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Summary Simulation modeling of perennial crops !
mense potential for generating information for plantation man-
agers. We report the development of the InfoCrop-coconut
model and ifs application t I

o coconut (Coces nucifera L.} grow-
ing in diverse tropical and subtropical environments. The
mode! is based on the generic crop model InfoCrop that simu-
lates various annual crops in tropical and wbtrey;c* T n
The InfoCrop-coconut model was calibrated and v
with data compiled from published studies comprising
physiological, agmﬂsmn‘::aE and nutritional, experiments ¢
ducted between E 8 and 2005 in diverse geographic locations
throughont india. The treatments included various water and
nutrient regimes azﬁ varieties of coconut. Time to first flower-
ing varied bezwe@n 4 and 6 years, leaf production varied from 8
to 15 leaves year™' and nut yield ranged from 3000 to 27,000
nuts ha™! year™. The genetic coefficients used for calibration
and validation were generated from field experiments con-
ducted during 1995-2005. Model efficiency and ‘/;zgaatio&
performance were analyzed statistically. Simulated trends in
phenological development, total dry mass and its partitioning,
and nut yield agreed closely with observed values, although a
15% error was observed in a few cases. Considering that fi vld
measurements have an experimental error of 10-15%a
variation existed within treatments, the model adequate
ulated the effects of management practices and agro-¢
conditions over short periods. For a range of a ]
otential yields varied from 26 to 30 Mg ba’

=

zones, sunulaied p
year™' and potential annual dry mass production varied from 52
to 62 Mg ha™!, depending on environment. We conclude that
InfoCrop-coconut can be used to increase the efficiency of ag-
ronomic experiments designed to aid coconut crop manage-
ment.

Keywords: calibration, crop model, dry mass, pheno
tential yields, simuiation, validaiion.

Intreduction

Coconut (Cocos nucifera 1.) 1s a perennial crop grown mainly
in the tropics and subtropics of India, the Philippines, Malay-
sia, Sri Lanka, and Indian Ocean and South Pacific islands.

Coconut is a multi-utility palm that plays a significant rele in
the economy of these countries, including 10 million farming
communities in India. The annual demand for coconut-based
products is projected to increase to about 17 billion nuts by
2020 (Naresh Kumar 2007). Hence, the importance of finding
improved varieties and of optimizing irrigation and nutritional
management.

Systematic experimentation on crop growth, development
and yield in different agro-climatic environments through tra-
ditional methods and tools is expensive, time consuming and
requires large experimental areas for a perennial crop like co-
conut. An alternative, less costly approach involves crop simu-
Jation models (Penning de Vries et al. 1989, Kropff et al.
1996).

Dynamic crop models simulate crop growth processes and
their interactions with the soil and environment. Once cali-
brated and validated, a model cap simulate the effects of vari-
ous factors like management practices, soil factors and water
availability on coconut growth, dry mass production, partition-
ing, nut yields and crop nitrogen uptake. Such models have
been used for other crops, particularly annual crops, to charac-
terize the effects of environmental variables and agro-ecologi-
cal zoning (Nix 1987, Aggarwal 1993), to define research pri-
orities and technology transfer (Jones and ’Toole 1987,
Kropff et al. 1996), to estimate production potential
{Aggarwal 1988), for strategic and tactical decision making
(Angus etal. 1993} and to Prcdict the effects of climate change
and clhimatic variability (Adams et al. 1990, Aggarwal and
Sinha 1993). Godin and Caraglio (1998) have used multi-scale
models to simulate plant topological structures.

Simulation models of plantation crops are scarce, and none
exist for coconut. Parsimonious models for coconut yield pre-
dictions are based solely on weather parameters for one
(Vijayakumar et al. 1988, Peiris and Thatttil 1998) or several
locations (Naresh Kumar et al., unpublished resulis). These
models have limited adaptability to a wide range of climatic,
soil and ~agronomic conditions. Recently, Zuidema Tt al.
(2003) described a simulation mode] for perennial crops like
cocoa. Modeling of perennial tree growth and tree architecture
was reported by Reffye et al. (1997). AMAPmod software
based on 3D mock-ups of apple plant architecture has also
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been developed (Godin et al. 1999). However, a comprehen-
sive model that simulates coconut growth, development and
yield under varying conditions is unavailable. We attempred to
develop, calibrate and validate a simulation model for the
entire 60-year economic life span of coconut.

Our objectives were to: (1) describe the development, cali-
bration and validation of the InfoCrop-coconut model for co-
conuf; and (2) use this model to quantify potential yields in dif-
ferent agro-climatic zones of India. A generic crop model
InfoCrop, developed in India for simulating growth and yield
of annual crops in the tropics and subtropics {Aggarwal et al.
2004), was adapted for coconut.

