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Summary ,

Early Coffea arabica associations with timber shade trees Eucalyptus deglupta or
Terminalia ivorensis and service tree Erythrina poeppigiana were studied on-farm in Costa
Rica (640 m a.s.l.; rainfall 3516 mm yr'"). Terminalia ivorensis stem diameter, crown
projection and shading were higher than for E. deglupta. Coffee plant growth was higher in
uniformly than in locally fertilised plots, and higher under £. deglupia but was not
influenced by timber shade trec proximity. Coffee produced more berries under
E. deglupta. Coffee and timber tree fine roots (diameter < 2.0 mm) predominated in the
coffee fertilisation strip compared with on the opposite side or in coffee inter-rows. Coffee
RLD (fine root length density) was evenly distributed in 20 cm topsoil but tree RLD
predominated in the first 10 cm. Coffee and £. deglupta RLD increased progressively from
2 to 5-year-old associations, with coffee RLD concentrating close to the coffee trunks and
tree RLD in the inter-rows. Interspecies nutrient competition was low although T. ivorensis
was the potentially stronger competitor with coffee and coffee the stronger competitor than
trees. Daily coffee water uptake was lower under timber trees than in full sun or under
E. poeppigiana. Both coffee and tree transpiration was restricted in the dry period by an air
vapour pressure deficit (VPD) threshold level, while the plants followed the photosynthetic
photon flux density and VD pattern in the wet season. Daily water uptake ranged from
0.38 - 1.73 litre m™ of foliar area for coffee and from 47 — 104, 44 - 119 and 13 — 90 litre
per tree for Fucalyptus deglupta, T. ivorensis and Erythrina poeppigiana, respectivety. In
the dry period there was evidence of water competition between shade trees and coffee
plants. Eucalyptus deglupta was a more promising timber shade tree to be associated with
coffee than 7. ivorensis.
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Resumen

Se estudiaron asociaciones jovenes de Coffea arabica con arboles de sombra
(Eucalyptus deglupta, Terminalia ivorensis o Erythrina poeppigiana) en una finca en el Sur
de Costa Rica (640 m s.n.m. y 3516 mm afio” de precipitacién). El didmetro del tronco, la
proyeccion de la copa y el nivel de sombra fueron mayores en 7. ivorensis comparado con
E. deglupta. El crecimiento de los cafetos con fertilizacién uniforme fue mayor que en los
con fertilizacion localizada y en la asociacion con E. deglupta, pero no hubo influencia de
la proximidad del arbol de sombra maderable. Los cafetos bajo sombra de E. deglupra
produjeron mas frutos. Las raices finas de los cafetos y arboles maderables (diametro <
2,0 mm) prevalecieron en la banda de fertilizacion de los cafetos en comparacién con el
lado opuesto de la banda o entre callejones. La longitud de raices finas por volumen (RL.D)
de los cafetos se distribuye equitativamente en los 20 cm del suelo superficial, pero la RLD
de arboles prevaleci6 en los primeros 10 ¢cm de profundidad de suelo. De manera
progresiva se increment6 la RLD de los cafetos y de E. deglupta en las asociaciones con
edades de 2 a 5 afios; en los cafetos se concentré cerca de sus troncos y en los arboles se
concentré entre los callejones. La competencia inter-especifica por nutrimientos fue baja,
aun cuando T. ivorensis fue el competidor potencial méas fuerte, mientras que los cafetos
fueron los competidores mads fuertes. El consumo diario de agua por los cafetos fue similar
en cafetos a pleno sol o bajo sombra, pero con magnitudes menores bajo la sombra de los
maderables. La transpiracién de los cafetos y los drboles fue restringida por altos valores
de diferencia de presion de vapor (DPV) en la época seca, mientras seguia el patrén de la
radiacion fotosintéticamente activa y la DPV en la época lluviosa. Para los cafetos, el
consumo diario de agua variaba entre 0,38 — 1,72 litros m™ de 4rea foliar de los cafetos y
para los drboles entre 47 - 104, 44 — 119 y 13 — 90 litro por arbol, respectivamente para
Eucalyptus deglupta, T. ivorensis y Erythrina poeppigiana. En la época seca hubo
evidencia de competencia por agua entre arboles y cafetos. E. deglupta fue un arbol
maderable de sombra mis prometedora para la produccidén de café que 7. ivorensis.
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Resumo

