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SUMMARY 

The results of research on the water relations and irrigation needs of coconut are collated and summarized 
in an attempt to link fundamental studies on crop physiology to drought mitigation and irrigation pnlctices. 
Background information on the centres of origin and production of coconut and on crop development 
pro~esses is followed by reviews of plant water relations, crop water use and water product i \~ty, including 
drought mitigation. The majority of the recent research published in the international literature has been 
conducted in Brazil , Kerala (South India) and Sri Lanka, and by ClRAD (France) in association with 
local research organizations in a number of coun tries, ir,eluding the Ivory Coast. The unique vegetative 
structure of the palm (stem and leaves) together with tht long interval between Aower initiation and the 
harvesting of the mature fruit (44 months) mean that causal links between environmental factors (especially 
water) are difficult to establish . The stomata play an important role ill controlling water loss, whilst the 
leaf water potential is a sensitive indicator of plant water status. Both stomatal conductance and leaf water 
potential are negatively correlated with the saturation deficit of the air. Although roots extend to depths 
> 2 m and laterally > 3 m, the density of roots is greatest in the top 0-1.0 m soil, and laterally within 
1.0-1.5 m of the trunk. In general , dwarf cultivars are more susceptible to drought than tall ones. Methods 
of screening for drought tolerance based on physiological traits have been proposed. The best estimates 
of the actual water use (ETc) of mature palms indicate representative rates of about 3 mOl d- I . Reported 
values kr the crop coefficient (Kc) are variable but suggest that 0.7 is a reasonable estimate. Although the 
sensitivi, v of coconut to drought is well recognized, there is a limited amount of reliable data on actual 
yield re-jJonses to irrigation although annual yield increases (50%) of 20-40 nuts palm-I (4- 12 kg copra, 
cultivar dependent) have been reported. These are only realized in the third and subsequent years after the 
introduction of irrigation applied at a rate equivalent to about 2 mm d- I (or 100 I palm-I d- I) at intervals 
of up to one week. Irrigation increases female Aower production and reduces premature nut fall. Basin 
irrigation, micro-sprinklers and drip irrigation are all suitable methods of applying water. Recommended 
methods of drought mitigation include the burial of husks in trenches adjacent to the plant, mulching and 
the application of common salt (chloride ions). An international approach to addressing the need for more 
information on water productivity is recommended. 

INTRODUCTION 

The coconut (COCOS nucifera) contributes to the livelihoods of millions of people in 
the developing world, not only through its production but also through employment 
generated by the many associated industries. It is the most widespread, economically 
useful palm of the wet tropics, being found mainly in coastal areas between latitudes 
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200N and 200S of the equator. A great deal of research has been reported on the 
ecophysiology and water relations of coconut and the adverse effect; of water stress 
on yield are well established. This paper attempts to synthesize this research from an 
independent perspective and to do this in practically useful ways. It follows the format 
used in previous reviews in this series, notably those on coffee (Carr, 200 I), banana 
(Carr, 2009), tea (Carr, 20 lOa; 20 lOb) and sugar cane (Carr and Knox, 20 II). It begins 
with background information on the origin and centres of production of coconut. 
This is followed by descriptions of the stages of crop development, as influenced by 
water availability, and then by reviews of plant water relations, crop water use and 
water productivity, including drought mitigation. Various aspects of this topic have 
previously been reviewed (e.g. Murray, 1977), most recently in a paper by Gomes 
and Prado (2007), which focuses on the physiological responses of coconut to water 
stress. Emphasis is placed on those publications describing research of international 
relevance. 

CENTRES OF PRODUCTION 

Origin 
Although there still remains some uncertainty about the coconut's centre of origin 

(it may be South America), it is generally accepted that the coconut originated in the 
south-west Pacific or the Indian Ocean and that it became domesticated in Malaysia 
and on the coasts and islands between Southeast Asia and the western Pacific. It 
has been present in the Pacific islands (a centre of genetic diversity), where it is an 

indigenous species, for millions of years, long before their settlement by Polynesians. It 
is believed that coconut was distributed widely by nuts floating in ocean currents and i 
germinating after they were washed ashore in new iocations. In this way it probably 
reached southern India and Sri Lanka, where the coconut has a recorded histof), 
of 2000-3000 years, and possibly Madagascar and eastern Africa. The nuts were 
probably also carried by humans as a source of food and drink on long sea voyage!, 
reaching West Africa and the Americas about 500 years ago when the coconut became 
pan-tropical (Harries, 1978; 1995; Persley, 1992; Purseglove, 1972). 

As already implied, coconut is a crop of the humid tropics. It grows best at altitudes 
below 1000 m and near the coast where the mean air temperature is in the range 25­
29 DC (Persley, 1992). In their review paper, Gomes and Prado (2007) specify a slighclr 
broader optimum temperature range of 23-34 DC, with the absence of temperaturei 

below 15 DC, and a relative humidity between 60 and 90%. Annual rainfall should 
exceed 1500 mm, preferably evenly distributed throughout the year. Coconut palnD 

can be grown on a wide range ofsoils, providing they are free draining (Murray, 1.971; 
Purseglove, 1972). As Murray (1977) explains, deficiencies in rainfall can somewnel 

be compensated for by access to groundwater by roots especially, for example, whefl' 
coastal beach plantations are backed by rain-fed freshwater swamps and lagoons thai 
drain towards the sea. I) 

In 2007, the total planted area was estimated by FAO (20 I 0) to be about I .­
million ha, spread across more than 90 countries, and producing 10 million t ofcopi1 
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. h more than three mIllIOn hal and IndIa (>one millIOn hal· For many small island 
W1~ coastal communities, the coconut is a major source of wealth. In such places, 
an 0t from fishing, there are often few other viable enterprises. Internationally it is a 
ap~holder crop, with planted areas typically in the range 0.5 to 4.0 ha per household 
sm ley 1992' Purseglove, 1972). Brazil, the fourth largest producer has, for example
(pers . , ' " 
220 000 smaJI-scale producers occupying 300000 .ha mostly in the coastal zone. In 
ddition, Brazil has about 80000 ha of dwarf culuvars grown commercially in non­

;raditional areas (with irrigation) (Gomes and Prado, 2007) . 

Uses 
The coconut is often referred to as the 'tree of life' because of the diverse range 

of products, more than 100, which are derived from all parts of the plant (Persley, 
1992). The oil is used for both edible and industrial purposes. The edible uses include 
the manufacture of margarine and cooking oil, and the industrial uses detergents, 
soap and fatty acids. The residue left after oil extraction from the copra is used as 
animal feed . The balance of production (about 50%) is consumed fresh in producing 
countries. Other components of the nut, as well as the rest of the palm, provide such 
diverse products as food, drinks, medicines, building materials, furniture, ornaments 
and household goods. 

7jpes 
There are two naturally occurring types of coconut, the tall and the dwarf In 

addition, hybrids (mainly tall x dwarf) have been bred in many countries. But, as 
Harries (1995) pointed out, although this is a convenient distinction it is misleading as 
even dwa:i' types can reach a considerable height given time. Dwarfness in coconut 
really me;c,.ns precocity as the first fruit is set close to the ground. 

The coconut has a single, unbranched trunk, which in the tall type (var. typical 
grows up to 30 m in height. The production of fruit begins five to seven years after 
planting and reaches a peak at 15-20 years. The economic life is considered to be 60 
years but plants can live to 90 years. Under favourable conditions they produce 60-70 
nuts a year. By contrast, the dwarf type (var. nana) starts bearing after three years and 
peaks after six years. Hybrids are early bearing, after four years, with peak production 
within 20 years when they can produce 160 nuts a year (30 kg copra) (Persley, 1992; 
Purseglove, 1972). 0 

As tall palms are largely cross pollinated (by insects and wind), coconut populations 
are very variable. Dwarf palms in contrast are generally self fertilizing. A study 
of genetic diversity by Lebrun et at. (1998), using restriction fragment length 
polymorphism (RFLP) analysis, identified two major groups. One included ecotypes 
fr~m the Far East and the South Pacific whilst the other comprised ecotypes from India, 
Sn Lanka and West Africa. All dwarf types belonged to the first group, even those 
collected in West Africa. Tall ecotypes were generally more polymorphic than dwarfs. 
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Where they are sufficiently distinctive local and regional populations receive names 
density 156 ha - 1) I .that reflect their location (e.g. Malayan Dwarf; West African Tall). Colour variants and . . ncreaSIng t1 
13-years-old) Increased Ii'h .local ecotypes within such populations have also been given names (Harries, 199~5). 

