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ABSTRACT: The kmowledge of the Leaf Area Index (LAT) variation during the whole crop cycle is essential to the
modeling of the plant growth and development and, consequently, of the crop yield. Sugarcane LAI evolution models
were developed for different crop cycles, by adjusting observed LAI values and growing degree-days summation data
on a power-exponential function. The resultant equations simulate adequately the LAI behavior during the entire
crop cycle. The effect of different water stress levels was calculated in different growth periods, upon the LAI growth
The LAI growth deficit was correlated with the ratio between actual evapotranspiration and maximum
evapotranspiration, and a constant named ky.; was obtained in each situation. It was noticed that the k;,; must be
estimated not just for different growth periods, but also for different water stress levels in each growth period.
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MODELAGEM DO INDICE DE AREA FOLIAR EM CANA-DE-ACUCAR
SOB DIFERENTES CONDICOES HIDRICAS DO SOLO

RESUMO: O conhecimento da variaciio do fndice de Area Foliar (IAF) durante todo o ciclo da cultura é essencial
para que se possa modelar o crescimento e o desenvolvimento das plantas e, em consequéncia, a produtividade da
cultura. Desenvolveu-se neste trabalho modelos de estimativa de IAF da cultura da cana-de-agiicar para os diferentes
ciclos de cultivo, a partir do ajuste de valores medidos de IAF e dados de somatério de graus-dia corrigido pelo
comprimento do dia 2 uma fanglio do tipo exponencial-potencial. As equacies obtidas modelam adequadamente a
variacio do IAF durante todo o ciclo. Foi também calculado o efeito de diferentes niveis de déficit hidrico e em
diferentes estédios fenolégicos, sobre o crescimento do IAF. Correlacionou-se o déficit de crescimento de IAF com a
relagiio entre a evapotranspiraciio real e evapotranspiraciio miéxima da cultura e obteve-se, em cada situaciio, uma
constante chamada aqui de ki, Em face dos resultados conclui-se que kj r deve ser estimado niio 56 para diferentes
estidios fenolégicos mas também para diferentes niveis de déficit hidrico em cada estédio.

Descritores: fndice de Area Foliar, cana-de-aciicar, graus-dia, estresse hidrico, modelagem

INTRODUCTION

The sugarcane crop has grown in
importance due to its use as raw material for
alcohol and sugar production.

The crop yield is determined by the
interaction between plants and environment and it
is directly related to the solar radiation
intercepted by the leaves and transformed into
chemical energy during the photosynthesis.
Therefore the knowledge of the Leaf Area Index
(LAI) variation along the crop cycle is of
paramount importance in the development of crop
growth and yield models.

The LAI is an important adjustment
factor in most sugarcane growth and yield models
known (Doorembos & Kassan, 1979, Machado,
1981; Pereira & Machado, 1986; Barbieri, 1993).
However, the LAI models used in those crop
models seem to be defective because they do not
represent adequately all phenological stages.

Hence it is reasonable that a better
adjustment of LAI evolution along the crop cycle,
with and without water stress, be done. This
paper presents LAl mathematical models
developed with data collected by Leme et al.
(1984) in irrigated and non-irrigated sugarcane
fields.
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MATERIAL AND METHODS

The LAI and meteorological data were
collected at the PLANALSUCAR-Estagio Central
Sul, Araras, S&o Paulo, Brazil. The experimental
fields were located at an elevation of 617 m,
latitude 22° 18° S, and longitude 42° 23’ W.

LAI data were measured in the plant
(first) crop and in two following ratoon crops,
during four years in irrigated and non-irrigated
plots of sugarcane cultivar CB 47-355.

The growing degree-day values were
calculated by using the following equations (Villa
Novaetal., 1972):

a) When Tm > Tb
GDD=(—H-‘!—;5—@)—% ¢}
b) When Tm < Tb

_ (IM-Tb)*
GDD= -———2 M ~Tm) )

in which: GDD = growing degree-days
TM = maximum daily air temperature
Tm = minimum daily air temperature
Tb = basal temperature

As basal temperature a value of 18°C
was used (Bachi & Souza,1978). An upper
temperature hazard threshold was not considered
to calculate GDD because during the four years of
experimentation only on four days the maximum
temperature reached the hazard threshold which
is 35°C according to Fauconier & Bassereau
(1975).

The GDD values for each day were
standardized by the ratio between day length in
hours (N) and 12 hours.