Foram estudadas as associagdes jovens de Coffea arabica com sombra de drvores
(Eucalyptus deglupta, Terminalia ivorensis ou Erythrina poeppigiana) em uma propriedade
rural da regido sul de Costa Rica (640 m a.n.m. e 3516 mm ano™' de precipitagio). O
didmetro do tronco, a proje¢do da copa e o nivel de sombra foram maiores para T. ivorensis
comparado com E. deglupta. O crescimento das plantas de café com fertilizacdo uniforme
foi maior que naquelas com fertilizagdo localizada e foi maior na associagédo com
E. deglupta, entretanto nfo houve influéncia pela proximidade da arvore madeirera de
sombra. As plantas de café sob sombra de E. deglupta produziram mais frutos. As raizes
finas das plantas de café e das drvores madeireras (didmetro < 2.0 mm) prevaleceram na
faixa de fertilizag@o das plantas de café¢ em comparagio com o lado oposto da faixa ou entre
as fileiras de plantas de café. A longitude de raizes finas por volume (R1.D) das plantas de
café se distribuiu uniformemente nos 20 cm do solo superficial, contudo, a RLD das drvores
prevaleceu nos primeiros 10 em de profundidade do solo. De maneira progressiva, houve
um incremento da RLD das plantas de café nas associagdes com E. deglupta com idades de
2 a 5 anos; nas plantas de café houve uma concentragdo perto de seus troncos e nas arvores
se concentrou entre as fileiras. A competigio inter-especifica por nutrientes foi baixa, ainda
que 7. ivorensis fol o maior competidor em potencial com o café, enquanto que o café foi
maior competidor que as drvores. O consumo didrio de dgua pelas plantas de café foi
similar nas plantas de café a pleno sol ou sob sombra, mas com magnitudes menores sob a
sombra das drvores madeireras. A transpiracdo das plantas de café e das arvores foi
restringida pelos altos valores do déficit de pressdo de vapor (DPV) na época seca,
enquanto seguia 0 movimento da radia¢ao fotossintéticamente ativa ¢ a DPV na época
chuvosa. Para as plantas de café, o consumo didrio de dgua variou entre 0,38 — 1,72 litros
m'* de drea foliar de café ¢ para as 4drvores entre 47 — 104, 44 — 119 ¢ 13 — 90 litros por
arvore, respectivamente para Eucalyptus deglupta, T. ivorensis e Erythrina poeppigiana.
Na época seca evidenciou-se a competigao por agua entre arvores e plantas de café. E.
deglupta foi uma drvore madeirera mais promissora para a produgio de café que a da
T. ivorensis.
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pPY Estimated coffee yield per plant (g) or per hectare (kg ha™')

Qftow Heat uptake by the moving sap stream (W)

0, Rate of vertical heat loss by conduction (W)

Q, Energy storage per unit of time within the heated stem section (W)
0. Rate of vertical heat loss by conduction (W)

R Total fine root length (cm)

RDW Fine root dry weight (mg)

RH Relative air humidity (%)

RLD Fine root length per volume (cm cm™; root diameter < 2 mm)

RY Real coffee yield per plant (g) or per hectare (kg ha™)

SNK Student-Newman-Keuls test

SOM Soil organic matter

SRL Specific fine root length (root length to weight ratio assuming constant root

density; ¢cm mg'l)

T Temperature (°C)
TOB Tropical Ecological Supporting project of the German Government
v Sap flow velocity (ms™)

VPD Air vapour pressure deficit (kPa)
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4 SGB25-ws gauge installed on a coffee trunk protected with foam collar o-rings 25
with plastic-tack sealer on the top.