Based on th g t mt( 
. e~ me~ure 

lmear relationship b ~er 
. 	 etween 'n I

CROP DEVELOPMENT 	 mterception (n = 6. 2 J,e d 

suggested that there' ~as= 90.%)'Stem and leaves IS produced. a mmJI 
As Tomlinson (2006) highlights, palms as a family are unique, possessing distinctive 

In the Solomon ISlands .features of leaf development, vascular structure and anatomical properties of the 
area was reached b ' Fnen 

stem. The coconut palm is conventionally propagated by seed. After germination, no 	 a Out fivef	 yeao the cultivars c 
visible trunk (stem) is formed in the tall ecotype for several years as there is no cambium 'tall' d h ompared. The " 

an t e 'hybrid' had . ,(therefore no secondary thickening), and the trunk can only be formed when the apical 
range 4-5 (modifie . SJInilar 

meristem has attained its full diameter. The single stem develops entirely from cells In a Com . d by dlfferenc 
derived from the apical meristem. Its structure means that it is not only a conductor . ' panson of fi 1 . 

mcreases in th ve cu tlva 
of water to the leaves but also, because of its volume, acts also as an important water e saturatio d fiexpansion . hil . n e c: . . ,wean mc .store or capacitor (Gomes and Prado, 2007). For example, Passos and Da Silva (1991/ pOSltJve eftect.. rease m 
have described the diurnal variation in the circumference of the stem that can occur 
in response to changes in the water balance of the palm, a response that is enhance! 
when the fruits are removed. The carbohydrate reserves of coconut are mainly storei Flowering 

in the stem in soluble form (primarily sucrose). By contrast, the roots do not appe~ When flowerin 
to have a storage function (Mialet-Serra et al., 2008). talls) a singl . fl g commences , , e In Or 

numerous mal escence (bota The terminal bud differentiates a single leaf at a time (it takes about 30 monili 
from differentiation to the emergence of the leaf), an internode (the growth of whid The fruit (bota~tn~ a few (up to 

and matures w' c.a y a drupe) d constitutes the incremental increase in height of the stem) and an inflorescence, i 
1977). Th . lthm 12 months ( regular succession (Mialet-Serra et al., 2008). The pinnate leaves are borne in e mflores '. 

terminal radiating crown, which in an adult palm consists of25-35 opened leaves an 
1arge bract . cence IS lU j 
f1Ar enc10SlU h\ ,Vlckrama g t e spacfu a central bud. In tall cultivars one leaf opens at intervals of about one month andi ratne, 1987). 

dwarfs about every three weeks. A fully mature leaf remains on the (tall) palm for 2,)­
years before falling. There is a waxy cuticle on the upper epidermis beneath whi FrUit 
are two layers of large hypodermal cells, which serve as water storage tissue. Tlit Bot . 
and other leaf anatomical adaptations to drought tolerance have been describedl fibrouSanllcally the fruit consist 

, ayer ( s , 
Naresh Kumaret al. (2000) and cited by Gomes and Prado (2007). . nUt' of sOurce of Coir) (3 

As Huxley (1999) points out, the canopy of the young palm is dense and spreadi to Murr:ommerce Consists of t1 
but as it grows older it becomes sparser and, as it is also well above ground, allowsUby rain"allY(1977), variations . 

~ I; dlst'b m
penetration. So although young palms in a plantation cover the ground, weil a COnsider b n ution . Durin 

palms do not. Using a mobile sampling method in Thailand, Moss (1992) meas~ shed at th a Ie number of imm~ 

the amount of photosynthetically active radiation intercepted by the leaf cano~ e end ofa long dry S ; 


monthly intervals throughout one year. Seasonal reductions in the amount ofl l?o p 

intercepted were relat~d to water stress, its most !mmediate effect being to inc: ~~ 

the rate of frond sheddmg and to slow the productlOn of new fronds. As coconuts\.\!h' Ots are adv '. 


. 	 f ~ lch i entltlou b'about one month to produce a new frond , It can take many months for lost lea a the s usualJy b s, em 
be replaced, 'vvith long-term effects on yield. For crops well supplied with pota'>\n llant;like the eneath the so 
60-70% of the incident light \-vas intercepted by the canopy of an eight-yet(i\fu 3l11eter) prod stem, they are 

.. . 	 • I{ rray 19 ' Uce nu 
. - l""hl'ld (Malayan Yellow Dwarf x West African Tall) over the yeal V '77). A. merousII 

marked abili8 



• al. 
. . 156 ha- l ). Increasing the plant density from 142 to 205 ha- I (cu. Thai Tall; , lations rece lVe names 

, monal popu . 
eo denSIty old) increased light interception over the same year from 55 to 73 %. 

- . an Tall). Colour vanantsand 13-years­
d on these measurements, Moss (1992) was able to demonstrate a closest ~n~ mes (Barries, 1995).

Deen gwen na . Ba~:elationship between yield of copra (and the whole fruit) and cumulative light 
IIDe~I eption (n = 6; ?- = 90%) . As the line(s) did not pass through the origin, this 
rntelC 

. • I I fl' h . . b I h' h . Id . ted that there was a mmImum eve 0 Ig t lllterceptlOn e ow w 1C no yIe 
sugges 
. produced, 
IS In the Solomon Islands, Friend and Corley (1994) showed how the maximum leaf . possessing distinctiVt 

'1' arc umque, . f' was reached about five years after planting in all three (tall, dwarf and hybrid)mL) . 1 propertIeS 0 tht 
d anatonnca " ~a r .

[the cultivars compared. The dwar had the smallest leaf area (ca. 4 m ) whilst the re an dAfter gerImnatlOn,1\Q 
, 2 

2,agated by see. there is no camblUtn ~all ' and the 'hybrid' had similar values (ca. 6-7 m ) . The leaf area indices were in the 
alyears as .for sever d when the aplQ! ~O'e 4-5 (modified by differences in plant density; average density = 217 ha - I).

1 be forme
10k can on y 1 entirely from ce~. r I~ a comparison of five cultivars in Zanzibar,Juma and Fordham (1 998) found that 
'1 m deve ops
,lOg e ste .' ot only a conducto increases in the saturation deficit of the air had a negative effect on the rate of leaf 

that It IS n 
e m eans n important watt expansion, while an increase in temperature within the range 24-30 °C showed a 

ts also as a 
\Iolume, ac nd Da Silva (199\ positive effect.

1 PasSos a 
For examp e, of the stem that can ow 
ircumference e that is enhanct 

respons C'A .
of the pa1m, a mainly stOlt rwwenng 

reserves of coconut are t a ' When flowering commences (after about three years for dwarfs and five years for 
at~ B' contrast, the roots do no p~c tails), a single inflorescence (botanically a spadix) is borne in the axil of each leaf with 
Ise 2068). 30 mont numerous male and a few (up to ~-40) female flowers (subject to seasonal variation). 
lleaf at a time (it takes ab~~~h ofwhi The fruit (botanically a drupe) develops its full size about six months after fertilization 

an internode (the? cence and matures within 12 months (Gomes and Prado, 2007; Purseglove, 1972; Murray,
1 f),e ea , \ d an lDflores , T' fl . . r ... d 3 h r h (. h f the stem) an b e in 1977). he m orescence IS m lact Imtlate up to 2 mont s belore the spat e a

Ig t 0 are orn " . . 
\ The pinnate leaves d 1 ves~large bract enclosmg the spadlX) opens, or 44 months before the frUlt IS harvested o08). 25 350pene ea .
1 consists of - th and(WlCkramaratne, 1987).

lt pa m 1 f about one mon 
ens at in terva : 0 h (ta11\ palm for 2.: 

malDS on t e) hfl.ture lea re . d rmis beneat W ruit 
ide on the upper ea~~r :torage tissue,. TI Botanically the fruit consists of (I) the exocarp, or outer skin, (2) the mesocarp, or 

· h serve as w d bet! , w h lC ce have been escn . \brous layer (source of coir), (3) the endocarp, or shell, and (4) a single seed. The 
J drought to~ra~o (2007), ,~ut' of commerce consists of the seed and endocarp (Purseglove, 1972). According 
Gomes and ra alrn is dense and spreau) Murray (1977), variations in monthly and annual yields are determined largely 
,py oft~~ young p 11 above ground, a11ows~ rainfall distribution, During the first few months after the inflorescence appears 
md, as 1t IS al:o we 'Jer the ground, well considerable number of immature fruits are shed, and later-maturing nuts may be 
in a plantatlon ~o d Moss (1992) me ed at the end of a long dry spell. 

