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Abstract Sugarcane has emerged as the second largest source
of biofuel, primarily as ethanol produced in Brazil. Dual row
planting using asymmetric spacing of rows can decrease dam-
age to plants and soil structure from harvest equipment though
potentially can cause some loss of productivity due to in-
creased shading. Can we assess this loss, without experimen-
tal testing of the thousands of potential permutations of plant-
ing design and cultivar canopy form? Here we develop a com-
putational framework which couples 3D canopy architectural
information, a ray-tracing algorithm, and a steady-state C4
photosynthesis model to study this question. We demonstrate
the utility of the model by comparing evenly spaced rows at
100 cm to alternating row spacing of 45 and 155 cm.
Asymmetric planting caused a 9% decrease in predicted
net canopy carbon uptake over the growing season for a major
current cultivar. The loss was greater at lower leaf area indices,
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when leaves were more vertical and when rows were oriented
east-west, suggesting agronomic approaches to minimize loss.
This study demonstrates the utility of this computational
framework, which could also be used to aid breeding by iden-
tifying ideotypes for different environments and objectives,
and to assess impacts of environmental change.

Keywords Canopy photosynthesis - Bioenergy - Canopy
architecture - Crop row orientation

Introduction

Sugarcane has emerged as the second largest source of biofuel
and it has the potential in Brazil alone to provide 15% of global
liquid fuel use in transportation [1]. Realizing its important
potential for offsetting fossil fuel greenhouse gas (GHG) emis-
sions requires continued improvement of its yield. In theory,
the ideal planting arrangement for maximizing the potential
yield of a crop is a regular arrangement so that plants are equi-
distant, that is the distance between plants within a row equals
the distance between rows. For a given population density, this
minimizes the time to canopy closure and maximizes light
interception. However, any planting arrangement and row
spacing has to be a compromise between the yield loss from
a less than perfect arrangement for light capture, costs of plant-
ing, and practicalities of mechanized harvesting. For a perenni-
al and high mass yielding crop such as sugarcane, this is par-
ticularly important since the risk of plant and soil damage is
high from the necessarily heavy harvesting and haulage equip-
ment. Therefore, row spacing and equipment choices need to
minimize this damage by keeping their impacts away from the
rows. This damage has been recognized in regions where
mechanization has been in place for many years [2]. This is
now a well-recognized issue for the world’s largest sugarcane
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producing country, Brazil, as it completes its transition from
manual to mechanized harvesting [3, 4].

Although planting is commonly at around 1 to 1.5 m rows
in many growing regions, this is a poor match to harvesters
and haulage trucks with wheel bases of >1.8 m. The outcome
of this mismatch is that wheels and tracks have to traverse
rows damaging stools and compacting soil, with a measurable
yield loss [5]. Additionally, harvesting is usually conducted
with a single-row harvester. Therefore, the inter-row is tra-
versed twice by the harvester and at least twice by the associ-
ated haulage truck. Matching row spacing with wheelbases to
allow controlled traffic that avoids the rows allows mainte-
nance of better soil physical properties and slows the decline
in yields with the number of ratoons [5]. A slower decline will
allow a longer time before a field needs to be replanted, so
reducing both costs and inputs, while maintaining yields.

However, wider row spacing would decrease potential
yield by slowing time to canopy closure. An alternative that
does not have to decrease the planting density is to use asym-
metric row spacing. For example, instead of 1 m spacing, a
double row separated by 45 cm, with the centers of the double
row separated by 2 m. These two designs would have the same
population density and the same cost in terms of propagules
planted per hectare. However, it has two practical benefits.
First, the two rows can be harvested together, so halving the
number of passes made by the harvester and by the haulage
truck that collects the cut cane from the harvester and then
carries it out of the field to the mill [6]. Secondly, the spacing
will be a better match to wheelbases allowing confinement of
wheels and tracks to the inter-row. This avoids damage to the
stools and compaction of soil within the rows.

