maturity, capitulae
were ~0.35 m away from the vertical plane passing through the row
axis, and the angle of the stem from the vertical was ~10° (Fig. 14).

Significance

Self-organization in biological systems spans from molecular to
ecosystem levels. In plant populations and communities, only a
primitive mode of self-organization has been described, which
involves changes in demography (survival of individuals affected
by the availability of resources). Here, we show that sunflower
plants cultivated in high-density stands perceive light signals
from their immediate neighbors, adopt alternate positions of
their single stem along the crop row, and collectively increase
production per unit land area. This process is a case where a
communicative sensory network leads to self-organization in
plants, without changes in demography. Agronomic and ge-
netic adaptations will be necessary to capture the increased oil
production of self-organized stands.
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Fig. 1. Density-dependent pattern of alternate plant inclination in sun-
flower stands. (A) Alternate plant inclination at high plant densities. Stands
grown at 5.1 or 14 plants per m? (E-W-oriented rows) recorded at maturity
in Exp.1 (see details in Table S1). The direction of inclination of each plant in
the row is represented by the ladder of bars to the side of the pictures.
(B) Plant inclination increases with stand density; recorded at the floral-bud
stage (49 DAE) in Exp. 1. (C) Dynamics of stem inclination in a high density
stand (14 plants per m?) from 27 to 49 DAE in Exp. 1. In B and C, data are
means + SEM. See details in Table S1.

This effect was not apparent in low-density stands (5.1 plants per m?;
Fig. 1 A and B). Row orientation had no impact (P > 0.30) on the
arrangement of high-density stands (14 plants per m?). At the
floral-bud stage, 70 + 7% (mean + SEM) alternately inclined
plants were recorded in N-south (S) rows compared with 77 + 3%
in E-W rows [experiment (Exp.) 2, Table S1].

In high-density stands, incipient inclination commenced 27 d
after emergence (DAE), progressed gradually, became fixed at
41 DAE, and persisted through maturity (Fig. 1C). At maturity,
a similar (P > 0.60) proportion of plants inclined toward the N
or the S of the row. The frequency of alternately inclined plants
was significantly (P < 0.0001) higher than expected from per-
mutation analysis (28), demonstrating that this process is not a
random one.

Dynamic Pattern of Alternate Inclination of Neighboring Plants. To
capture the rapid development of the alternate arrangement of
high-density stands, we used time-lapse photography. Pioneer
plants 10, 13, and 18 in Fig. 24 initiated waves of alternate in-
clination. With time, these waves started to converge. When the
waves dictated contrasting directions of inclination at the con-
vergence point, the alternate pattern broke down (e.g., plants
12 and 13 in Fig. 24). The number of pattern failures increased
significantly (P < 0.05) with plant density (0 = 0% and 13 + 2%
at 10 and 14 plants per m?, respectively; Exp. 1).

Dynamic Pattern of Inclination Conforms to Self-Organization. Cellular
automata (i.e., mathematical systems constructed from many
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identical components, each simple, but together capable of com-
plex behavior) are particularly suitable to test for self-organization
(18, 20). To investigate whether the dynamic pattern of shoot
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Fig. 2. Propagation of plant inclination in high density sunflower stands
conforms to self-organization. (A) Observed progression of inclination of
plants grown at 20 plants per m? (high density) with E-W-oriented rows
from 8 to 22 DAE in Exp. 3c (see details in Table S1). (B and C) Progression of
stem inclination obtained with cellular automata simulations of plants sown
at 10 plants per m? (B) and at 20 plants per m? (C). States: S, inclined toward
the S; N, inclined toward the N; X, upright. Gray areas indicate the waves of
inclination, and dark gray areas indicate convergence of waves of inclina-
tion. The example series indicated by row numbers in these panels are
subsets of 18 observed plants (A) or of 100 simulations (B and C).
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inclination conforms to self-organization, we compared the key
features of the actual phenomenon with simulations where the
state of a plant is driven by its own state and the state of its two
adjacent neighbors in the row. Using simple transition rules, we
were able to simulate the progression of the waves, the final al-
ternate pattern, and the apparent failure of this pattern at the in-
tersection of the waves (Fig. 2B). In field experiments, the number
of “early incliners” increased with plant density (e.g., inclined plants
at 27 DAE: 17 + 9% and 28 + 7% at 10 and 14 plants per m?,
respectively; P < 0.06; Fig. 1B). Therefore, in our cellular autom-
aton simulations, we altered the proportion of initially inclined
plants (g) as a function of crop population density. This alteration
was enough to capture the density-dependent differences in the
rate of plant inclination and of the failures in the pattern of al-
ternate inclination (Fig. 2 B and C).