· T hallan, f o\ 
J method 10 d b the lea can , 
~e radiation interc~pte . Ythe amount of 
lr. Seasonal reduct:o

ns l~ect being to incVts 

S its most immedIate e d As coconu\:;1{oots are adventitious, being formed on the lower part of the stem (the bole), 
s, . f ewfron s. ' ",1.. •
the productlOn 0 n h for lost leaf ~U l IS usually beneath the soil surface. They are produced throughout the life of 

d it can take many mont 1: d with potasplant; like the stem, they are also without cambium. The major roots (up to 4 mm
)n , 11 supp Ie . 

yield. For crops we f an eight-ye arneter) produce numerous secondary and tertiary roots; there are no root hairs 
~ tercepted by the .cano~:l1~ over the year !fray, 1977). A marked ability to generate new roots allows palms to be transplan ted 
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easily. Different measurement techniques have been used to study the root systems of 
the coconut in several countries, which makes direct comparisons difficult. 

In a detailed study in the Philippines, Magnaye (1969) recorded roots extending 
laterally 5 m from the base of the trunk, and to a depth of 2 m. On a free draining, 
sandy loam soil, the greatest concentration of roots was within 0.3-1.0 m from the 
stem and at 0.6-1. 2 m depth. In a similar study in Kerala, again on a sandy loam 
soil, roots of mature palms extended laterally about 3.5 m from the trunk (spacing 
7.5 x 7.5 m), although the majority were within 2.0 m and reached depths of 1.5 ill I 
(Kushwah et aI., 1973). 

In northern Venezuela, Avilan et at. (1984) compared the root systems of tall and 
dwarf cultivars of different ages (4 and 12 years, and 5 and 11 years, respectively), 
Root distribution was markedly influenced by the physical properties of the soil and 
by fertilizer application and irrigation, Roots of both cultivars reached depths of at 

least 0.8 m, regardless of age, with the majority (77-94%, by number) in the top 
0.5 m . 

In the Ivory Coast, Pomier and Bonneau (1987) completed a detailed study of I 
factors influencing the depth and distribution of roots (dry mass per unit volume of 
soil). On free-draining sandy soils, roots of mature palms (hybrid PB-121) reached 
3.5-4 m depths and extended laterally at least 4 m from the stem. The greatest density 
of roots was within 1 m depth and 1.2-1.5 m spread. Root growth beyond 1.5 m was 
restricted when the water table was within 3 m of the soil surface. 

In northeast Brazil, on a sandy soil, Cintra et at. (1992) compared the root 
distribution (dry mass) of six dwarf cultivars (six-years-old) at the end of the rain)' 
season and again at the end of the dry season. Roots reached a depth of 1.0 m (water 
table at 1.10 m), but with the highest root density in the 0.20-0.60 m layer. AboutJ 
70% of the roots were within a 1.0 m radius of the trunk and 90% within 1.5 m, 
Cultivars Malayan and Gramame Yellow Dwarfs had better vertical and horizontal 
root distribution than, in particular, Jiqui Green Dwarf and Cameroon Red Dwarf. 
In a parallel study, Cintra et at. (1993) compared root distribution of six tall cultivars 
(also six-years-old). The maximum depth of rooting was 0.8 m, with 70% of the roots 
in the 0.1-0.5 m layer and within a 1.0 m radius from the trunk. Cultivars polynesia 
Tall and Praia de Forte Brazil had 'better' root distributions (in terms of total roo! 
production and fine root density, and more roots at depth when subjected to water 
stress) than the others. It is not clear whether differences in the surface area of circles 
with different radii from the trunk were taken into account in the comparisons aflOra! 
root mass at increasing distance from the trunk. JI 

Also in northeast Brazil (10° 17 /S; 37°35'W; alt.120 m asl) , Azevedo et at. (2006) lise 

digital image analysis to record root distribution of six-year-old dwarf green pa~1 
growing on a sandy soil (irrigated). All the roots were found in the top 1.0 m soil \>I~ I 

the following distribution: 0-0,2 m 8%; 0,2-0.4 m 24%; 0,4-0.6 m 24%; 0,6-0,Sln 
15%; 0.8-1.0 m 8%. 

As part of a study to specify the design criteria for drip irrigation in Sri Lank; 
Arachchi (1998) excavated roots of 15-year-old palms (cv, CRIC 60) to a depthaliI 
1.5 m. In a Xanthic ferrasol soil, root distribution by mass declined exponent! . 
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· maW crab development

S	um .J' r 

The single stem of the coconut palm is an important water store (or capacitor). 
1. 	 Ittakes about 30 months from differentiation ofa leaf to its emergence. New leaves 
2. en at intervals of about four weeks (talls) or three weeks (dwarfs) . 
op. 	 . 

3. 	 Water stress JI1creases the rate of frond sheddmg and slows the emergence of new 

leaves. 
4. 	 There is a close linear relation between yield and cumulative light interception. 

Seasonal changes in light interception are related to water stress. 
r An inflorescence is initiated up to 44 months before the fruit is harves ted. 
J. 
6. 	 Variations in monthly and annual yields are determined largely by rainfall 

distribu tion. 
7. Roots are adventitious. 
8. 	 Root systems have been described in different ways, which makes direct 

comparisons difficult. 
9. 	 Roots can reach depths > 2 m (down to 4 m), but the root density is usually greatest 

in the top 0.5-1.0 m. 
10. 	 Roots can extend laterally > 3 m (up to 10m), but the root density is usually 

greatest within 1.0-1.5 m of the trunk. 
II. Tall and dwarf cultivars appear to have similar root distributions, but there are 

apparent differences in root distribution between cultivars within each ecotype. 

PLANT WATER RELATIONS 

Perhaps the first detailed review of the water relations of the coconut was that by 
Copeland (1906) who described in great detail the results of his experiences in the 
Philippine~. Because of the simplicity of the apparatus available little of what he 
reported is of value today, although he did describe the structure and function of 
the root and the leaf, including the location (lower surface), size and density (144 
mm-2) of the stomata. He also attempted to measure transpiration by recording the 
loss in weight of individual severed leaves and by the cobalt-chloride colour test. By 
extrapolation, he derived daily water use figures for a single palm tree ranging from 
25 to 45 1. He also recorded his observations of the effects of drought (including: the 
folding of the pinnae, ageing and loss of leaves, check to the growth of young lraves 
and flowering branches, and premature falling ofnuts) . He concluded that, as recovery 
after the onset of rain was a slow process, a 'dry season' occurring every other year 
would reduce the yield of nuts by half 

In more recent research, measurements of stomatal conductance, leaf water status, 
and gas exchange (photosynthesis and transpiration) have been used to monitor the 
effects of water stress on the coconut. As one output from this process, procedures for 
screening cultivars for drought tolerance have been proposed. 

In Sri Lanka, Manthriratna and Sambasivam (1974) compared stomatal densities 
of different cultivars and forms of the coconut palm. The results, expressed on an 

http:0.20-0.60


34 M. K. V. CAR R et at. 

unspecified unit area basis only, suggested that there may be varietal differences as all 
three colour forms of the 3elf-pollinating cv. nana had higher densities than cv. rypica 
(+ 12%). In Kerala, Mathew (1981) reported stomatal densities in the range 170-180 
mm-2 for healthy palms but more in root (wilt) diseased plants (220-230 mm-2). 

Again in Kerala, Rajagopal et at. (1990), in a comparison of 23 cultivars, recorded 
stomatal densities averaging 208 mm- 2 for talls (n = 10), 232 mm-2 for dwarfs (n::: 

6) and 216 mm-2 for hybrids (n = 7). 
In healthy palms, partial stomatal closure was observed from mid-morning (Cli. 

West Coast Tall) in Kerala. By contrast, stomata of palms suffering from root (wilt) 
disease remained open throughout the day regardless of the season (Rajagopal et al.) 
1986). Leaf water potentials were also less in cliseased plants (down to -1.99 MPa) 
leading to flaccidity (Rajagopal et at., 1987). Progressive stomatal closure (from 10:00 
to 12 :00 hours) was also observed by Kasturi Bai et at. (1988) alongside a decline in 
the leaf water potential (from -0.6 to -1.55 MPa). Stomatal conductances began to 
fall when the saturation deficit of the air exceeded about 2.4 kPa. During dry weather, 
conductances were always greater in a hybrid (dwarf x tall) cultivar than in CD. West 
Coast Tall. 