Materials and methods

Model description

The InfoCrop-coconut model is written in FORTRAN SIMU-
LATION TRANSLATOR (FST) language (Van Kraalingen
1995). The time step of the model is one day. The general
structure and details of the InfoCrop series of models are de-
scribed by Aggarwal et al. (2004). Here, we present the key
features of the adaptation of the model for coconut.

Phenblagical development The InfoCrop-coconut model sim-
ulates the complete life cycle of coconut in three developmen-
tal phases: (1) seed nut planting to emergence; (2) juvenile pe-
riod (emergence to first flowering); and (3) nut yield phase,
throughout the 60-year economic life of a coconut tree. Seed
nuts take 70 (in dwarf varieties) to 90 days (in tall varieties) to
germinate. Tall varieties take 6 to 7 years for first flowering,
whereas dwarf varieties take around 4 years, and hybrids about
3 years. One inflorescence emerges in the axil of each leaf at
about monthly intervals. Thus, from a single coconut palm,
nuts of different maturity can be obtained at any given time.
Nuts mature about 12 months after pollination. The period be-
tween first flowering and the stable nut yield stage is defined as
the unstable yield phase. Generally, nut yield production stabi-
lizes about 14 years after planting, and tall varieties continue to
yield for about 60 years, whereas dwarf varieties and hybrids
yield for about 45 years (Menon and Pandalai 1960, Rajagopal
et al. 2005). Daily rate of phenological development in each of
these four stages is a function of thermal time, which is modi-
fied by day and night temperatures, and the availability of ni-
trogen and water.

The critical photoperiod is 12 h, above which flowering in
coconut is hastened. Flowering can be initiated 2 months ear-
Eier by maintaining the trees in continuous light (Pillai et al.
1973}. Therefore, the emergence and juvenile periods are con-
sidered photosensitive in the model. However, under natural
conditions, trees face both long days and short days in any
given year. The effect of temperature is more prominent than
the effect of day length in determining phenological events in
the post-juvenile phase of coconut. The growing degree day
(GDD) requirement for successive leaf and spathe opening is
about 415 GDD (Naresh Kumar unpublished data). Flowering
is influenced by C-N metabolism and by the accumulation of
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ble car“}e}"yéraies 1 h} drates
e when (’an unshine dur round 8~9 h with
car b(}h}dmt“s accumulate when daily
sunshine duration is around 2-3 h with adeguate rainfall
{¥Kasturi Bai and Ramadasan 1983}, The soluble carbohydrate
. enhances Jeaf production, whereas inflorescence de-
veés@mam and production are strongly ass

: h the ini-
tiation of the ;:ﬁereb‘,v ce (Patel 1938). Leaf and inflores-
cence initiation are affected by low temperatures. A well dis-
tributed annual rainfall of 130-230 cm, with a mean annual
temperature of 27 = 5 °C, radiation of 250350 / m™* and
sunshine for 120 h month™ provide optimum conditions for
coconut growth and yield (Child 1974). The optimum mini-

temperatures with short days delay leaf
rescence emergence. Projonged temperatures
for 1 month trigger nut fall. femp:*eih.w
h prevail during April-J uiv in the tre

dfﬁf‘its lcadmc’ to

mum and maximum temperatures are 20 and 35 °C, ra%pe&
a

f;smpera—
creasing the

wavemp?m if fpghﬂrn *eznyemm;x
or if daytime temperatures exceed 40 °C

Dy mass production  After seedling emergence, crop growth
is calculated as 2 function of radiation-use efficiency (RUE)
and radiation inferception. An RUE of 1.2 10 1.4 g MJ " of solar
iance is reposted for coconut (Corley 1983, Foale 1993,
ekara et al. 1996). In the model, an RUE of 2.4 ¢ MI™' is

ayas
used, assurning that photosynthetically ai“*"fﬁéaﬁgf’ii{m is50%
of incident solar irradiance (Gardner et al. 1988). Crop devel-

{0, concentration
ence RUE.

opment stage, Lcmperafure. a ‘no‘.phﬁi‘m
and the availability of nitrogen and water all influe