Inclination Correlates with Neighbor Shading. We also used the
time-lapse photographs to quantify the degree of shading from
neighbors in the row experienced by the leaves of specified plants
that were oriented to the N or to the S of the E-W-oriented rows.
The daily integral indicated that some seedlings experienced more
shade from the N and others from the S (as exemplified in Fig.
3A). The plants inclined toward the N if they received shade from
the S and vice versa (plants 10 and 14, respectively; Fig. 34).
Analysis of the pooled data from Exps. 3a—e showed (Table S2)
the following: (i) that there was a global significant association
between plant condition, described as upright, bent to the N, or
bent to the S, and shading status, described as no shading, shading
from the N, or shading from the S (P < 0.0001); (i) that irre-
spective of the directions of shading and bending, bending was
significantly associated with shading (P < 0.0001); and (iii) that
among plants that were both shaded and bent, there was a sig-
nificant association of bending toward the N with shading from the
S and vice versa (P < 0.0001). In addition, apex position correlated
(P < 0.001; Fig. S1) with the integral of daily shade of plants in
Exp. 3c, including those shown in Fig. 34.

Plant Inclination Responds to Gradients of R/FR Ratio. We used a
filter to simulate leaf shade (low irradiance, low blue, and low
R/FR ratio), a filter to reduce blue light [because blue-light gra-
dients induce classical phototropic responses (29)], and a control
filter that did not affect the spectral distribution of the light. Control
plants showed no significant inclination. Plants treated unilaterally
with simulated leaf shade inclined their shoot in the direction
opposite to the simulated neighbor signal, whereas unilaterally
lowering blue light was not effective (Fig. 3B). In additional ex-
periments, we grew plants in pots placed on the N side of artificial
sources of FR (i.e., the sources never shaded the plants from the
sun), thus lowering the R/FR ratio of the light incident on the
plants from their S side. Plants bent significantly against FR (i.e.,
toward high R/FR ratios) (Fig. 3C), indicating that the R/FR ratio
is the primary cue.

Plant Inclination Generates a Gradient of R/FR. Because plants in-
cline toward the side of high R/FR, we investigated whether once
a plant responds, it generates a gradient for the next plant of the
row that would help to propagate the wave. To do so, we placed
the light sensor horizontally and at a right angle to the vertical
plane passing through the row axis, with the sensor window on
and parallel to the vertical plane, next to an inclined plant (at a
distance corresponding to a neighbor in high-density stands), at
the height of its apex and facing either toward or against the
direction of plant inclination. The R/FR ratio was lower when
the light sensor faced the direction of plant inclination (Fig. 3 D,
Right) than when it faced the opposite direction (Fig. 3 D, Left).
The R/FR ratio for plants inclined either to the N or to the S of
E-W-oriented rows showed no significant differences (P > 0.05),
so in Fig. 3D, data for both categories were pooled.
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Fig. 3. Sunflower plants incline in response to shading by neighbors and to
gradients to R/FR ratio. (A) Dynamics of apex position and daily integral of
foliage shading of six representative plants selected from a row of 18 plants
grown at 20 plants per m? between 8 and 16 DAE. Data are from Exp. 3c (see
details in Table S1). Open circles indicate apex positions at the six times of
measurement (9 and 11 AM and, 1, 3, 5 and 6:30 PM) during the daylight
period of each day. The dotted horizontal line shows the position of the
vertical plane passing through the row axis, and the letters N and S indicate
positions to the N and the S of the E-W row. Vertical arrows close to ab-
scissae show the onset of inclination (apex deviation from vertical plane
passing through row axis > 2 cm). See global analyses in Table S2 and Fig. S1.
(B and C) Inclination responds to the gradient of R/FR ratio. In B, plants of 11
DAE were placed under horizontal filters that simulated leaf shade or low-
ered blue irradiance impinging on leaves of one of the two sides of the plant
during 8 d. Controls were placed under a clear filter. Data are from Exp. 4
(see details in Table S1). (C) Responses of plants placed at different distances
from a source of FR to lower the R/FR ratio reaching the plant from that side,
the source was lit from 11 to 16 DAE. Data are from Exp. 5 (see details in
Table S1). Spectral composition of the light produced by the laterally placed
FR source is shown in ref. 40. (D) Inclined plants generate a horizontal gra-
dient of R/FR ratio. The light sensor (<) was placed next to an inclined plant
at the height of the apex of a neighbor and facing either toward (right) or
against (left) the direction of inclination. Pooled data for plants inclined to
the N- and S-inclined plants from Exp. 3c (see details in Table S1). In B,
numbers above the bars indicate the proportion of inclined plants. In B-D,
data are means and SE of 10 (B), 6 (C), or 10 (D) replicate plants. Different
letters above the bars indicate significant differences at P < 0.01.