The theoretical downside of the asymmetric row spacing is
that canopy closure will take longer, with some yield penalty,
while there will be increased shading within the paired rows,
relative to regularly spaced rows. When maintaining the same
total number of rows across trial plots, a significant yield loss
was found when 30/150 cm spacing was used, relative to 60/
120 cm spacing [7]. It is likely that a decline in yield caused by
poorer light interception is offset by decreased damage and
soil compaction or that replication was insufficient to provide
statistical proof of a small yield loss. Further, impact will also
likely depend on the form of the sugarcane cultivar with more
spreading forms that bear more horizontal leaves less affected
than less spreading forms with more vertical leaves. As a
result, there are many more combinations of spacing and cul-
tivar than can be assessed in practice through field trials, to
determine loss and means to mitigate loss caused by different
asymmetric planting designs that would allow two row har-
vesting. Most photosynthetically driven crop production
models assume a spatially random distribution of foliage in
dealing with light interception, and cannot therefore deal with
the regular spatial pattern of variation in light distribution in
canopies that results from planting in rows. This is even the

case for most widely used sugarcane production model
DSSAT/Canegro [8]. Increased computational power and
new algorithms have now allowed realistic representation of
stems and leaves in 3D space, in turn allowing high-resolution
dynamic definition of the highly heterogeneous radiation
transfer and leaf energy balance within the 3D space contain-
ing the canopy [9]. The advent of GPU-based computing is
beginning to allow the dynamics of such 3D structures to be
represented rapidly [10]. Combining this with biochemical
models of C, photosynthesis [11] would allow prediction of
carbon gain at each point in the canopy over every minute of
the day. This allows quantification of the effects of row spac-
ing, orientation, and plant-plant interference on daily carbon
assimilation in a realistic manner that takes account of the
asymmetry of radiation interception in row crops as well as
heterogeneity within the canopy. It avoids the need for the
highly generalized assumptions of light distribution in crop
canopies used in earlier models. This provides a means to
narrow the range of spacing for actual field evaluations to
likely optimal arrangements that meet the practical needs of
more efficient and sustainable mechanized harvesting. At the
same time, its mechanistic basis allows identification of strat-
egies to minimize loss of production potential due to asym-
metric spacing, such as optimal row orientation and choice of
plant form. Here we develop such a model and illustrate one
application, that is quantifying the potential impact of asym-
metric spacing on carbon gain for a sugarcane crop.

Materials and Methods

Simulating the effects of row spacing on carbon assimila-
tion in sugarcane required a model of three components: (i)
a 3D canopy architectural model; (ii) a forward ray-tracing
algorithm; and (iii) a steady-state biochemical model of C4
photosynthesis. This requires season long data of stem num-
bers and arrangement, heights, points of leaf insertion, leaf
angles, and their length and curvature. The data used for
this calibration, and demonstration of the model, are those
described for cultivar RB86-7515 growing at Embrapa
Cerrados, Planaltina, DF, 15° 39’ 84 "S, 47°44' 41 "E
[12] (Tables S1 and S2). RB867515 was the most planted
cultivar in Brazil in 2013 [13]. It corresponded to 24% of
the total sugarcane planted in Sao Paulo, Brazil, which pro-
duces the most sugarcane of all states in Brazil [13]. To
account for leaf-to-leaf variation in size and curvature at
any given node, a normal distribution was assumed with a
standard deviation of 15 cm for leaf position, 9° for leaf
curvature, and 15° for leaf direction. Using these distribu-
tions, leaves were generated within this population with
mean values as given in Table S1. Three block-repeats of
sugarcane canopy were generated for each simulated day.
Calibration to this sugarcane cultivar provides the location
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of the stem and leaves within a 3D cube. Each leaf is
divided into units of <2 cm?® area, containing information
on its azimuth and zenith angles. Within each voxel occu-
pied by a portion of leaf, the sum of the direct, diffuse, and
scattered light incident is calculated for each hour of the
passage of the sun across the sky, as described previously
[9, 14]. The coupled 3D canopy architecture model and
forward ray-tracing algorithm developed for rice [14] was
adapted here for sugarcane. Since the original model was
developed for a tillering grass with sequential production of
linear leaves on each tiller changes were only in parameter-
ization; see [14] for a full description of the model.
Although the cube simulated in this model is only a few
rows and meters of length of rows, the simulation avoids
over-estimation of light at the edge of the cube by allowing
light that leaves one edge to re-enter at the opposite side so
giving the effect of a cube surrounded by identical cubes of
the same crop. This allows simulation of a whole field, with
the assumption that the simulated adjacent cubes are iden-
tical. For the full equation set and model explanation, to-
gether with equation symbol and parameter definitions, see
Supporting Informationl Sections 2—4. At each date, solar
angle and the proportion of direct to diffuse radiation was
calculated from date and the latitude at Planaltina, DF, and
an assumed atmospheric transmittance of 0.85. At each time
point, this provides an estimate of incident photon flux at
each unit of area (ca. 2 cm?®) within every leaf borne on
every stem within the cube. From this, the photosynthetic
rate of CO, uptake minus the rate of leaf respiration was
calculated using the steady-state biochemical model of C4

Asymmetric planting

photosynthesis of Collatz et al. [15] (Supporting
Informationl, Section 3).