5  “Granier” probes (heated probe above, reference probe below) installed on 27
Fucalyptus deglipta.

6  Zinc protection and weather shield on Terminalia ivorensis. 27
Chapter 3

7  Three-year-old Coffea arabica—-Terminalia ivorensis association with excessive 118

shade in Southem Costa Rica.

8  Four-year-old Coffea arabica—Eucalyptus deglupta association [8a] with 119

details of the uniform, open foliaged crown [8b], in Southern Costa Rica.

9  Four-year-old Coffea arabica—Erythrina poeppigiana association with widely 121
spaced (8 x 8 m) trees, submitted to pruning twice a year, in Southern Costa

Rica.



. 1 statement

@gﬂ‘g;p fﬂpﬂh& arabica i) e a perennial plant cofiginally from a coo!| sledy
enyironment n forests in South-eusterm Suden, South-wesisrn Bthicps, and Northem
e, mmhﬁﬁmhﬂw gro, the plant grew: 7 8n eavironment with E-tﬁnpcmll:m car e
an;,i-zcl "2, weli-distributed rainfall (1600 + 2000 mm yi*!). and a dry seascn
Wmﬁm months (Maestr end Barros 1977, Smithiet 6li: 1992, Carr 2061), The
‘evergresn plent shods a small et ofils Ineves curing the dry.season. Orthotreuic (vertical)
--.;_.,»r,._;. tgtgslum plagiotropic, (horizontal). brseches, where! fruits originate from
Anflopescenses deyeloped from the buds aticach node on the :slagicuwa;c: brenches pnéducad
ﬁﬁ the. p;qurua year Each pisgiotropic. brsnch node aguaily. prodizese fiowers o5ly once
iard ; JE.II‘-; higs to bo performed (o rencw vegetat've tlesue; (hereby ensuing =:contineed
!"1 U L'gqf ,l]mi;tnng rodes (Cannell 1'135) COIIImﬂG,.BI yenetios range in baiglt between

& tiee meter gnd the ;!\1;115 are submitted to proning Gycles avery three Lo five yeare,

. ;_cﬁ';a Iz one of the most Imnartart aghicliizdl crops end expont commodities i1
_%‘:v =_= al Amerce, In Costa Rice, coffee hus beesy grown traditinally utithe Ceateal Valiey
LELL 1100 - 1400 m 4.6, on, fertile volcenic soils and wnder suitable sgroecologicel
congtidens (mwean emperature < 247 C and meen anncal rainfal < 2000 munj. Coffes
¥Wh§mﬂ§mﬂﬁm Joss optimmal areasisunh as Péooz Zeleddn, Southern Costa
_Riga, since (e fifties and sixties (Ramfrez L987), This ares; now.ore of the principal
coffee: growing  tsgions. of the coyualry, is chargcterised by an altitude lower than lhe
| Optimure (maiely 600 - 800 m 3.5 ), excossive rainfal (+ 2500 mm v ) and high aversge
. W{Eﬁﬁ Yy Colfss piantaticns were established predominantly -on anfertile
Uliigols which were formerly cecicated fo ths cultivation of casa crops {tzaize (Zza mays)
el h&e@ {3&&350!«.: rurd aris)), the cultvation of gagar cane {.&-n:.whamm officingrum) or
gi -f g of cattle (Malt. nmi Rmi[m:: 20602), Tn Péren Zaledtn, sgroecalogical conditions
- are ﬂmﬂla’:ﬂs*ur coffes in £l sun and i 19 psually asm::ww.i with INixigg non-timoer
_.a‘r"ma Brythring poeppiglana (Wal r.; OF Cock. (Nedll 1992). 'When sorvice tress
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are replaced by fast-growing timber trees, labour for tree pruning may be reduced and
profitability of the system increased. Timber trecs may diversify farmer’s income, thereby
mitigating the consequences of fluctuating or decreasing world coffee prices (Galloway and

Beer 1997).