Using both a diffusion porometer and the infiltration technique, diurnal change5 
in stomatal opening were also monitored in Brazil (Passos and Da Silva, 1990). Both 
methods showed the stomata (leaf 14, mature palm, Geant de Bresil) to be wide 
open during the middle of the day (from 08:00 hours to 16:00 hours) before dosing 
rapidly as solar racliation levels declined. In this example, the temperature (range 25 to 

34°C) and saturation deficit (up to 2.8 kPa) of the air, and leafwater potential (pressure 
bomb; -0.5 to -2 .5 MPa) appeared to have little effect on stomatal opening. , 

The pressure bomb was first used in Florida by Milburn and Zimmerman (19171 
to record diurnal and seasonal changes in leaf water potential. The base of the 5ITl 
tall tree (cv. Malayan Dwarfj was only 0.5-1.5 m above sea level at high tide. Usin? 
carefully prepared leaflet samples (rolled and stored in situ in a sealed plastic b~gi 
leaf water potentials as low as -1 .3 MPa were reached during the day in the raUl) 
season before increasing to -0.2 MPa at night. Surprisingly, the minimum values wert 
larger during the dry season (-0.9 MPa) than during the rains. This was attributed ta 

partial stomatal closure (measured with a viscous flow porometer) from mid-morJ1ll1! 
onwards. In Kerala, Voleti et at. (1993b) compared water potential measurements ~ad: 
on different leaves within the canopy. There was a vertical profile, with the sPJn~' 
(unfolding) leaf having the highest (least negative) leaf water potential throughout thl 
day in both irrigated and rain-fed plants. '" 

Changes in leaf water potential (cv. West Coast Tall) were monitored over a S~\ 
month period in Kerala, South In~ia (12°30'N; 70°00' £; alt. II m asl) by Shivash~~~ 
et at. (1991). Daytime values declmed as the dry season progressed, from about f3 
MPa to -2.0 MPa. By contrast, values for irrigated palms remained above -1.3 ~ d 
These values were linked to the time when stress-induced changes in the activitJes 

three enzymes were recorded. t;i 
In an irrigation trial in Kerala, there was a progressive reduction in st~J1l ~"" 

. gaU" conductance and leaf water potential (from -0.9 to -1.4 MPa), as the lrfl 
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. terval was extended from 12 to . 16 .and 24 days. The epicu :icular wax content 
!D d over the same range. IrngatlOn treatments were apphed from December 
increase . A h' . .M over twO consecutIve years. t t IS tlffie of the year, there was both soil 
to d at\ospheric (saturation deficits > 3 kPa, as recorded from 10:00 to 12:00 hours) 
an an . I 198. d d stress (RaJagopal et a. , 9). 
!D uce . .

The leaf gas exchange proc~sses and water relaoons of SIX tall genotypes were 
compared by Prado ~t al. (200 I) m Sergipe State, north~ast Brazil (l0026'S; 36"32'W; 
alL 26 m asl). DUrIng the wet. s~ason, the co~trollmg factor for photosynthesis 

d transpiration was solar radlatlOn, whereas m the dry season it was stomatal 
annductance. One cultivar (Brazilian Tall) maintained gas exchange at a higher level 
cO 
than the other five during the dry season, despite low daytime leaf water potentials 

(-1.9 MPa). 
Similarly, Gomes et al. (2002b) compared gas exchange processes of two dwarf 

coconut genotypes (Malayan Yellow Dwarf and Brazilian Green DwarD over 
four days in Bahia State, Brazil (15° 16'S; 39°06'W; alt. 105 m asl). The two 
cultivars differed in rates of photosynthesis and transpiration, and in stomatal 
conductance, with values for BGD exceeding those of MYD in all three processes. 
For both genotypes, stomatal conductance (and photosynthesis) was negatively 
correlated with the leaf-to-air saturation deficit (within the chamber): BGD was 
more sensitive than J\1YD (but the evidence presented is not very convincing due 
to large variability). In a parallel study, Gomes et aL. (2002a) confirmed (based on 
a comparison of two contrasting sites; see below for details) that the dryness of 
the air (between 0.7 and 3.5 kPa) influenced stomatal control of gas exchange in 
BGD. 

More recently, Passos et aL. (2009) compared the responses of cv.Jiqui Green Dwarf 
to. atmospheric water stress at the same two sites in northeast Brazil. One, described 
as ·wet tropical, was near the coast (l 0° 17'S, 36°30'W; alt. 75 m asl) the other was 
at an inland site in a semi-arid area (09°09'S; 42°22'W; alt. 387 m asl). Both crops 
w.ere irrigdted (150 1 palm- l d- l ) . A portable infra red gas analyser was used to 
measure the diurnal and seasonal changes in stomatal conductance, photosynthesis 
and transpiration . Leaf water potentials were measured with a pressure chamber. 
Measurements were made on leaf 14 counting from the top. Although several 
correlations between [hese variables are presented, they are not all statistically 
convincing. Leaf water potentials declined linearly with increases in the saturation 
deficit of the air at both sites. In general, stomatal conductance was less at the semi­
arid site :-vhere the saturation deficit was larger (monthly mean values reaching 1.6 
kPa; daytlffie summer maximum ca. 2.8 kPa) than at the coastal site (1.0 kPa; 1.8 kPa). 
Instantaneous water use efficiencies increased linearly with increases in the saturation 
deficit, but only at the coastal site. The authors concluded that, as global warming 
~ould .lea~ to increased saturation deficits, coconut plantations could not be justified 
~n semI-and areas even with irrigation. They did not however consider the effects of 
Increased ~arbon dioxide levels on photosynthesis and water use efficiency. 

In Brazil, Gomes et al. (2009) monitored abscisic acid (ABA) accumulation in the 
leaves of droughted coconut palms (Brazilian Green Dwarf ecotypes) grown m a 
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greenhouse. ABA is produced in the root tips in response to dry soil conditions and 
is carried to the leaves in the transpiration stream. Its accumulation in the leaflets 
occurred before there were significant changes in predawn leaf water potentials 
and remained high even after eight days of rewatering. Under mild stress stomatal 
conductance was 'controlled' by ABA accumulated in the leaflets, and at greater stress 
levels by the leafwater status (pre-dawn leafwater potential down to - 1.2 MPa, when 
photosynthesis ceased). Stomatal conductances (and photosynthetic rates) were slow 
to recover on rewatering but sufficient to sustain photosynthesis and to allow rapid 
recovery of transpiration. Intrinsic water use efficiency was improved at mild stress 
levels without impairment of the photosynthetic rate. This suggested that 'regulated 
deficit irrigation' may have a role in increasing the water productivity of irrigated 
palms. 

In a related paper on the same experiment, Gomes et aZ. (2008) described 
in more detail the photosynthetic limitations encountered during the recovery 
phase after the relief of water stress. Non-stomatal factors were identmed ill 

contributing to the delayed and incomplete recovery of photosynthesis following 
rewatering. The two ecotypes tested differed in their responses. The one 
normally cultivated in a hot dry environment (Una Green Dwarf) recovered 
more quickly than the one cultivated under hot humid conditions (Jiqui GrefJ1 
Dwarf). 

The influence ofcanopy shape on gas exchange processes ofmature coconut palm: 
(cv. West Coast Tall) has recently been described by Naresh Kumar and Kastu~ 
Bai (2009). An oval shaped canopy was considered to be superior to X- or se!1ll' 
circle shaped canopies in terms of photosynthetic and water-use efficiencies under 
both irrigated and rain-fed conditions (in Kerala). Nut productivity was however o~~1 

. . d qWinfluenced by canopy shape in rain-fed palms. Gas exchange propertIes vane II 

the position of the leaf within the canopy, and with the stage of development ofthl 
subtended fruit. . 

In most species, chloride ions (CI- ), and potassium ions (K+), increase. U 

concentration in the guard cells during stomatal opening with a correspondin! 
reduction in their concentration in the adjacent subsidiary cells. In coconut tli 
important role of Cl- in regulating stomatal opening has been demonstrated ~ 
Braconnier and d'Auzac (1990) in a greenhouse study in which plantlets ~ 
exposed to osmotic stress in a hydroponic medium. Chloride deficiency r~sul.1.. 