GDDy= GDD - N/12 3

The LAI data measured in the irrigated
fields for each crop (plant, first and second
ratoon) were adjusted to a power-exponential
function:

Y=a.x’.e™ @

being: Y =LAl at a given time
X = YGDDy until that given time
a, b and ¢ = adjustment parameters

To estimate the effects of water stress
on LAI variation untili maximum LAI a
modification of the Stewart et al. (1977) method
was elaborated:

(1 - LAI growth deficit) = kyas (1-Eta/Etm)  (5)

LAlws, - LAlws,_,

it =
LAI growth defici TAlo, ~ LAlws,

©)

with,
kuai = LAI coefficient in the stage i
Eta = actual evapotranspiration
Etm = maximum evapotranspiration
LAIws, = LAI with water stress at time t
LAIws,; = LAI with water stress at time t-1
LAlo; = potential LAI at time t (LAI that
would be achieved with a growth rate of a
crop without water stress)

kua  values were calculated for
intervals (t) of 200 GDD.

RESULTS AND DISCUSSION

The following LAI estimate equations,
for crops without water stress (under irrigation),
were obtained by regressions in which LAI and
2 GDD: were correlated:

a) Plant (first) crop (eq. 7):
LAI=e -13521 o (ZGDD,t)z’m *a <0,004023*TGDDst

r'=0,58

b) First ratoon crop (eq. 8):
LAI=e -17,707 ¢ (ZGDDA) 3373 & e <0,004265*GDDst

=088

c) Second ratoon crop (eg. 9):

LAI=e 20,207 o (EGDD;() 3832 o e «0,004936 * ZGDDst

£=0,.80
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The shape of the resulting curves
(figures 1, 2 and 3) and the statistic tests show
that the equations fit the points satisfactorily.

LAl X Summation of GDD
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Figure 1 - LAI values - Plant crop.
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Figure 2 - LAI values - 12 ratoon crop.
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Figure 3 - LAI values - 22 ratoon crop.

The LAI variation curves for all the
crops (plant, first and second ratoon) have a
similar shape, showing a initial phase of slow
growth, followed by a fast growth phase, another
slow growth or stabilization phase, and finally a
phase of decrease in LAI (figure 4).

In the first crop (plant crop), a higher
vegetative vigor was observed. In this crop, LAI
reached values between 6 and 7, and before 400
GDD was accumulated the LAI was greater than
4, being the leaves able to intercept at least 95%
of the incident solar radiation (Machado et al.,
1985). LAI remained greater than 4 for a long
time, until a summation of 1200 GDD.

LAl X Summation of GOD
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Figure 4 - LAI Values - Crop comparison.

In the following crop (1% ratoon crop),
the vegetative vigor had a significant decrease,
having no additional decrease in the second
ratoon crop. For that reason, as it can be seen in
figure 4, the LAI values along the cycle were
similar for the first and second ratoon crops. Thus
it was possible to adjust a single model for both
ratoon crops.

In the ratoon crops the maximum LAI
was lower than 4.5 and it remained above 4, for a
shorter period (650 to 900 GDD).

LAI values lower than 3.5 at the end of
cycle, typical of the ripening stage (Yoon, 1971),
were found in the plant crop when the summation
of GDD reached 1300 and in the ratoon crops
when it reached 1100.

The reduction in LAI values in the
ratoon crops may result from the smaller number
of tillers per meter in these crops in comparison
with the plant crop, besides the worsening of
chemical soil characteristics, and the soil
compactation caused by the traffic of heavy
vehicles during the harvest.

1t should be remarked that the growing
degree-days used in these models were
accumulated from the day of planting in the first
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crop and from the day of cutting (harvest) in the
following crops, and not from the beginning of
sprouting. The models represented well the
period between planting (or cutting) and sprouts
emergence; as it can be seen in the figures, the
models resulted in LAI values close to zero until
summation of GDD around 80, required for
sprouts emergence.

Regarding the effects of water stress on
LAI, a constant named ki a1 was obtained for each
crop in intervals of 200 GDD, because the water
stress influence on LAT varies according to the
stage in which it occurs.