The shade uniformity in a coffee plantation, and the fact whether or not the shade tree sheds
its leaves in the dry season (Willey 1975) must be considered in evaluation of coffee—shade
tree systems. Tree shade reduces coffee plant stress and influences upon the quantity and
quality of light, the distribution and total amount of moisture in the systelﬁ, the diurnal
range of ambient air temperature, and leaf and soil temperatures. The intensity of coffee
flushing (i.e., the periodic production of young shoots and leaves) leaf size, thickness, and
the number of stomates per leaf are directly related to shade levels. This also affects coffee
productivity, coffee bean weight, size and quality (Cannell 1971, Willey 1975, Guyot et al.
1996, Kimemia and Mburu 1988, Huxley 1999, Muschler 2001). In Southern Costa Rica,
coffee production is characterised by one production cycle per year. High berry production
in one year which demands more photo-assimilates for fruit formation is followed by a
lower production the next year when the plants increase the supply of photo-assimiliates to
their vegetative parts (Cannell 1975). Another benefit of the tree shade is that it reduces the

fluctuations in the bi-annual coffee production cycle.

Fast-growing timber trees may compete significantly for natural resources (the complex of
water, light, and soil nutrients) when associated with coffee plants (Beer et al. 1998),
especially when established simultaneously. Competition in an agroforestry system with
two components can be defined as the interaction between the two species, which reduces
growth and production of one or both of the species (Anderson and Sinclair 1993).
Increased acquisition of the limiting resource will always be accompanied by increased use
of the limiting resources. Therefore, the best opportunities for complementarity exist if a
shortage of one particular resource is clearly limiting plant growth, but other resources are

under-utilised and available (Cannell et al. 1996).

Information is needed on the growth and production performance of both system
components in simultaneously established coffee — shade tree associations. While it has

been shown that under conditions of high resource availability, associations between coffee



fan from tiess with the coffes ~lante (Sthafler el 4l 20030), atawr evidesce
13/ () exscatlve (ree competitall may occas under dricr conditions (Tiiréner and

goles-shsde tiéo sesociafions, the cafeplex of competitio® feclors may fufluerce growth
and orodustion ol the gygiom comporents differently. Tr case of Smbes tress, the effoct of
‘the psaociation on the res species (timber produsfion snd quaiily) is of inlercst.

ﬁeiﬂ#yﬂund competition can be chamacierised by rool compeliton, end in the prescit
contoal, m-mm;un where a Lirber Iree roc! syz'em requces 1he aceoss of the colfee
‘ool aystern to nutnients and waler, cither by twiany ther: up for lts own coranmplion or by
dmpecing the cevelepment of the colles tool systew: (Schroih 1995), Root competition ¢en
[be'quantifisd by evalusting the preserce of fine roots of both of the involved specica.

5 general, coffee Sers! initiation s fastes raritg the dry pericd (ow soil water
‘ava‘iabiilty) sud blossoming ané rapid shool growih ace wiggered hy ceins (Cennell 1985),
2ipantowater relationship called kydro-periodism (Alvim, IW?} In most cases, water i
‘eensidered to be the woost lusting resounss in crop or Tofeal tee physloogieal proceasss
(Boyer 1962, Kramer 1980),, Dwring the peciod of mpid froit expansion of cafios, water
mist bo froely available 1o crsuge Lacge, Bigh-quality yiolde (Cur 2001, Viaest ot al, 2002),
‘Se Now measurentenil of coffes plepts in fali sun wonoceliure, under shade tess, and of
the sstocialed (ress permits estimation of Iranspirstion and heace weiet comsumption of
both speciss o determine possible irtempecies water comapelition 28 well 23 e pedoda
wwhen plant water use of the different invelved species is eievated. Litth: information iy
-z\ﬁﬂabm op sap fow fn . grabica it full s (Catérez and Meinzer 1994g, b; Gulidmez
e, 1994} or under actificial shace (Fahl e af, 2000) and none hees bog founc on coffes -
shiede tree plantiiions where coffee plant waler use wight be affected by different 2hade
'1{:9&13 and the weter consurztlon of the e species,