Dr‘f nass partitioning among plant organs Potential dry mass
‘)g;ifjdut} on in coconut is estimated to be about 51 Mg
ha™ year™ (Corley 1983). Annual DM par ii‘sord 2 to stem
~é%g leaf {ES ‘3%), mflorescence (4-6%) and nut
nt practice and agro-
i Bai et al. 1996,
15 2003, Naresh
ter, leaf and nut

nction of develor lated in the model
i G‘lcmp’r}c u\temelauovfuzaao wveloped from field
ot:shoot ratio is affected 3y nitrogen and
water availability and is simulated in the i [
inferpolation iu> f‘*!ons Dry mass is 3ccuzz;avs’,a{ed over time in
the stem. Leaf DM is divided intc two components: that of
the tree and that of dead leaves. The model can ;qener—
nulative DM of a tree of any ag
excluding nut DM, is sumimed on a cumu
[ut DM is formed every day, and a p:
Inthe model, cumu Fat"’emfﬂ i
and summed monthly.
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ported to be 160 cm? g~ (Kasturi | '3&1 and Ramadasan 1990).
The SLA decrease 'jth tree age, and in adult palms, the SLA
\s\asum Bai dné George 2002). Leaf
ts of leaf shadi i

‘ﬂ}d mimgm az:a; wal

ability. Increa
leaves hastens t
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Kumar et al.
Crop senesce
ar‘diow tsm"‘ Al

lier at high temperatures,
“death. Water and ni

Root growth
rooting depth in
depth and soil dept
conut is generally ab

. The mean maximum z‘soséng de
£ 100 cm with only a few roo

adepth of 200 cm ¢ i‘v’ enon and Pama‘a‘ 1960). Rooti ¥

is also depem‘imi on growth rate, which is modified hjf cropd
velopment stage, soil impedance, and i ‘m&eﬂ and water avail-
ability.

Fioral biology
ter planting and ri warf ff\rm\ *‘ewer u,b ut 4—~
planting (Menon and Pandalai 1960). The time fm
cence initiation nut maturity is normally
(Rajagopaletal. 1996}, aﬁianvsszes%ﬁunnspdm
ovary development, and buiton and fist size nut “hdk. de~
creases nut yield (Rajagopal et al. 1996). Factors influencing
pistillate flower production and button >heddmg inciude vari-
etal variations, r‘?‘iga i
tion (Kasturi Bai et al. 2003,

n, nutrition, leaf area and DM produc-

s

. Naresh Kumar et al. 200

The InfoCrop-coconut mod eE
simulates water and nitrogen balance in three soil laye
model simulates infiliration of water from rainfall and i
tion to the surface soil layer, evaporation, transpiration, drain-
age and water fluxes. If rainfall exceeds the infiltration rate and
storage aai,dcft" f soil, runoff occurs. Above fm}d capacity,
any additional water entering the soil surface percolates be-
yond the lower boundary of the rooting zone. Waterlogging
may occur if the rate of precipitation or irrigation exceeds the
hydraulic conductivity of any soil layer. Depending on the vari-
ety and developmental stage, soil waterlogging affects crop
growth and water uptake. Water stress is estimated as the differ-
ence between available soil water and evapoiranspiration,
whi alculated by the modified Penman Monteith formula

Soil water and nitrogen balonce

chis¢
(FAQ 5 5}

Nitrogen asn”i ayer is assumed to be uniforrmly
tributed. The model simulates various soil processes such as
urea hyd“ﬁ" itrification, denitrification, immobilization,
volatilization, biological N, fixation, nifrogen movement and

crop uptake (Aggarwal et al. 2004). Soil nitrogen balance is
the sum of NH,-N and NO;-N in each soil layer. Soil nitrogen
stress is estimated as the difference between available nitrogen
and losses through crop uptake, volatilization and leaching.

ke

Nut yield The InfoCrop-coconnt model calculates all alloca-
tions to different plant parts as DM. Nut DM is converted to
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partially dry nut by multiplying by a variety-specific nut
fresh:dry mass ratio. Nut DM is partitioned into copra, which is
the solid endosperm in coconut fruit (23—30%), shell, which is
the endocarp of the coconut fruit (21-31%), and husk, which is
the mesocarp (40-56%) (Siju Thomas 2003, Naresh Kumar
2005). The harvest index (HI) for copra varies from 16 to 20%,
and for nut DM, HI varies from 51 to 64% based on above-
ground annual DM production (Kasturi Bai and George 2002).
In the model, the number of nuts is simulated but the mass of
individual nuts is not. v

Modei input requirements Model inputs include soil, plant,
daily weather and crop management data. (1) For three soil lay-
ers: depth (mm), organic carbon (%), soil texture (% sand, silt
and clay), buik density, field capacity, permanent wilting point,
and NH4-N and NO;-N content are required. (2) Plant: among
the phenological parameters required are thermal time for ger-
mination, juvenile phase and economic yielding phase. Among
the crop growth parameters, seed rate, relative growth rate of
leaf area, RUE, specific leaf area of variety, dry nut mass, frac-
tion of copra and oil in nut are required. (3) Daily weather: data
needed for the model are minimum and maximum air tempera-
tures (°C), solar radiation (kJ m ™~ day ™), vapor pressure (kPa),
wind speed (m s7") and rainfall (mm). (4) Crop management:
amount and dates of fertilizers applied, fertilizer application
method (sub-soil or surface application) and irrigation details
such as amount, frequency and method (drip irrigation or flood
irrigation).