The utility of the model was demonstrated with two differ-
ent row spacing designs: symmetrical at 100 cm between each
row and asymmetrical with dual rows separated by 45 cm
centered at 200 cm spacing (Fig. 1). Both designs give an
average row spacing of 100 cm, and hence the same density
of stems and leaves per unit ground area. Plant spacing was
varied along with the growth based on the measured tiller
number along each row (Table S1 and Table S2). Canopy
structure was based on published measurements of RB86-
7515 across the growing season, and simulations were con-
ducted for each date on which measurements had been taken
[12] (Table S1, Table S2). Although spacing would likely
affect leaf area index (LAI) and vertical distribution of leaves,
for simplicity and ease of interpretation it was assumed that
LAI and architecture were the same at both spacings, such that
only the effect of horizontal variation in the distribution of
leaves and stems was assessed. For leaf photosynthesis, the
parameters of the model of C4 photosynthesis [15] were set at
60 umol m * s~ for maximum rubisco activity (Vinao) [16,
17]. The initial slope of photosynthetic CO, response (k) and
apparent maximum quantum yield (a) were set at
0.7 molm 2s 'and 0.05, respectively [15, 17]. Leaf mitochon-
drial respiration (R;) was 0.01 V.. [18]. These parameters
were held constant for all simulations. Photosynthesis, calculat-
ed in pmol m > s~' was converted to biomass equivalent, as-
suming that 1 mol of CO, assimilated would result in 30 g of
carbohydrate. Carbohydrate mass gain was predicted over the
whole growing season, assuming that 40% of photosynthate is

Symmetric planting
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Fig.1 Simulated sugarcane canopies with alternative row spacing. It was
assumed that there were 25 stems per meter of row. Spacing of rows in the
two simulated planting designs were; asymmetric, dual rows, on the left
with alternating 155 and 45 cm spacing; and symmetric on the right with
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100 cm spacing between all rows. Colors represent the light flux received
at different points in the canopy at 9 am of March 23 at latitude 15° 39 '84
"S. To see how the illustrated light distribution changes over a diurnal
cycle see the animations in the online Supplementary Figs. S1-S4
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lost in whole-plant respiration [19, 20]. All simulations were
conducted in MATLAB (R2014b, Mathworks Inc.)

Because each canopy is generated stochastically based on the
measured field data and within the constraints outlined above,
each is different and hence generating different results. The sig-
nificance of differences in simulated carbon gain over the grow-
ing season production for different row spacings and row orien-
tations were tested by repeated-measures ANOVA. Simulated
diurnal net canopy CO, uptake rates for different leaf angles,
row spacings, and orientations were compared using unpaired
Student’s ¢ test, data are presented as mean + standard error. A P
value of 0.05 was considered significant. Analyses were per-
formed using MATLAB (R2014b, Mathworks).

Results

The model was validated by comparing the predicted dry mass
to earlier reported data of three individual cultivars from two
publications [21, 22]. Simulated dry mass, using the parame-
ters for RB86-7515, SP83-2487, and RB72454 (Table S7),
were comparable to measure data for the whole growing sea-
son [21, 22] (Fig. 2, Table S9). Linear regressions of simulated
and measured dry mass for three cultivars indicate that the
regression coefficients and R are all close to 1 (Fig. 2).