Alternate Arrangement of Plants in Dense Stands Increases Crop Yield.
To quantify the impact of the alternate stand arrangement on crop
yield, we compared stands in which plants inclined spontaneously
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and stands in which plants were forced to remain vertical using
wire frames. The wiring treatment constrained stem bending,
but not the ability of individual leaves to grow in any direction
(Fig. 4B). In both 10 and 14 plants-per-m? stands, oil yield was
substantially greater in the alternate arrangement than in the
vertical control (Fig. 4B). Yield is the end result of components
that develop during the life cycle of the crop and can be expressed
as a product. In the case of oil-seed crops, yield equals flower
number X grain set (grain/flower ratio) x grain weight x grain oil
concentration. Crops with spontaneous alternate inclination pro-
duced a similar number of flowers, more grains, and heavier grains
than the controls (Tables S3 and S4). This result highlights
how the early established pattern of inclination (Fig. 1C) has
consequences for grain set and filling, processes that occur late
(i.e., after anthesis) in the crop season. To compare between
crop total biomass at anthesis and at physiological maturity for
crops allowed to incline naturally and those constrained to the
vertical, we corrected observed biomass at physiological ma-
turity to account for the oil-synthesis costs of the oil-rich grain
(30, 31). This conversion allowed for direct comparison of the
increases in crop biomass values between developmental stages
and across treatments of differing oil yield (Tables S3 and S4).
The greater oil-synthesis cost-corrected biomass at physiologi-
cal maturity in crops with spontaneous inclination (Tables S5
and S6), and a similar biomass at anthesis between both ar-
rangements (Tables S3 and S4) indicates that stem inclination
increased biomass production during seed filling.

Stem Inclination in Response to Stand Density and R/FR Ratio Is
Genotype-Dependent. We compared stem inclination responses of
three hybrids to either stand density or manipulation of light (i.e.,
natural light vs. different R/FR ratios of laterally incident light
impinging on the plants). The response of stem inclination to stand
density differed among hybrids (Tables S7 and S8). The genotype-
dependent inclination in response to stand density (Fig. S24) cor-
related with the genotype-dependent response to the R/FR ratio of
laterally incident light (Table S9 and Fig. S2B). Paraiso 20 respon-
ded to both plant density (i.e., the sum of plants inclined to the N
and to the S shown in Fig. 1B) and R/FR ratio of laterally incident
light (Fig. 3C) approximately as DK4050 (Fig. S2).

400
3 Inclined
= == Vertical
g ]
p a
s b
o 2004
@
> d
S 100
04
. . 10 14
(sp:)n::::'e:ous} :;2:22::) Stand density (plants m?)