Output and verifiable variables The standard output of Info-
Crop-coconut comprises development time and stage, daily
crop growth, DM of roots, stem and leaves, total DM and cu-
mulative values of leaf mass, stem mass, nut yield and nut num-
ber. In addition, LAI, crop nitrogen uptake, soil water and ni-
trogen availability, evapotranspiration, and nitrogen and water
stress are obtained as output. Amounts of irrigation and fertil-
izer applied are also included in the outputs.

Calibration

The model was calibrated with data from field experiments for
a few tall and dwarf coconut varieties grown under well-fertil-
ized and irrigated conditions between 1945 and 2005 at the
Central Plantation Crop Research Institute (CPCRI), in the
Kasaragod district (12°18" N, 75° E) of India. Generally,

_growth and morphological characters of paims vary signifi-

cantly between tall and dwaxf forms. Tall varieties have almost
similar stem, leaf and growth characters but differ signifi-
cantly in nut characteristics. Dwarf varieties have shorter and
more slender stems and less canopy area than tal] varieties, and
nuts of various shapes, sizes and colors. To simulate a crop va-
riety, the model requires genetic coefficients related to
phenology, GDDs required for germination, the vegetative
phase and nut development, relative growth rate of leaf area,
specific leaf area, RUE, etc. Detailed physiological experi-
ments in the field and in controlled environments are needed to
directly estimate these values.

Because no single published experiment provided ail of the
required calibration data, a three-pronged approach was

TREE PHYSIOLOGY ONLINE at http:/heronpublishing.com
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adopted. (1) Data on photosynthetic characteristics, leaf area,
DM production and partitioning to leaf, stem, infloréscence
and nuts, nut yield and nut composition parameters were taken
from a varietal experiment, consisting of seven cultivars, con-
ducted at CPCRI, Kasaragod. Data were collected over
5 years. Data from earlier experiments at CPCRI, Kasaragod
and from the literature (Ratnambal et al. 1995) were used to
determine coefficients for DM partitioning, leaf area charac-
teristics, and nut characteristics. Variety-specific nut composi-
tion ccefficients were obtained from published studies
(Kasturi Bai and George 2002, Naresh Kumar 2005). (2) Pa-
rameters related to thermal time for different phenological
stages and the relationship of photosynthesis to weather pa-
rameters were taken from experiments conducted in different
agro-climatic zones (Rajagopal et al. 2000, Rajagopal and
Naresh Kumar 2002). (3) Unpublished data from the CPCRI,
Kasaragod (Naresh Kumar unpublished data) and published
data were used to derive photosynthetic response curves to
temperature, solar irradiance and atmospheric CO, concentra-
tion (Jayasekara et al. 1996, 2000, Rajagopal et al. 2000,
Gomes et al. 20024, 2002b, 2006, Naresh Kumar and Kasturi
Bai, unpublished results). Optimal weather conditions for

growth and yield were obtained from Child (1974). Some of

the coefficients, like RUE, of different varieties were esti-
mated by repeated iterations until a close match between simu-
lated and measured growth and yield was obtained. Ithough
large variation in RUE among cultivars is not known, the
mode! orovides RUE as a variety-specific parameter for future
input management. Dwarf coconut varieties have a lower RUE,
{(around 2.0) than tall varieties. Phenology was matched for
each variety based on such factors as thermal time req juired for
germination and flowering. These coefficients were used in
the subsequent validation and application. Of the 10 experi-
ments used for validation, only one was used for calibration.

Model validation

Th+: -alibrated model was used to simulate experiments con-
duct 1 over multiple years at different locations. These areas

¢ sent various agro-climatic zones; namely, hot sub humid
?o p: £ humid western coastal plains ¢ {Kasaragod, Kerala and
Ratnagiri, Maharastra) and hot semiarid inlands (Arisikeri,
K arnataka and Aliyarnagar, Tamil Nadu) (Table 1a}, and they

tzpresent the states responsible for about 85% of coconut pIC-

<uction in India.
Many experiments have been conducied in India to study

7abl 1a. Characteristics of study locations at the
2000 -2006).

nut *‘s ations. A‘ncm these bxgeﬁnﬂ,xxm sev WELC 5¢-
lected that reported values for the inputs re {
model validation. The experimental detail

idation given in Table 1b. This data

ment 1 the west coast, eas
and Tan du areas cesduc&ed between 1976
the selec

from 14 tc 47.5 °C cmd minimum emperatures ve *'ec‘ from
4.4 to 35.0 °C across locations and seasons. Annual rainfall
varied from 688 to 3%00 mm.