In the stage between 0 and 200 GDD
(stage 0) after planting or cutting, the water stress
did not cause significant effect on LAL:

LAIp.200 = LAIWSo.200

The kpas for the other stages are the
following:

-Plant crop

* Stage 1(200 - 400 GDD)
12 replicate — kpan = 1.29
2™ replicate — kpan = 0.95

* Stage 2 (400 - 600 GDD)
12 replicate — kiap = 0.82
2M replicate — kpap = 1.25

* Stage 3 (600 - 700 GDD)
12 replicate ~» kpas = 11.44
2™ replicate — kpans = 13.01

In this crop, LAI begins to decrease
after 700 GDD.
The soil water deficit was always
greater in the first replicate.

-First and second ratoon

* Stage 1 (200 - 400 GDD)
12 replicate — kpan = 4.44

other replicétes —> krar was not feasible
to calculate due to absence of soil water deficit
during this stage.

* Stage 2 (400 - 600 GDD)
34 replicate — kan = 7.36

other replicates — kpa was not feasible
to calculate due to absence of soil water deficit
during this stage.

* Stage 3 (600 - 800 GDD)
1° replicate — kpan = 4.57
2* replicate — kpan = 3.25

other replicates — k4 was not feasible
to calculate due to absence of soil water deficit
during this stage.

The 12 and 2% replicates refer to the
first ratoon crop, while 32 and 4 replicates refer
to the second ratoon crop.

To exemplify the calculation method,
the kpan calculation of the plant crop first
replicate will be showed:

l_(z.ss,, -0.68,,) e (1_ 155.89,,)
374,-068,) ' 19913,

a = LAlws at 400 GDD; b = LAIws at 200
GDD; ¢ =LAl at 400 GDD, beginning at a value
equal to 0.68 (LAIws at 200 GDD) and
increasing with the growth rate of a crop without
water stress (*); d = accumulated actual
evapotranspiration in the stage; e = accumulated
maximum evapotranspiration in the stage

(*) By using the LAI forecast equation for the
plant crop, it can be found which GDD
summation value corresponds to a LAI of 0.68
(135 GDD in this particular case), then 200 GDD
should be added to that GDD value in order to
calculate the new LAI value (ZGDD = 335 —
LAI=3.74).

Unlike the yield coefficient (ky), kparis
not constant in a given stage for different soil
water deficit conditions. Rawitz (1969) points out
that under a low soil water deficit the LAI growth
deficit is greater than the evapotranspiration
deficit (ETa/Etm), thus greater kpa; values are
expected in this condition.

The LAIws values simulated by this
model (eq. 10):

[LAIws=LAJor-kpas(LAIo~LAIwse. X 1-Eta/Etm)],
with the calculated constants, can be seen in the
figures 5 to 10:
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Figure 5 - LAI values - Plant crop under higher
soil water deficit condition
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Figure 8 - LAI values - First ratoon crop under
lower soil water deficit condition.
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Figure 6 - LAI values - Plant crop under lower
soil water deficit condition
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Figure 7 - LAI values - First ratoon crop under
higher soil water deficit condition
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Figure 9 - LAI values - Second ratoon crop under
higher soil water deficit condition
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Figure 10 - LAI values - Second ratoon crop under
lower soil water deficit condition
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To better estimate kia; and LAIws an
experimental design in which different soil water
deficits occur in each 200 GDD stage, and with
different combinations of soil water deficits
between stages is suggested. In this case it would
be obtained kia; values not only for each stage but
also for different ranges of soil water deficit in

each stage.
CONCLUSIONS

- The power-exponential function [LAI = a-
(ZGDDg)*e°*PP} fits well the LAI evolution
curve, showing a initial phase of slow growth,
followed by a fast growth phase, another slow
growth or stabilization phase, and finally a phase
of decrease in LAI

- The LAI (Leaf Area Index without water stress)
can be estimated with an easily obtained variable,
the summation of GDD standardized by day
length.

- The sugarcane plant (first) crop demands a
specific LAI estimate equation due to its greater
vegetative vigor. The following ratoon crops
demand only one estimate equation.

- The soil water deficit effect upon LAI is not
linear, that is, this effect is variable according to
the soil water deficit level, under a low soil
water deficit the LAI growth rate decreases more
than the evapotranspiration rate, and under a
higher soil water deficit the LAI growth rate
decreases less than the evapotranspiration rate.

- Different kia;1 are expected not only for different
phenological stages, but also for different soil
water deficit conditions in a given phenological

stage.

- The kya; calculation method proposed herein
seems to be adequate but the experimental design
used in this research was incomplete.
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