. In!l,
in delayed stomatal opening at the start of the day, and a reductIOn nitf 

capacity for osmoregulation when plants were stress:d. Subsequently, BracollhlJl 
and Bonneau (1998) showed clearly m a field study m Sumatra (cv. PB-121) dJ' 

stomatal conductance was reduced in chloride deficient palms, but only in the i 
season not in the rains. This observation has implications in terms of gas e~ch(; 
(net assimilation and transpiration were also reduced) and drought mitiga~Oll at' 
below). The role of the chloride ion (and other biochemical mechanisms) JJl Vl"n 

·· . d' . . leaf nJl5"regulation at the cell leve,I mcludmg osmotIC a ~ustment to mamtam praLl 
when plants are under water stress, has been reviewed in detail by Gomes and 
(2007). 
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. Jor drought toLerance 
Screemng 'f d h' 1 . .. . able to identl y roug t resistant cu tlvars early In the selection process using 

BeiDg .. logical traits would be a great asset to breeders of coconuts. Many attempts have 
PhVSIO . , made using a range of techmques. Some of these are summarized below. 
be~~ J{erala, Ra~ag~pal et at. (! 988) ~escribed how the relative rate of decline in 
leaf water pote~tIal 111 dehydra.tl~g eXCIsed .leaflets coul~ act as an. ind~x of drought 

ce DespIte a lack of statIstIcal analysIs, three cuitivars were Identified as beingn 
drought tolerant m thIS way. 

In a comparison of the response to drought of 23 cultivars, again in Kerala, 
Rajagopal et at. .(1990) recorded stomatal. co~ductance (steady state porometer), 

afwater potential (pressure bomb) and eplcutIcular wax content of physiolooically 

toIera· .' 

Ie lili' f 0­
mature leaves (the 1 countmg rom the top) on 22-year-old palms. Measurements 
were made between 10:00 hours and 12:00 hours on successive days before there 
was water stress (November) and when the plants were experiencing stress (March). 
Stornatal conductances declined over this period in all cases but the dwarf types 
showed the least change (that is the stomata remained open longer), together with 
one hybrid (Chowghat Orange Dwarf x West Coast Tall). In general, leaf water 
potentials of all types fell to similar mean values in March, -1.27 MPa talis, -1.36 
MPa dwarfs; -1 .24 MPa hybrids. The epicuticular wax content was consistently 
least in the dwarf types. Ranking drought tolerance on the basis of all four indicators 
0ncluding stomatal frequency) suggested that a 'hybrid' (West Coast Tall x West Coast 
Tall) was the most drought tolerant cultivar, followed by six of the tall genotypes. The 
dwarf types were, with one exception, the most drought susceptible because oflimited 
stornatal and epicuticular control of water loss by transpiration. Some of the hybrids 
had desirable drought resistance characteristics, including Laccadive Ordinary x 
Gangabondam, LO x Chowghat Orange Dwarf and West Coast Tall x Chowghat 
Orange Dwarf Based on a selection of these indices, a rapid screening method was 
developed (Rajagopal et al., 1993). 

In a simila r follow-up study, Voleti et at. (1993a) compared the responses of three 
genotypes ,WCT, WCT x COD and COD x WCT) to drought stress on two 
contrasting soils ~aterite and sandy loam). Cultivar West Coast Tall again showed 
effective stomatal regulation of water loss, whilst there was some evidence (not 
very clear) that the three cultivars differed in their responses (in terms of stomatal 
conduc~ce and the components of leaf water potential) depending on the soil type. 

In Sn Lanka,Jayasekara et al. (1993) used similar physiological criteria to screen for 
drought tolerance amongst a selection of 32-35 year old individual tall x tall hybrid 
palms. Their criteria were based on the relative sensitivity of stomatal conductance 
transpiration rates and leaf water potentials of individual palms thought to be drough~ 
tolerant com~ared with the environmental mean for each variable measured over a 
four-year penod. It is not easy to follow the details of the methodology as described 
mthe paper, but genotypes demonstrating stability in two out of the three variables 
(after screening twice) were considered to be drought tolerant. 

In the Ivory Coast, Repellin et at. (1993; 1997) compared several physiological 
tests for characterizing the response to drought (by withholding water for 29 days) 

i 
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of young (two years old) coconut palms grown in plastic containers. The dwarf 
varieties tested (Nlalayan Yellow Dwarf and Cameroon Red Dwarf, both known 
to be susceptible to drought) dehydrated (as measured by the rate of decline in leaf 
water potential and relative water content) more quickly than West African Tall 
(moderately drought resistant), whilst the hybrid PB-121 was intermediate between 
its two parents (WAT x NIYD). These differences between cultivars were only 
observed under severe stress when stomatal closure was complete. The reduction in 
gas exchange (transpiration and carbon assimilation) \-vith drought, primarily due to 
stomatal closure, was similar in all the cultivars tested. (This is in contrast to the finding> 
of Rajagopal et at. (1990) who reported that stomatal conductance discriminated 
between adult palms.) As this response was virtually independent of the plant 
water status, it suggested that a chemical signal (possibly abscisic acid) from the root 
may be the cause of stomatal closure. The activity of two hydrolytic enzymes (lipase 
and protease) increased in response to drought and the research suggested that their 
micro-sequencing could provide molecular tools for selecting drought-tolerant coconut 
parents. 

Based on the research done in Kerala, Rajagopal and Kasturi Bai (2002) 
summarized the many possible drought tolerance mechanisms in coconut. These 
included the maintenance of high leaf water status through effective stomatal 
regulation, deposition of wax on the leaf surface and the accumulation of organic 
solutes aided by anatomical adaptations. They believed that genotypes with these 
characteristics could be used in breeding programmes. Rajagopal et aL. (2007) have 
since reported on their attempt, with some success, to understand the genetics of 
drought resistance, whilst Kasturi Bai et aL. (2008) have suggested that the chlorophyll 
fluorescence technique (in combination "'lith measurements of leaf water potential) 
may have a role in screening coconut seedlings for adaptation to water stress. 

Summary: pLant water relations 

I. 	 Stomata are confined mainly to the abaxial surface of the leaf at a density ofabout 
200 mm-2. Dwarf ecotypes may have a higher density than talls (+ 12%). 

2. 	 Depending on the weather conditions, partial closure of the stomata usuallyoccuJi 
from mid-morning onwards. 

3. 	 Stomata are slow to reopen fully after the relief of water stress. 
4. 	 Stomatal conductances decline as the saturation deficit of the aIr increase] 

(atmospheric drought). 
. 	 open5. 	As water stress levels increase, the stomata of adult dwarf ecotypes remalD . 

for longer than those of tall ones. '10 

6. 	 Abscisic acid may be involved in controlling stomatal closure, at least under mIl 

stress conditions. al . 
7. 	 Leafwater potential is a sensitive indicator ofplant water status, declining to v ~e; 

as low as -1.3 MPa in the middle of the day even when the soil is wet, or --' 
MPa if the soil is dry (unless stomatal conductance is reduced by dry air).. [cli' 

8. 	 Leaf water potentials decline linearly with increases in the saturation defiCIt 0 


air (at least until the stomata begin to close). 


~------'---
Wate1 

9. 	 Pre-dawn leaf water potentials 
closure during the day. 

10. 	 Instantaneous water use efficie 
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3 The activities of certam hydrolytIC enzymes mcrease In response to drought. 

:4: Various physiological traits have been identified that can assist in the screening for 
drought tolerance. 

15. 	 In general, talls are considered to be more resistant to drought than dwarfs, and 
than most dwarf x tall hybrids. West Coast Tall in particular is recognized for its 
drought resistance. 

CROP WATER USE 

Several techniques have been used in different regions of the world to quantify 
(or predict) the water use of the coconut palm. They include lysimeters, the soil 
water balance, sap flow and the eddy-flux methods. Results are reported in terms of 
liu'es palm-I d- and/or as mm d- 1 

, depending on whether the plant population is' 
specified. 

In Kerala, Jayakumar et at. (1988) used a pair of drainage lysimeters to measure 
the actual water use of two six-year-old irrigated palms (cv. West Coast Tall; leaf area 
index 2.4) over a six-month period (May to November, the dry season). Actual water 
use (ETc), averaged over five-day intervals, ranged from 2.7 to 4.1 mm d - 1 (mean 
3.3). By comparison, reference crop evapotranspiration (ETo) averaged 6. 2 mm d- ' 
(penman erluation), 4.6 mm d- I (Blaney Criddle) and 5.3 mm d- I (USWB Class A 
pan) (Doorenbos and Pruitt, 1977). The corresponding crop coefficients (Kc) were 
0.54,O}3 and 0.65 respectively. 

A similar study was reported by Rao (1989), also in Kerala (11 ° 13'N 75° 52'E; alt. 
70m). A five-year-old palm (cv. West Coast Tall; 3 m tall with six. or seven functional 
leaves) was transplanted into each ofa pair ofdrainage lysimeters (3 .5 x 3.5 m square). 
Monthly evapotranspiration rates (ETc) were recorded over a year. For irrigated palms, 
ETc varied from 3.3 mm d- I inJune to 7.8 mm d- I in April, with an annual mean 
of 5.1 mm d -I. By comparison, evaporation from a USWB Class A pan averaged 4.4 
rnm d- I over the year. Depending on the season, Kc varied from 0.60 to 0.68 in the 
rains to 0.87 to 0.96 in the summer, with an annual mean value of 0.82 . An attempt 
was made to allow for the wider spacing (7.0 x 7.0 m) of palms in a plantation on 
crop water use, based on changes in soil water content, but it is not easy to evaluate 
how well this was done. 