Experiments consisted of several treatments. Each treat-
ment differed in location or variety or in i
management (Table 1b). The ddtdbusf‘ con
varieties and hybrids. We a&hcru&?aéoﬁgwaeﬂ
lected from their respective researct

s. Representative
soil profiles were taken from the literature (Sankarana
yutham 19764, 1976b, Khan et al
93, Naidu et al. 1997). Soils 2
s;{ﬁdv to sandy loam to red and blac
1n texture. Organic carbe
gonthe re;z on and e\pp iment. T

Evaluation
Four st
ﬁ‘c modei that i

efficiency \&fE) (Nam arw‘ bnu,hzzc 1970):

(™)

e (3

¥(Is.-0l+lo, - 0])’

S’

Central Plantation Crop Research Tnstitute, in the Kasar agod district of India (AICRP

pol

Stud; site Latitude Longitude Elevation Temperature (°C) Annual rainfall
™) () () : Gt !
i Maximum Minimum /
Ka wvagod 12718 75¢ 10.7
Ar ikeri 12°48’ 78° 510
I arnagar L 77°30° 279
Ra agisi 17° 73004 3
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Table 1b. Details of experiments at each site included for validation and application of the InfoCrop-coconut model.
Experiment Duration Treatments  Soil type Annual yield Source

(10 nuts ha™?)
Kasaragod
Cultivars and hybrids 1994--2003 i Red sandy I 7.0-194 Kasturi Bai and George 2002
Drip irrigation 1992-199¢ 5 Red laterite; sandy 10.0-20.3 Naresh Kumar et al. 2002; Dhana-

pal et al. 2003, 20044, 20045

NPK 1988-2000 27 Littoral sandy 3.2-14.7 Srinivasa Reddy et al. 2002
HDOMSC! 2001 3 Red sandy loam 22.0-21.5 Maheswarappa et al. 2004
Soil water conservation  1998-2004 9 ifferent agroclimatic zones 8.4-27.0 Naresh Kumar et al. 2006
Arisikeri
Drip trrigation 20002005 5 Red sandy loam 8.9-235 AICRP 2000-2006
NPK 2000-2005 27 Black clayey loam 5.6-13.3 AICRP 2000-2006
Aliyarmagar ;
Drip irrigation 2000-2005 5 Red sandy loam 12.8-28.4 AICRP 2000-2006
Ratnagiri :
Drip irrigation 19972005 5 Sandy loam 7.4-19.8 AICRP 2000-2006
NPK 2000-2005 27 Sandy loam 13.7-212 AICRP 2000-2006

' HDMSC = high density multi-species cropping system.

—
%5
N

where # 1s the number of samples, 5; and O, are the simulated
and observed values, respectively, and O is the mean of the cb-
served data. The MBE indicates bias of model error as it ac-
counts for positive and negative deviations. The RMSE de-
scribes mean absolute deviation between simulated and ob-
served values. Accuracy of simulation is characterized by
lower RMSE. The 1A, which ranges between 0 and 1. is an-
other method for evaluating modeling performance. Similar to
the coefficient of determination, the closer [A is to 1, the better
the simulation. Another parameter, ME, in contrast to IA, al-
lows negative values and compares deviation between si
lated and observed state variables with the variance of
served values. The r? of conventional statistics was calculated
to estimate lipearity between measured and simulated values
of development, growth and vield.

L

ob-

Results and discassion

Vaulidation

7

Phenological development

el sim-

al stages:

The InfoCrop-coconutm
ulates the coconut life cycle in three developm
planting to emergence; emergence to first flowering;
ering phase until maturity. Daily rate of phenologica 1
ment in each developmental stage is a function of thermal time,

which is modified by photoperiod, day/night temiperatures and

the nitrogen and water stress experienced by the crop.
Published data on the effects of day length on ger
and flowering in coconut a

tened flowering (Pillai et al. 1973), whereas nitrogen and wa-
ter stress delayed fiowering in coconut by several months. The
critical mean day temperature is 23 °C, above which germina-
tion and flowering can be adversely affected. The optimum
terpperature 18 15-22 °C, and the maximum is 25-34 °C. A
minimum temperature above 10 °C is important to trigger
flowering. In areas where minimum temperatures are lower
than 10 °C during winter, flowering is delayed and only 7-8
inflorescence emerge per year versus 12-13 under optimal
conditions. Optimal imrigation and nitrogen supply increase in-
lorescence production by two inflorescences per ye}ar.‘MinL
mum temperatures below 15 °C for several nights trigger shed-
ding of fertilized flowers, which is called “button shedding”
These effects have been considered in the model by decreasing
the rate of development if night temperatures fall below
15 °C. Very high temperatures during April-August also cause
button shedding, decreasing nut yield, even though inflores-
cence production is not influenced.