The model allows dynamic representation of light environ-
ments of all elements in a realistic sugarcane canopy to a high
resolution over a diurnal cycle (Fig. 1), which can be seen most

Fig. 2 Validation of the 3D - b 40
— T <
sugarcane canopy model by Simulated result y=0.9843x
comparing the simulated dry mass B .
to the earlier reported dry mass for 4; 40 | ; = 3 R*= O:'864 : |
three cultivars. For each cultivar, = - 2
we show both the changes of dry §) 30 L (5
mass along the growth dates (a, c, \;}/ i E 20
e) and also the direct comparison ] 20 L . L;
between simulated and measured E =]
dry mass (b, d, f). a, b RB86- & w10 |
7515; ¢, d SP83-2487; e, f SP83- 2 10
2487. The measured data used for = °
comparison were from (Arantes, 0 L ] 0
2012 for a, b; Suiguitani, 2006 for 0 100 200 300 0 10 20 30 40
¢, d, e, f). The RMSE for a, ¢, e .
are 22.80. 5.89, and 14.63, Time (Day) Measured data
respectively Cc 80 d 20
- +—Simulated result y=1.0439x
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ey 60 T p § 60 i i
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e @
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clearly in the animations provided in the Supplementary infor-
mation (Figs. S1-S4). Representation of the morphological da-
ta into the 3D canopy model shows that even at the 1.55 m
spacing between two rows, leaves from these two rows begin to
touch by February although clearly with more gaps in the
asymmetric spacing (Fig. 1). Predicted net daily canopy carbon
gain is shown for each month of the year in Fig. 3, Table S4,
which shows a lower simulated net carbon gain for asymmetric
row spacing which is most pronounced with east-west row
orientation. Examining the diurnal cycle of the 326th day after
last harvest (15th October), for a high LAI (6.6) the asymmetry
results in a loss of 3.4% of daily biomass gain for east to west
rows, but this loss can be reduced to 1.3% by planting rows in a
north to south orientation (Fig. 4, Table S5). This is most
marked around mid-day (Fig. 4a). The losses are greater in
crops and cultivars with a lower LAI (4.6), i.e., they became
8.1% for E-W rows and 4.7% for N-S rows (Fig. 4b, Table S5).
The cultivar illustrated has relatively upright leaves (Fig. 1).
Cultivars with larger angles relative to the stem, i.e., more hor-
izontal leaves, will spread more rapidly to fill the larger gap
between the rows (Fig. 1). This also serves to demonstrate the
utility of the model in accommodating plasticity, in this case in
leaf angles. For a LAI of 5.6, N-S rows, the loss for a more erect
canopy of leaf angle 15° due to the asymmetric arrangement of
rows was 5.1%, but only 1.0% with a leaf angle of 45° on 326th
day (Fig. 5, Table S6).

On the 167th day, when LAI was 5.5, the asymmetry re-
sulted in a loss of 15.2% of daily carbon gain for the E-W
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Fig. 3 Simulated net canopy carbon uptake for a sugarcane plant crop
over the whole growing season for symmetric and asymmetric spacing
arranged in east-west (E-W) and in north-south (N-S) rows. 45/155
represents asymmetric planting with alternating 155 and 45 cm spacing;
100/100 represents symmetric planting with 100 cm spacing between all
rows. Atmospheric transmittance was set as 0.85, as in all simulations.
Repeated-measures ANOVA: P < 0.001, for asymmetric planting
compared to symmetric planting in both E-W and N-S rows; unpaired ¢
test: P < 0.001, for E-W versus N-S rows in asymmetric planting;
P =0.0014, E-W versus N-S rows in symmetric planting
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rows, and 9.4% for N-S rows. For a low LAI (3.4) on this date,
the asymmetry resulted in a loss of 21.9% for the E-W rows
and 14.6% for the N-S rows (Fig. 6, Table S5). This shows
higher canopy carbon uptake for N-S rows on both the 167th
and 326th day (Fig. 6, Table S5). To evaluate which direction
would give higher productivity over the whole growing sea-
son, we simulated the net canopy carbon uptake of sugarcane
for each month of the growing season (Fig.3). For asymmetry
planting, an E-W orientation of rows decreased the integrated
net canopy carbon uptake 10.1% compared to N-S. Given N-S
orientation of rows, dual row planting with alternative row
spacing of 45 and 155 cm decreased net canopy carbon uptake
by 8.7% across the full growing season. While the loss of
carbon uptake increases to 13.2% if row orientation is E-W
(Fig. 3, Table S4, Supporting Information?2).