In Sri Lanka (08°02'N; 79°E; alt. 35 m asl), on a gravelly soil, water use of 15­
year-old palms (CRI C 60, spaced 7.7 x 7.7 m, 170 plants ha- I) was monitored with 
a neutron probe over four consecutive dry periods. Water use (ETc) averaged about 
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3.8 mm d- I for the first eight days before declining as the soil dried. This equates to 
about 220 I palm- I d- I

. The average ETc over the whole 45-day dry period was 2.5 
mm d- I , or 150 I palm-I d-I (Arachchi, 1998). 

Using a soil water balance approach, Azevedo et at. (2006) estimated actual 
evapotranspiration (ETc) for six-year-old dwarf green palms in northeast Brazil. 
Depending on the irrigation treatment, mean values were 2.5, 2.9 and 3.2 mm d- I, 

with cumulative annual totals of 900-1100 mll. At a planting density of 205 ha- I 

(triangular arrangement, 7.5 x 7.5 x 7.5 m) these equate to 120-1601 palm- I d- I. 

By comparison, the Penman-Monteith estimate of reference crop evapotranspiration 
(ETo, Allen et at. 1998) over the year averaged 4.6 mm d- I

, giving a peak crop 
coefficient (Kc) of 0.7. For comparison, in Brazil, Miranda et at. (2007) derived Kc 
values for an irrigated (micro-sprinklers) dwarf green cultivar (Jiqui) over a 32-month 
period, beginning II months from planting (spacing 7.5 m triangular; 205 palms 
ha-I ). Using the water balance approach (based on tensiometers), ETc increased from 
a minimum 0.5 mm d- l (25 I palm- I d- I ) up to a maximum of 5 mm d- I (2441 
palm-I d- I ) at a coastal site in Ceara State (3° I 7/S; 39° 15'W; alt. 30 m asl). Over the · 
same period, ETo (Penman-Monteith) varied between 3 and 6 mm d- I . During the 
canopy development phase, Kc increased linearly from 0.63 (11 months after planting) 
to 1.0 (23 months, when the palms were flowering). Thereafter it remained constant, 
with an average value of 1.02. 

In a detailed experiment in Vanuatu (15° 26.6'S 16JD 11.5'E; alt. 80 m asl), Roupsard 
et al. (2006) monitored water use of a coconut plantation (Vanuatu Red Dwarf X 

Vanuatu Tall Hybrid) over a three year period. The eddy-flux method was used to 

estimate actual evapotranspiration (ET) from the palms and grass under-storey, and 
the sap flow method to measure transpiration (T ) from the palms alone. Water \ya! 

freely available in the soil throughout the experimental period. The leaf area index 
was constant (L = 3), and the crop cover averaged 75% (both values for palms only). 
Transpiration (annual total 640 m~) represented 68% of ET (950 mm). ET rate; 
varied seasonally between 1.8 and 3.4 mm d- I , T from 1.3 to 2.3 mm d- I and ETa 
(Penman-Monteith) from 2.4 to 5.8 mm d- I . At a density of 144 palms ha- I

, thesi 
ET values equate to 93-160 I palm - I d- I . The crop coefficient Kc ( = ETIETal 
values averaged 0.79 and 0.59 in the cool and warm seasons respectively. Canop' 
transpiration during the warm season was apparently limited by partial stoJ1lat~ 
closure linked to the saturation deficit of the air, although the maximum dayciJ1li 
value did not exceed 1.2 kPa. . 

Recently, Madurapperuma et al. (2009b) used the 'compensation heat pulse meth~ ' 
to measure actual water use of two cultivars of mature palms (20 years old) gro\Y~ 
on two contrasting soils in Sri Lanka (7°35'N; 80057'E; alt.l 00 m asl; square spacJJ~ 
8.3 x 8.3 m , 145 palms ha- I ), Diurnal patterns of sap flow were clearly discerna~, 

nU1 on successive days, averaging about 3 I h- I at night before, on the water rete : 

soil, typically rising rapidly from about 06:00 hours until 10:00 hours. Sap flO' 
then remained high until about 16:00 hours before declining in the late afterno~ 
Peak rates of water use differed between the two cultivars, reaching 13- 14 J pal;6: 
h-I for CRIC 60 (a tall x tall hybrid) but only 9- 10 1 palm-I h-I for cRl 

(a <;iwarf x tall hybrid). Total daily 
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Site _----- ---------- -------- ---- ­
Tall C lass A pan 2.7-4. 1 0.65 Jayakumar e/ al. (1988) .	 .}i.erala 1 Lyslmetel 
TaU Class A pan 3.3-7. 8 0.82(0.65-0.91) Rao (1989) 

Kerala 2 Lys imeter 
Tall 	 3.8 Araehchi, 1998 

Sri Lanka 1 Water 
balance 

Dwarf Penman-Monteith 3.2 0.7 Azevedo el al. (2006)Water 
balance 

Dwarf Penman-Monteith 5.0 1.02 Miranda el al. (2 007) Water
Brazil 2 

balance 

Eddy-flux + 
 Dwarf Penman-Monteith 1.8- 3. 4 0.69(0 .59-0. 79) Raupsard el al. (2006)

VaIluatu 
sap flow 

Sap flow Tall Not specified 1.7 0.5 Madurapperuma el al.
Sri Lanka 2 

(2009a) 
Dwarf 1.3 0.37 

(a dwarf x tall hybrid). Total dail~water use averaged 120 I palm-I d- 1 (rang: 1O~-
135 I palrn- 1 d- 1) or 1.74 mm d 1 for CRIe 60, and 25% less at 90 I palm I d 1 

(range 75-97 I palm- I d- 1
) or 1.31 mm d- 1 for CRIC 65. By comparison, daily water 

use on the second, less water retentive soil was less, averaging 92 and 79 I palm- 1 

d-1 (1.33 and 1.15 mm d- I
) for each of the two cultivars respectively. The mean 

daily ET rate (method not specified) over the period of measurement was stated as 3.5 
mm giving a Kc value of 0.37-0.50. Concurrent measurements over the study period 
indicated that stomatal conductance was substantially greater in eRIC 60 (tall) than in 
CRIC 65 (dwarD. Palms growing on the water retentive soil had larger leaf areas and 
trunk diameters (and hence more stem water storage) than the corresponding palms 
grown on the second soil. In Sri Lanka, CRIC 65 is known for its sensitivity to water 
stress, wh;ls t eRIC 60 is recognized as being drought tolerant. The 'compensation 
heat pulse method' had previously been successfully evaluated (except at very low flow 
rates) on palms in Australia by Madurapperuma et aL. (2009a) . 

Summary: crop water use 

1. 	 A diverse selection of methods has been used to measure the water use of coconut 
palm so that direct comparisons of the results are not easy (Table 1). 

2. 	 Across all the sites, ETc for mature palms ranged from 1.2 to 7.8 mm d- I . A 
'typical' rate of water use is probably 3.0--3.5 mm d- l . 

3. 	 Corresponding values of Kc for mature palms range from 0.5 to 1.02, with some 
. evidence of seasonal variability. A 'working' value for irrigation planning purposes 
is probably 0.7, but this needs to be confirmed. For immature palms the value is 
proportionally less. 

WATER PRODUCTIVITY 

This section covers first the attempts made to forecast yields based on statistical 
COHe\ation techniques and, more recently the development of a process-based 

http:0.37-0.50
http:0.69(0.59-0.79
http:0.82(0.65-0.91
http:triangul.ar
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simulation model. Second, the results ofirrigation experiments in which yield responses 
to water are quantified are reviewed. Third, some of the recommended drought 
mitigation practices are summarized. 