The entire phase from emergence to the economic growth
period is considered photo- and thermo-sensitive in the model.
Long photoperiods and optimal temperatures favor early flow-
ering. The critical photoperiod is 12 b, above which flowering
is hastened. Rate of development is high in long photoperiods
and low in short photoperiods. The model delays flowering
and hastens maturity under conditions of nitrogen and water
limitation.

Under field conditions, tall cultivars take about 90 days for
germination, whereas dwarf cultivars take about 70 days for
germination (Menon and Pandalai 1960). Initial flowering oc-
curs around the 6th year in coconut, and dwarf coconut flower
earlier. These simulations were made by incorporating the
thermal time required for each of the phases, and the simula-
tions matched field observations. Economic yields are ob-
tained from coconut trees for about 60 years, and simulations
can be made on a daily basis for up to 60 years provided

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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weather data are available. Nitrogen or water stress hastened
the termination of coconut economic productivity and tree
mortality. These phenological simulations corroborated ex-
perimental data obtained under field conditions.

Leaf area and dry mass partitioning  In coconut plantations,
LAI attains a maximum value at the stabilized yield stage at
around 14 years after planting and maintains this value until the
economic crop yield phase (Menon and Pandalai 1960). In the
model, LAlincreased from the seedling stage through the juve-
nile phase. Stabilized LAI coincides with stabilized nut yield,
probably reflecting a stabilized source—sink balance. In adult
palms, stabilization of LAI occurs when the death rate of leaf
area is compensated by growth in leaf area. However, this trade
off is influenced by factors such as nitrogen and water avail-
ability and weather conditions, as occur under field conditions.
The measured maximum leaf area index (LA, ) in treatments
varying in weather, location, nitrogen and water management
and cultivar ranged from 2.5 to 4. Simulated LAl was lin-
early correlated (2 = 0.81) with measured values. The RMSE
for LAL,. was 6% of the mean of measured values (Table 2).
Measured mean annual DM production in 15-year-old plan-
tations varied from about 8000 to 13,500 kg ha™' depending on
agro-climatic conditions and cultivar (Table 3). These values
increased when simulated for trees in the stabilized yield
phase under rain-fed and full-management conditions. Simu-
lated fotal dry mass {DM,,,) was linearly correlated (=083
at Arisikeri to 0.95 at Kasaragod) with measured values. The

KUMAR, BAL RAJAGOPAL AND AGGARWAL

RMSE for ifvi o Was 4.76% of the mean of measured values
{Taﬁle 23. Similarly, measured and simulated values for
DMeatr, DMgeern and DM, were highly correlated (Table 4). In
the model, DM of inflorescence (excluding nut DM) is com-
bined with stem DM (DMjen). The overall correlation coeffi-
cient between simulated and measured values for DM, and
DM of different plant parts was 0.96 (Figure 1), indicating a
high simulation accuracy across locations, treatments and

cultivars.

Nut yield Nutyieldis greaflyz afluenced by nitrogen and wa-
ter availability. rvieafumd rauz} 1d in the datasets varied from
18 to 162 nuts tree” year™ depending on location, cultivar, ni-
trogen supply and water availability. M»asurﬂri and simulated
nut vields showed good agreement (r* = 0.86) (Figure 2), and
estimated errors were acceptable (Table 2). ;hy RMSE was
11% of the mean of measured values. Similarly, measu red nut
dry yield showed a strong linear relationship (r* = (

).81 at
Arisikeri to 0.94 at Kasaragod) with simulated nut dry yield
{Table 4). The RMSE for nut dry yield was 9.16% of the mean
of measured values (Table 2). Simulated nut yields were within
15% of measured values. Measured and simulated nut yields
were highly Cofru lated at Kasaragod (+* = 0.97) fo;sowcd by
Ratnagirt * = 0.87), Alivarnagar and Arisikere (= 0.84)
(Figure 3). Similarly, measured and simulated nut yields in dif-
ferent scé‘ types were significantly correlated (Figure 4), indi-