Fig. 4. Alight-mediated, self-organized stand structure increases oil yield in
sunflower crops. (A) Spontaneous pattern of stem inclination compared with
a stand in which wire frames were used to maintain plant stems in the
vertical position. (B) Stands with spontaneous pattern of stem inclination
out-yielded their counterparts in which inclination was prevented at 10 and
14 plants per m?. Data are from Exps. 6 a and b (see details in Table S1).
Vertical arrows in B indicated supporting wires. Data are means and SEM of
pooled data from the two experiments. Different letters above bars indicate
significant differences at P < 0.05.
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Discussion

The experimental and modeling evidence presented here sup-
ports the self-organization of high-density sunflower plant stands,
triggered by an initial process of random inclination and fol-
lowed by a positive feedback mediated by light signals that are
perceived by phytochrome. This process results in the alternate
orientation of plant shoots that improves oil yield per unit area.
This finding is completely different from other plant self-
organized population structures (21-25), where the occurrence
of changes in demography is a stringent condition for emergence
of self-organized patterns (26). The propagation of a sensory
signal among plants is central to the system presented here,
which therefore compares better to the communication networks
leading to self-organized structures in social insects (27) than to
previously described self-organized plant population structures.

A detailed analysis of the kinetics of the process complemented
by manipulative experiments revealed the steps that cause the
alternate orientation of sunflower shoots in dense stands. We
found that in sunflower crops grown at densities higher that
those used commercially, a few pioneer plants become shaded by
neighbors and incline their shoot toward the least shaded side of
the row (Figs. 24 and 3A4) in response to the gradient in R/FR
ratio (Fig. 3B). Shoot inclination of the pioneer plant generates
a gradient of the R/FR ratio (lower toward the inclined plant;
Fig. 3D, right-hand bar), thus influencing the quality of the light
perceived by the next neighbor plant in the row. This neighbor
bends in response to the R/FR gradient caused by the pioneer plant
and, in turn, generates a R/FR gradient in the opposite direction
for the next neighbor in the row, thus propagating the wave.
Experimental blue-light gradients failed to elicit bending, indicating
that this response is not a classical phototropic response (29). Blue-
light signals were not effective per se, but might reinforce the re-
sponse to R/FR as demonstrated in other systems (32, 33).

In crops like sunflower, where breeding has favored strong
apical dominance (34, 35), responses to neighbors mediated by
branching are precluded, and stem-driven foliage position in re-
sponse to R/FR is particularly relevant. Leaf-growth responses to
horizontal gradients of R/FR can relax competition for radiation
by avoidance of shading between matching leaves of neighbors in
maize stands (36) and in Arabidopsis plants grown with kin
neighbors (37), and this behavior increases the seed yield of the
population (37). At high population densities, self-organized
sunflower stands produced 19-47% more oil than their coun-
terparts where plants were forced to remain vertical (Fig. 4B).
Furthermore, self-organized stands produced more biomass be-
tween anthesis and physiological maturity, but not before anthesis
(Tables S3-S6). This result highlights how the early established
pattern of inclination (Fig. 1C) has consequences for processes
that occur late in the crop season, including crop growth, grain set
and filling, and, ultimately, oil yield. Our findings have implica-
tions for breeding and agronomy. Stem inclination is a trait that
meets two criteria essential for breeding (38): It relates to yield in
the field, and there is coherent genetic variability in the response
to stand density and light quality (Fig. S2 4 and B). Furthermore,
imaging technologies could be developed for high-throughput
screening of stem inclination (Fig. 14). Agronomically, changes
in row spacing and rectangularity could be used to enhance the
expression of this trait.

Materials and Methods

Plant Material, Experimental Design, and Statistical Analyses. We used plants
of Helianthus annuus. Details of experimental design, treatments, hybrids,
and statistical analyses used in the experiments are described in Table S1.

Field and Pot Experiments. Experiments were carried out in the field of
Facultad de Agronomia, Universidad de Buenos Aires (34° 36’ S, 58° 26" W).
Plants were grown in silty clay (Vertic Argiudol) soils except for Exp. 5 and 8
(Table S1), in which plants were grown in 4-L pots filled with top soil and
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sand [1:1 (vol/vol)]. Field crops were oversown and thinned to reach the
target density at the two-leaf stage. Phenological development was moni-
tored regularly by using the scale in ref. 39. Plants were irrigated and fer-
tilized to avoid shortage of nutrients; weeds, diseases, and insects were
controlled chemically as required.