Discussion

The model presented here is parameterized on a major current
commercial production clone. For the asymmetric spacing
which allows dual row harvesting, the model predicts a daily
crop photosynthetic gain of about 406 kg ha' day ' of carbo-
hydrate mass averaged across the growing season of 11 months
(337 days) simulated here. Assuming that ca. 40% of this pho-
tosynthate is lost in respiration for cell maintenance and metab-
olism to other plant constituents [5, 6], this would equate to a
total dry matter productivity of about 82 mg ha ' year '
(243 kg ha! dayfl) (Fig. 3, Supporting Information 1
Sections 5). How does this compare to actual yields? The av-
erage yield of harvested stem in Brazil is about
80 mg ha ' year ' [23]. However, this is wet weight, of which
only 30-40% is dry mass [24-26]; harvest index is about
50%, with the unharvested material being leaf litter, stem tops,
and root [8, 27]), therefore total dry matter production would be
about 48-64 mg ha ' year '. Since our row spacing simula-
tions are based on the measurements from the first year ratoon
crop, simulated dry matter productivity is higher than the aver-
age. The simulated dry matter yields of the first year plant for
model validation are from 43.5 to 71.8 mg ha ' year ' (Fig. 2c,
e, Table S9), which are comparable to measured data and the
dry matter calculated from the average yield in Brazil [23]. It
should be noted that the row spacings chosen here were simply
to demonstrate the utility of the model in dealing with agro-
nomic and varietal questions; these were not intended to repre-
sent spacings used in any particular growing region. As noted
later, although production is predicted here, the canopy model
developed is intended as a more effective front-end to more
detailed production models, in the context of questions such
as row spacing and orientation at different locations and with
different cultivars.

This study suggests that under the climatic conditions of
cultivation in Planaltina, Goids state, dual row versus regular
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Fig. 4 The predicted diurnal net
canopy CO, uptake rate (A.) on
March 23 (326th day). 45/155
represents asymmetric planting
with alternating 155 and 45 cm
spacing; 100/100 represents
symmetric planting with 100 cm
spacing between all rows for high
and low leaf area indices (LAI).
Points represent the mean and +
standard error, where * = P < 0.05
and ** = P < 0.01 (unpaired #
test). a For E-W rows, the
asymmetry results in a loss of
8.1% for low LAI (4.6) and 3.4%
for high LAI (6.6); b for N-S
rows, the asymmetry results in a
loss of 4.7% for low LAI (4.6)
and 1.3% for high LAI (6.6). The
simulated daily total canopy
photosynthetic CO, uptake rates
for these different scenarios are
shown in Table S5

row planting would have little effect on crop carbon gain, after
canopy closure. The loss would be most severe in cultivars

Fig.5 The effect of low and high
leaf angle on diurnal net canopy
CO,uptake rate (A.). 45/155 and
100/100 represent asymmetric
and symmetric row spacing,
respectively. LAI was set as 5.6.
The date is March 23 (326 days
after planting). * = P < 0.05 and
** = P<0.01 (unpaired ¢ test).
For N-S rows, the loss for leaf
angle 15° due to the asymmetric
arrangement of rows was 5%, but
only 1% with a leaf angle of 45°.
The simulated daily total canopy
photosynthetic CO, uptake rates
for these different scenarios are
shown in Table S6
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Fig. 6 The diurnal canopy CO,
uptake rate (A.) on October 15th

]
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(167 days after planting), 45/155 T

represents asymmetric rows and
100/100 symmetric. * = P < 0.05
and ** = P < 0.01 (unpaired ¢
test). a E-W rows, the asymmetry
resulted in a loss of 21.9% of
daily carbon gain for low LAI
(3.4) and 15.2% for high LAI
(5.5); b N-S rows, the asymmetry
resulted in a loss of 14.6% for low
LAI (3.4) and 9.4% in high LAI
(5.5). The simulated daily total
canopy photosynthetic CO,
uptake rates for these different
scenarios are shown in Table S5
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leaf, and by planting in an N-S orientation area (Figs. 3-6). E-
W versus N-S orientation of rows has more significant effect
on carbon gain with asymmetrical row spacing (Fig. 3).
Compared to E-W rows, using a N-S row orientation with dual
row planting would increase the projected harvested stem
yield 8 mgha ' year ', which could increase sugar production
about 2 mg ha ' year ', assuming that sucrose is 50% of
harvested stem dry mass [27, 28]. Given an ethanol yield of
86.3 L mg (cane) ' [29], ethanol production would be in-
creased by 690 L ha ' year™.