{ nsitivity of the model to soil type. Nuts are harvested
ce a month in coconut gard fel, yield is

iens. In the mode

Table 2. Statistical indicators of InfoCrop-coconut model performance. Abbreviations: LA, maximum leaf area index; DMy, leaf dry mass;
DMgerm, dry mass of stems and inflorescences; DM, total dry mass; DMy, nut dry mass; MBE, mean bias error; RMSE, root mean square error;
1A, index of agreement; ME, model efficiency; and 7, linear regression coefficient. ‘

Indicator Simulated output
Germination Yield commencement LALax DMgtem DM DM, vield Nut vield
MBE ~5.28 -0.07 0.44 -171 163 - =23
RMSE 9.41 2.49 0.26 245 543 967
1A 0.93 - 0.96 0.74 0.71 0.99 0.96
ME 0.73 0.87 -0.78 0.02 0.98 0.91
0.88 0.81 0.63 0.98 0.96

r 0.87

Table 3. Comparison of experimental measurements and InfoCrop-coconut sin
partitioning in coconut plantations with different soil types. Abbreviations: Dk
DM,; nut dry mass; DM, total dry mass; Meas., measared; and Sim., simu

ues of “ﬂnua"z ds ;r—"\du:ﬂ‘

Soil tyge ¢ Varieties DM, production DMgem pIc . DM, production DM, production
Meas. Sim. Meas. Meas. Sim. Meas. Sim.

Kasaragod

Littoral sandy 9 4641 5357 1663 2009 7513 7450 13,318 14,796

Aristkeri

Black clayey loam 8 3885 4244 1360 4288 5441 11,314

Aliyarnagar

Red sandy loam 12 3850 5140 1540 2003 8680 7202 12,845 14,345
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Eaied and measured values. The maximum for this parameter
is 1. Thus, the InfoCrop-coconut model simulated crop
gmw%h. development and yield of coconut in subtropical envi-
ronments of the Indian peninsular region within acceptable
nits of error based on a validation dataset comprising widely

i f ea index ‘;JM;, nut vzv‘l@ d
of nut Df\?,m °F Vi) and stem plus inflorescence
and total dry mass (DM,y,).

Site LAI Nutyield DM, DMy e

i i . conirasting treatments that included locations, soils, seasons,
Kasaragod 0.84 097 0.94 (.89 0.88 weather, varieties, crop management, and water and nitrogen
Arisikeri 0.81 .81 0.71 regimes.
Aliarnagar 0.85 (.87 0.81 0.73
Ratnagirt 0.87 0.83  0.89 0.76 Potential total dry mass and yields in different agro-climatic

zones ¥

Coconut growth and productivity are greatly influenced By en-
/ironmental and management factors. Potential coconut DM,
production is reported to be as high as 51 Mg ha ™! year™! based
on physiological calculations (Corley 1983, Foale 1993), com-
pared with the realized maximum of 32 Mg ha™! year ! in irri-
gated and well-managed plantations and about 20 Mg ha™’
year™ in rain-fed plantations (Kasturi Bai et al. 1996, 1997,
Naresh Kumar et al., unpublished results). Corley (1983) re-
ported a value of 30 Mg ha™' year™ for a ‘Dwarf’ x ‘West Afri-
can Tall’ hybrid growing in the Ivory Coast. To assess the envi-
Model efficiency ; ronmental suitability of coconut in different agro-climatic
zones, potential DM, production and potential yields were
simulated. The model simulates potential DM, production
and potential yields based on solar irradiance and RUE as a
function of weather parameters, with all other factors being
non-limiting. Simulated potential DM, production varied
across the agro-climatic zones, from around 52 Mg ha™ year™
in central southern plateau and hill zone of Karnatata, to
62 Mg ha™' year™ in the southern plateau and hills zone of
Tamil Nadu ( Table 5). These two locations are interior sun-ex-

1S, M{‘f 3*-1‘, or annual yie

value.
Cuomulating DM and nut yield over the entire period o
ulation allows estimation of net primary production and car-
bon flow in the system. Thus, the model can be easily updated
to calculate carbon sequestration potentials and cl
in coconut plantations.