Plant Inclination. To define plant status (either inclined or vertical), we
considered that a plant was inclined when the apical bud was at a distance
of >2 cm from the vertical line arising from the base of the plant. Alterna-
tively, the angle of stem inclination relative to the vertical was calculated by
using trigonometry in combination with measurements of apex height and
distance between the base of the stem and the intercept, on the soil plane,
of the normal to the apex.

Time-Lapse Photography. Four webcams (Genius) were set 1 m above the
ground to capture images of 18 plants at 20 plants per m?. Records started at
emergence (expanded cotyledons) and were completed when the inclina-
tion pattern stabilized. Images were 8.4 x 11.4 cm (1:4 scale). To quantify the
dynamics of stem inclination and shading between neighboring plants, im-
ages taken at five moments, at intervals of 2 h during the photoperiod, were
used. Stem inclination was assessed from the change in apex position be-
tween two successive images. Shading was estimated as the proportion of
leaf area shaded by neighbors integrated throughout the photoperiod.
The crop population density used in Exp. 3 was higher than in Exps. 1 and
6 (Table S1) to advance the completion of stem inclination while the
plants were still young. Large (older) plants could leave the radius of cap-
ture of the webcams, and a reduced number of expanded leaves in young
plants (only two) facilitated a more accurate quantification of the proportion of
shaded leaves.

Plant Effects on R/FR Ratio. We used a Skye SKR 100/SKR110 (Skye Instruments)
with the probe at a right angle to the plane passing through the row axis and
the sensing window of the remote probe placed vertically, facing toward
each side of the row.

Selective Shade Filters. At 11 DAE, 0.10- by 0.10-m horizontal filters were
placed 4 cm above the uppermost leaves to generate three light regimes:
control (neutral filter), simulated leaf shade (low irradiance, low blue, low
R:FR), and low blue (blue light was absorbed). The neutral filter was con-
structed by using 2.4-mm transparent acrylic sheet, the simulated leaf shade
filter using 2.4-mm blue acrylic sheet (Paolini 2031, La Casa del Acetato)
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covered with red acetate film (La Casa del Acetato). The low blue filter was
made with transparent acrylic sheet covered with orange acetate film (La
Casa del Acetato). Light under the filters was characterized by using a FieldSpec
spectro-radiometer (Analytical Spectral Devices, Inc.) during a sunny midday
(see spectra in Fig. S3).

Supplementary FR. Plants with the first two true leaves fully expanded were
arrayed in E-W rows at either 10 or 90 cm to the N of FR or mock (control)
sources. The spectral distribution of the FR source was as in ref. 40.

0il Yield. Seed oil concentration was measured with RMN (Oxford 4000,
Oxford Analytical Instruments) in 10-g subsamples.

Cellular Automata. We used cellular automata to test the occurrence of self-
organization in our experimental system (18, 20). Cellular automata consists
of an array of cells that can change their state following transition rules,
applied recursively over time, which are a function of both the cell’'s own
state and the state of its adjacent neighbors (20). A cell (plant) in our model
could be in one of three states: S, inclined toward the S; N, inclined toward
the N; or X, upright. The time step was set to 2 d, and rules to drive tran-
sitions between states were: (i) at time = 10 DAE, all plants were in state X;
(ii) at time = 12 DAE, a proportion (q) of plants shifts randomly to stage N or
S; (iii) at times > 12 DAE, every 2 d the state of X plants changes depending
on the state of its two neighbors in the row as follows: (i) to N if both
neighbors are S, or if one neighbor is S and the other is X; (ii) to S, if both
neighbors are N, or if one neighbor is N and the other X; (iii) to N or S
randomly if one neighbor is S and the other N; (iv) X remains unchanged if
both neighbors are X; and (v) N and S plants remain unchanged. The initial
conditions were set at g = 0.10 for 10 plants per m? (Fig. 28) and q = 0.15 for
20 plants per m? (Fig. 2C).
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