Yieldforecasting 
In an analysis of the effects of the 1931 drought (80 mm rain in five months) 

on the commercial yield of coconuts in Sri Lanka, Park (1934) observed that the 
minimum nut yield occurred 13 months after the drought ended. The spathes that 
opened when the drought was most severe were more affected by drought than the 
flowering and fruiting branches at other stages of development. Yields of nuts did 
not recover fully until two years after the conclusion of the drought, but the yield 
of copra per nut had recovered within 12 months. This analysis was followed up by 
Abeywardena (1968) who attempted to develop a yield forecasting model using long· 
term rainfall and yield data (1935-1966) in Sri Lanka. But, because of the great time 
lapse between the initiation ofleafand flower primordia and flowering, and with man)' 
other inflorescences at various stages of development present at the same time, it ~ 
difficult to relate yield responses to any particular climatic condition. It is not surprising 
therefore that Abeywardena (1968), using multiple regression techniques, was unable 
to establish a causal link between rainfall over the 12 months prior to harvest and yield. 
However, by breaking the year into different periods, when other external factors were 
similar, he developed an equation (with 12 variables) that explained 86% of the yield 
variation. Because of the complexity, it is doubtful if this analysis has generic value. 
Later, Peiris et al. (1995) reviewed the many attempts to develop statistical relationships 
between climatic factors and nut yield (including button shedding and premature, 
nut fall). This highlighted the difficulties (and weaknesses) in this approach to th~ 
development of yield forecasting models. Notwithstanding, Peiris and Thattil (1998; 
subsequently used multivariate analysis in an attempt to explain within and between 
year variation in nut yield in Sri Lanka. They believed that their 'parsimonioUs' 
approach (three key variables were identified as important determinants: maximuJD 
air temperature, afternoon relative humidity and pan evaporation) could be used 10 

develop meaningful models in other locations. It has not been reported whether If. 
not this is the case. . 

Of greater potential generic value is the simulation model (InfoCrop-coCo:1,u
l 

developed, calibrated and validated in India by Naresh Kumar et al. (2008). Ih( 
model simulates development stages of growth (based on thermal time), dry matte! 
production (solar radiation interception x radiation conversion efficiency) and ~1 
matter partitioning. There were good linear relationships between simulat~d ;

') d g·Jlu.matter production and measured values (r = 0.95) and between the correspon In. 't, 
yields (? = 0.86) across a range of sites and experimental treatments. Nut productlVlr;i 
under rain-fed and irrigated conditions at four sites within India was simulated.. 

il' r) Wil'lnorth K.erala, for example, irrigation (200 1palm- I every four days plus fert lze 0II 

predicted to increase the (simulated) average annual nut yield from about 400 
15500 kg ha-\ . Further evaluation of this model is justified. 
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The long-term effect (up to four years) of an extended dry period on nut yields was 
firi'ned by Naresh Kumar et at. (2007) in an analysis of the impact ofrainfall amount 

co~ distribution on yields from commercial plantations in the different agro-ecological 
:~nes in India. ''''hether the simulation model takes this into account is not clear. 

, tield responses to irrigation 
Actual yield responses to irrigation have been recorded in field experiments in India 

(Kerala), Sri Lanka and Brazil. . 
The irrigatlon reqUlrement of lmmature palms (from 5-7 years in the field; cv. 

West Coast Tall) was reported by Nelliat and Padmaja (1978) in Kerala. The 'best' 
combination of treatments in terms of yield of nuts and water use efficiency was the 
application of40 mm of irrigation water (1) when the cumulative poten tial evaporation 
(ePE) total reached 53 mm (I/CPE ratio 0.75, which is equivalent to a Kc value of 
0.75). In this way, an average total of 680 mm of water was applied in the summer 
months, yielding a total of IS 7 nuts palm -lover the three years after the palms started 
to come into bearing. By comparison, when the I/CPE ratio was 0.5 the total yield 
was significantly less, at 126 nuts palm- l. There was no unirrigated/rain-fed control 

treatment. 
In Kerala, Nair (1989) reported the results of an irrigation trial in which water 

was applied at 500 1 palm- I (at a plant density of 178 ha- I this is equivalent to 
9 mm) at different intervals (cv. WCT) during the summer months (December to 
May) over a five-year period. Water was applied in 1.8 m radius basins to a sandy 
clay loam soil. Compared to the control rain-fed treatment (average yield ca. 90 nuts 
palm-I) significant increases (range + 15-39 nuts palm-I) in yield were obtained in 
the third and subsequent years from irrigation applied when the 'cumulative potential 
evaporation' totalled 50 or 25 mm. No indication is given on how much water in total 
was applifd in each year. 

Yreviol1s1y, Bhaskaran and Leela (1978) had described a similar trial in Kerala 
lasting 12 years with the same cultivar (WCT). Water was applied at a rate of 8001 
palm- I every seven days (equivalent to 2 mm d- l only) in 2 m radius basins during 
the summer months. The soil was a red sandy loam. It took three years before the full 
yield benefits (averaging +30 nuts palm-I year- I compared with pre-irrigation yields 
ofa variable 40) were realized. Before that, in the ' transition period', the yield increase 
was ~bout half this. The largest increase (+39 nuts palm-I) came from palms initially 
classified as 'low' yielding (20-40 nuts palm-I). Yield increases followed an increase 
ill female flower production and setting percentage. This and other work on water 
management of coconut undertaken in India is summarized in Yusuf and Varadan 

0 .95) and between the correspondin~n (1993). 
xperimental treatments. Nut producD'/! In Sri Lank~, Nainanayake et at. (2008) evaluated the responses of mature palms (20 
four sites within India was simulated. ' years o~d; cultlvar not named), growing on a shallow (0.6 m) sandy clay loam soil, to 
Jalm-I every four days plus fertilizer) \\~ ~P IIr:gation over a two-year period, two to four years after irrigation began. During 
ge annual nut yield from about 4000 \ thlSper:od there were three dry spells lasting 48, 78 and 83 days. Irrigation during these 
lode! is justified. ' . drypenods (80 I palm-I d- I

, or 1.3 mm d- I) reduced the afternoon soil temperature 

http:2008).11
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(from 31 to 27 DC), nut surface (seventh bunch from the top, by up to 2.5 DC) and 
air (by up to 2.0 DC) compared with the control (unirrigated) treatment. Irrigation 
therefore ameliorated the temperature regime and created conditions close to the 
optimum (27 DC) for coconut. Even with irrigation, stomatal conductance declined 
during the dry periods but applications of 80 1palm-I d- I (1.3 mm d- I) maintained 
transpiration at rates similar to those recorded in the rainy season. Irrigation also 
increased female flower production and reduced premature nut fall. Over the two 
year period, applications of 80 1palm-I d- I resulted in a 45% yield increase over the 
control. Halving the amount of water applied (to 401 palm- I; 0.65 mm d- I) halved 
the yield benefit (to 20%). The absolute yields were not clearly specified. 

In northeast Brazil , Azevedo et at. (2006) applied 50, 100 or 150 I palm- I d- I 

(equivalent to 1.0,2.0 and 3.0 mm d- I respectively) to six-year-old dwarf green palms 
on a sandy soil over a two-year period. It appears that these daily applications were 
made regardless of rainfall . There was no rainfall-only control treatment. The whole 
experimental area had previously been irrigated. Using a water balance approach 
actual evapotranspiration was estimated from which water use efficiencies were I 

calculated (i.e. apparently based on total ETc not on the depth of irrigation water 
applied) . There were no yield differences between treatments in terms of the number 
of bunches per palm or the number of fruits per bunch but extra irrigation water 
increased the volume of water per fruit by about 16%. When yield was expressed as 
the number offruits per hectare there was a significant 12 % yield loss from applying 
1.0 mm d- I compared with 2 mm d- I (equivalent to a reduction in the number 01 
nuts per palm from 93 to 82). Water use efficiencies (as inadequately defined) were 
essentially the same for all three irrigation treatments. 

In Kerala, irrigation was recently reported to have increased annual yields from , 
mature coconut palms (cu. West Coast Tall) over a six-year period by, on average, an 
estimated 30-40 nuts palm-I (from 50-60 to 90 nuts palm-I; Naresh Kumar and 
Kasturi Bai, 2009). 