Model efficiency ranged from 0.73 to 0.98 for LAT 1
commencement, DM partitioning and nut 3 qe!ﬁ gainst an ¢
timum ME of 1.0 showing high model eﬁxmeny y (1a
Corresponding values of RMSE ranged from 4.8 i() 11
the mean of measured values indicating only a sm
estimation. The MBE ranged from —171 fo 163,
slight under- and overestimation. Values of »* rang
0.63 to 0.98 showing close linear agzeummr be;v«%ﬂ
sured and simulated values (Table 2). The IA varied fro
to 0.99, indicating 2 high degree of agreement between si

160 5
20000 - y=0.8858x + 13.649 r* =0.86
=095y + 15
s iyl 1404
18000 - oy
is,.
£ 16000 8 120+
i ; 4 L 94
8 !
Q14000 4 E
o S 100+
’(g : €Y
< 12000 .;‘{i
S50 £ 80
5 10000 4 )
= 2
A 2000 = o)
5 8000 i 60
@ 2
T 6000 4 = 5 ¢
= 6000 g 40 o & Kasaragod (Kerala)
= £ 4 siah s
& 40004 & . - & Arisikeri ﬂ(anxa!&%;a)
204 & e Aliamagar (TN}
2000 4 = Ratnagiri (MS)
0 : 0 T T
0 5000 10000 15000 20000 0 50 100 150
Measured DM,, (kg ha™ year™) Measured vield (nuts palm™ year™)
Figure 1. Micasured versu mfoCropmﬁ onut simulated total dry m Figure 2. Measured versus InfoCrop-coconut simulated nut yield in
(DMo) pmdus tion and partitioning in coconut cultivars growr coconut cultivars grown under different agro-climatic zones and man-
different agro-climatic /<me" and management conditions. . agement conditions.
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@Dl } = 0.848 lation model in terms of measured

Al 4 : i versus simulated nut vield in coconut
S0 20 46 60 30 100 120 140 G 20 40 66 80 100 120 140

Measured yield (nuts palm™ year™)

posed lands. However, temperatures in parts of Karnataka
(Arisikeri area) are high during April to June and low during
December and January thus lowering potential DM produc-
tion. On the other hand in the Tamil Nadu areas, temperatures
are more conducive for longer growth periods. In areas located
on the west coast of India, potential DM production is 55 Mg
ha ' year™!. These areas have adequate sunlight for most of the
year except during the rainy season with suitable and b{abxe
temperatares. Potential yields varied from 25 to 30 Mg ha” )
year ' depending on the agro-climatic zone (Table 5). Results
indicate higher productivity potential in eastern Tamil Nadu.
In this Jocation the yield of well-managed plantations is higher
than in any other coconut growing location considered in this
study. (Table 5, Figure 3) (AICRP 2000-2006). Nut yields in
parts of Karnataka are higher because rainfall distribution is
better, even though it is a low rainfall zone. However, in this

area the plantations require lifesaving irrigation during sum-
mer. These two factors caused higher yields in Arisikeri area
under partial rain-fed conditions. Two locations on west coast
viz., Kasaragod (in Kerala) and Ratnagiri (in Maharastra), had
low yields as these plantations are purely rain-fed. In this arez,
rainfall is concentrated from June to September, and from Jan-
uary to May, plantations face a dry period and, during rainy pe-

160

s Sandy AAs o
401 4 Red sandy loam b,
oo | ¢ Littoral sandy 2 = 4

- Laterite L3 /{“‘

& -
60 -
il = y=0.5%0x+ 267 'f
w A y=0584x+479 7
i e y=113x-405 ri
® ~y=0943x+6.99 r*
0 ; . . - :
0 20 40 60 80 100 120 140 150

Simulated yield (nuts palim™ year™)

Measured yield (nuts palm™ year™)

Figure 4. Measured versus InfoCrop-coconut simulated nut yield in
coconut cultivars grown in different soil types.
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cultivars grown under different man-
agement conditions.

stential DM
ds indicate that
1 higher yields

riods, reduced sunshine, both of +
and potential yield. Estimates of potential },
improved agronomic management will res

waged {irrigated am wei‘ feﬂ hécﬁ yandr
agement (potential) of palms in stabilized yield s}‘r}ase in uﬁercnt
agro-climatic zones in India. Abbreviations: DMy, dry mass of stem
and inflorescence; DMy, leaf dry mass; DMy, nut dry mass; and
DM, total dry mass.

Treatment DMem DMjoss DM
1166 3019 8056
4715 12215 32588
8042 20865 53638
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Po 7518

3213 16940 35237
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pective
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aaj 1:3 ratios, 12
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in coconut plantations in India, particularly in Tamil Na

We conclude that the model] satistactorily simulates coconut
DM production, partitioning and nut yield. It is also useful for
assessing potential yields of coconut in different agro-climatic
zones. The model can simulate multi-location trials providing
an alternative to genetic and agronomic n«xmnrw'
thereby zs:dz;sin he need for long-term studies. M
lations can be employed as a tool for management

logical zoning and coconut ywi(’ forecasting. The model will
research and management

be made available
groups.
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