However, simulated losses due to dual row spacing may be
underestimated. Over the whole cycle, the effect of asymmet-
ric spacing is profound during the first months of growth,
when the rows result in substantial areas of bare ground, and
therefore light that is not intercepted by the crop (Fig. 3). This
example simulation assumes that LAI is unaffected by poorer
productivity in the asymmetric row spacing. If lower
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productivity results in lower leaf area production, losses will
be compounded with time. Agronomically, this loss would be
partially mitigated by planting rows in an N-S orientation or
use of cultivars with more horizontal leaf angles (Fig. 3).
Since the 155-cm gap between the edges of the dual planted
rows is never fully closed, it will result in significantly lower
solar radiation interception.

The model assumes that all the plants are in well-watered
and sufficient nutrient conditions, so that the potential changes
of root system in dual row planting are not taken into account
in this study. The model also takes no account of the benefit
that dual rows would bring in decreasing traffic and damage to
rows, which might offset even the 7.5-11% loss in potential
canopy photosynthetic biomass gain predicted here. The mod-
el also assumes that plant structure is unaltered by dual row
planting. In reality, two factors could act to modify the out-
come here. First, plants sense neighbors via phytochromes,
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which elicit responses in increasing height and seeking gaps in
the canopy [8]. Increasing height may consume more energy
in stem structure, while seeking more light could compensate
to some extent for the increased shading interference produced
by dual rows. Salter et al. [30] show row space, has little effect
on sugarcane yield, which indicates the growth plasticity of
sugarcane could even further reduce the loss of dual row. Our
simulation shows that, on day 326, if the leaf angle of the dual
row planting was increased from 15° to 45°, the potential loss
of daily total carbon uptake was decreased from 5 to 1%, and
the loss decreased from 16 to 8.5% on the 167th day in north-
south rows (Fig. 5 and Fig. S5), which suggests that seeking
more light and hence more horizontal leaves in dual row plant-
ing could halve the loss that would otherwise occur. As a
proxy for plasticity, this shows that where a cultivar responds
to the wider spacing by producing more horizontal leaves, the
yield loss effects of asymmetry will be diminished.

The current simulations were developed to illustrate the
potential of this new modeling tool (Supporting Information
1 Sections 2 and 3) for sugarcane agronomy and clone selec-
tion, since it can simulate realistic 3D crop canopies for in
silico experimentation. One limitation here is that an early
small effect of productivity may propagate to larger effects
through compound interest during exponential growth and
hence greatly affect final yields. Any such effect is not repre-
sented here. However, in the future this could be achieved by
combining the canopy description and photosynthesis model
developed here with crop growth and production models such
as BioCro [11] or DSSAT/Canegro [8]. The framework to use
such canopy representation for every day of the growth cycle
ofa crop is presented. However, the current model is limited to
running MATLAB on CPU architecture, which makes execu-
tion of such a detailed representation of canopy microclimate
relatively slow [9]. In the future, the computational simplicity
of what is represented in each pixel of the 3D space would
allow use of emerging parallel GPU architecture. This could
speed computation by 1-3 orders of magnitude [10, 31].

This study provides the framework of a new computational
approach, which could be used to evaluate the cost-benefit of
different combinations of row spacing to fit both field equip-
ment dimensions and cultivar forms in different locations. In
effect it enables analysis of genotype x environment X man-
agement (GXExM). It brings potential for a closer link be-
tween field agronomy and modeling by allowing investigation
of multiple permutations of population density, row spacing,
row orientation, and cultivar selections, for example. As such,
it allows prediction of the best combinations, in theory, for
actual field testing. As shown here, the model can also be used
to predict the form of cultivar that might be best suited to a
given agronomy. The model could be combined with an evo-
lutionary algorithm or other optimization routine to predict the
ideotypes of sugarcane that would be best suited to dual row
spacing or other variation in agronomy for a given climate

zone. This would aid cultivar selection for a given situation
and agronomy. Distances between stools, as another factor
influencing sugarcane yield, could also be optimized by mod-
el prediction for higher productivity. While the model cannot
replace agronomic field experiments, it provides a means to
experiment with many more possibilities in silico to narrow
down to the most promising strategy for field testing.
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