In Sri Lanka, Arachchi (1998) developed criteria for the design of a drip irrigation 
system for coconuts grown on a gravelly soil. The maximum flow rate he recommended 
was 30 1 h - I for 2.5 h from each offour drippers spaced equidistant around, and 1.0 
m from, the base of the trunk. This regime wetted a large volume of soil within tbl 
effective root zone of 15-year-old palms (cu. CRIC 60; 170 plants ha-I) and equate! 
to 5. 1 mm d-I (300 1 palm-I d-I). By comparison, actual crop water use during thl 
first eight days of the dry period averaged about 3.8 mm d- I (220 Ipalm-Id- I

) befofl' 
declining (see Crop water use above). Eight days became the recommended irrigatJ~1 
interval. Such an analysis does not allow for the fact that drip irrigation enables sm 
quantities of water to be applied frequently, rather than requiring the whole .ro~ 
zone to be wetted at extended intervals. The productive and economic advantag~ 
of designing drip systems for deficit (under) irrigation as compared to standard dO:: 
systems designed for full irrigation to meet potential evapotranspiration have bee ­
described by Keller et al. (1992) in Kerala. . ,/ 

However, the limited size of the wetted soil volume under drip irrigatIO~ 1\ 
identified as a cause for concern during an on-farm evaluation of drip irrigatJon 
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SO~~l quantities ofwater (321 palm- I d- I; 0.6 mm d- I) were being applied (Thambam 

srI1 l 2006): What also appear to be very small amounts of water (3 0-40 1 palm­

. et~i'are recommended for drip (and basin) irrigation on sandy soils in the Konkan 

d. of Maharashtra (India) (Nagwekar et aI., 2006). This advice is inconsistent 
reglOn . ~ 
with the recommendatlOn of t~e Coconut Development Board ofIndia, which states 
'generally' an adult p alm reqUIres 600-800 lItres of water once in four to seven days ' 

(CDB, 2010). 

Drought mitigation . . . 
In view of the senSltlV1ty of palms to water stress, water conservation is strongly 

recommended (Mahindapala and Pinto, 1991 ). In Sri Lanka, this means: mulching 
(to restrict evapor~tion from the soy surface) by placing a layer of vegetation (such 
as coconut husks) 10 a 1.75 m radlUs Clrcle around the trunk. Husk or coir dust pits 
or trenches increase the retention and availability of water especially in sandy soils. 
They should be at least 0.6 m deep and 1.2-1.5 m wide and situated within reach 
of the roots of each palm. They are filled with alternating layers of husk (or coir 
dust) and soil. The results of original studies undertaken in India by Marar and 
Kunhiraman (1957) and by Balasubramanian et al. (1985) on husk burial as a drought 
mitigation measure have been summarized by Yusuf and Varadan (1993). For young 
palms in South India, Shanmugam (1973) describes other drought mitigation practices 
including deep planting (with the bole 0.6-1.2 m below ground level), the placement 
of porous earthen pots regularly filled with water (pitcher irrigation) adjacent to the 
stem, in addition to husk burial (500-1000 husks per palm) and husk mulch. Xavier 
Bonneau (personal communi,cation) confirms the benefits that can result from these 
interventions. 

In Indonesia (Gunung Patan, Sumatra), hybrid palms, four to six-years-old, were 
observed tei be more susceptible to drought than younger or older palms because 
of an imLalance between the relative sizes of the foliage and the root systems 
(Bonneau and Subagio, 1999). Other things being equal, dwarfs (e.g. Malayan Yellow 
Dwarf and Cameroon Red Dwarf) were more susceptible to drought than talls or 
hybrids. They also found that the mortality of commercially grown palms during 
the long dry s~ason was negatively correlated with the chloride status of the palm 
(as me~ured m leaf 14 at the beginning of the dry season) . Applying common 
salt (sodium ~hlonde) at annual rates of up to 4.5 kg palm- 1 reduced mortality, 
reduced defolIation, advanced recovery after the start of the rains and increased the 
yield of :opra from 10 to 15 kg palm-I (averaged over eight seasons). Previously, 
Braconmer and Bonneau (1998) had confirmed the important role that the chloride 
Ion plays in maintaining gas exchange (net assimilation and transpiration) in dry 
weather through stomatal regulation. Indeed, sodium chloride is recommended 
asa cheaper alternative to potassium chloride as a fertilizer in Indonesia 
particularly in dry areas, where it contributes to drought mitigation (Bonneau et aI' 
1997). ., 
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For example, in a field experiment in Indonesia, in which different levels ofcommon 8. Jthas not been possible to der 
salt (from 0 to 4.5 kg palm- l y-l) were compared, mature hybrid palms (cv. PB-12l) functions here because of incon 
responded as follows to these two extreme treatments, averaged over the period 1989­ 9. Drought mitigation practices 
1996: an increase from 55 to 76 nuts palm- l y-I; from 184 to 201 g copra nue l; application of common salt. 
from 10.7 to 15.8 kg copra palm- l y-l; from 6.4 to 14.9 green leaves palm- l (at the 10. Mature palms can withstand in 
end of the 1991 drought); from 78 to 148 palms ha- 1 (at the end of the 1996 drought, 
the original plant population was 152 ha- 1); and from 1.47 to 2.38 t copra ha- l y-l. 
The critical chloride concentration in the leaf (14th) of mature palms is considered to I 
be 0.5% (Bonneau et al., 1997). Until relatively recently much of t 

The role of chloride in the nutrition of palms and its contribution to drought results were only of value in the in 
resistance in coconut has been well reported. Only in plantations close to the sea, time and space limited. This is un 
where salt spray occurs naturally, is there apparently no benefit from its application . of undertaking research on this f, 
(Bonneau et al., 1993; Ollagnier et al., 1983; Von Uexhull, 1985). funding at the relatively small rese, 

In this context, Yusuf and Varadan (1993) cited a study by Shanmugam (1973) research. There has also been, wid 
which demonstrated that coconut can vvithstand irrigation w-ith sea water (salt content collaboration in research (coconut 
0.6-\.0%; 90 1 palm- l twice a week; sandy or sandy loam soils; 1.5 m radius basins). which millions of people depend fo 
The monsoon rains leached out any residual salt. In Brazil (5° 46'S; 35° 12'W; alt. 18 Potential and actual yields are d 
m asl) , Marinho et al. (2006) evaluated the viability of using saline water for irrigation. variability which is known as weath 
In a two year study with (initially) three and a half-year-old green dwarf coconut (ev. complicated by the long time inten 
Anilo Verde), the number offemale flowers was increased when salt was added to the th~ har:esting of the mature nut (L 
irrigation water, but at an electrical conductivity (ECw) greater or equal to 5 dS m-I thIS penod will influence yield deve 
the mean weight of a fruit (beginning at the 11 th harvest) and the number of fruits . In 1992, following a visit to Sr 
(14th harvest) were both reduced compared w-ith the control treatment (ECw = 0.1 onl r'y a Imlted amount of research ( 
dS m- I). However, even when the ECw was 10 dS m- I acceptable yields were still COConuts has been reported. For e 
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CONCLUS10NS 

U til relatively recently much of the research reported was empirical, so that the 
~Lllts were only of value in the immediate location of the experiments. They were 

rene and space limited. This is understandable and is due, in part, to the difficulty 
0;. undertaking research on this fascinating crop. It is also due in part to limited 
~nding at the relatively small research institutes with the mandate to undertake this 
research. There has also been, with some exceptions, a notable lack of international 
collaboration in research (coconuts are outside the CGIAR system) for a crop on 
,,,hich millions of people depend for their livelihoods (Carr and Punchihewa, 2002). 

potential and actual yields are determined mainly by climate, and its day to day 
variability which is known as weather. In the case of coconuts, this simple statement is 
complicated by the long time interval between the initiation of the inflorescence and 
the harvesting of the mature nut (44 months). Changing weather conditions during 
this period will influence yield development in different ways. 

In 1992, following a visit to Sri Lanka, I wrote 'to the best of my knowledge 
only a limited amount of research on the physiological basis of yield development in 
coconuts has been reported. For example, how do environmental (and agronomic) 
factors influence such variables as fractional light interception by the canopy; dry 
matter production and partitioning and the harvest index; conversion efficiency for 
solar radiation; crop water use and water-use efficiency? 'Vhat are the potential yields 
of copra (and other commercially valuable products) in given locations with existing 
cultivars? V';hy do actual yields differ from potential yields? How important is water 
stress as a limiting factor? Is irrigation justified economically? What are the other 
principal limiting factors? If we can begin to quantify some of these variables and 
the relationships between them in systematic ways, it should be possible to develop 
procedures for yield forecasting (with and without water stress as a limiting factor) 
and even perhaps to identifY selection criteria for new cultivars. To do this successfully 
though will require a co-ordinated team approach within an agreed framework for 
analysis. Experiments must be designed so that key measurements are taken to provide 
basic data that can be used do develop and validate a yield forecasting model' (Carr, 
1992). 

Substantial progress has been made since 1992 in many of these areas, including 
the development of a yield forecasting model, although this needs to be developed 
and validated further. In the immediate context of this review, there is still a lack 
of knowledge on the actual water use of coconut and of yield responses to water. 
Indicators of drought tolerance have been identified but it is not clear whether these 
have resulted in new genotypes. The challenge that remains is to quantifY how little 

/ 
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rather than how much water is needed to produce an economically viable crop. A 
co-ordinated international approach to addressing this issue is recommended. 
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