1.2.  Objeclive
~ Tho present research (Fepers /, lrmiﬂﬂfamunnml;m&mmd{nmm r troe growi® i)

Ol
; a’m. ltar.huly eatablished plant.e.lmm 00t Cytamics and water use disiog the wel ang dry
mmm Irtesections botween the ﬂwrf and highy prcnctive C, atabica oy, "Costy Rica



5" end festgrowng dmber trees £ degiupta and Terminalia worensis A Chey,, were
studied in a recently cstablished agroforestry Gaal with diZfercat lertilisation schcmes which
g0 included plotz of E. poeppigiang. Tihis on-fanm crpzenwnt on the Verie Vigor SA,
coromercia’ coffee farm in Scuthem Cosia Rics (Figure 1) kad e advantage of beimg mare
realistic than an on-sistion tial. 'The mein disadvaniage was thet the resex-ch ohjestives

¢oulé rot always be reconciled wits fsrm manspertent practices.

Plpdre' | ' Site Iocation of the oo-fam

sapénent i Southem Cosia Rice,

.,a‘,.-e;;_ Vigar Parm g Adapted & Rezd (2092)
Ttive Zo.ador, Southown, Soxta Riea Sourco; Adapled from Rendoros (2002
Wl&*-?ﬁ?ﬁ;gdw-.—gqﬁqn% ki : :

w»

In Paper 7, sarly growtht of & deglupta or T, ivorensis 9 well as growt= and podaction of
¢\ arabica plani3 iv coffes timder tree associcticns wese momtonst, Five different
distances of coffee plaats (o their nearest taner shate tree were stadied and an estimztion
of coffec bemy procuction was compared with acloal procustion i= 2001 o assess i3
refiabilily as a yielc indicgter, >

Puper I studied oot gompeiition dunug the -uiny and dry seasons in. yourg coffee-shade
tres associations (log: than £vs yoars old) scoording (o differert depths ang positions with

respest 1 [he homogenaiis disttibution of fertilises, Fine foot Zeagth censity of o arabica




s18. 200y goecific fincqcotdength and fine root diy 'weight-of the
o spesies were caloulsted for depihe D410, 15-70 and 20240 cm dhose ta the

nkowithin and oulsiée of the feclilisation burd, znd beiweon coes ows, The
1 '%:ﬁuﬁ'm caﬁhc: end troe fiite roct diziwcbution and Uheir response!to locelly
8gfiee Edﬁlismm ‘was stadied both in fie on-famm, gxpenent
4 “.rdm B deglupta or T Evc,mnxl.?; snd in 2 pﬁcddoaahmmmm i
: (lors of O arabica ang E deplupts with verying sges {wo. thmee, four

ymer 11T jmgm.gam shnul‘.a.:m.s msm-mqt of sap fiow in (! arabica and ite
i trees J2. degiupta, T, Ivorensis o E. poeppigiana acsording to e censiant heat
lngiftie, Coifee und tee sap (lows wore compared in wet and dry i'.lrt"c-l:ls, and
4ot '--- with Nght availability, elr temperatire, &r vapoir presstre deficit and 2ol
Lm‘” it w[ﬂ"#ﬂﬂ]}' watericonsumpiion per hectars for sach ayatem was alsc setimated.

s 'ﬂﬁy i ..I 4 b]" the TI'G[F erl Hﬂﬂ]‘i}b} Srvmw-'f_ Fmg]ﬁm r'ﬁB} i'.l[ the Dectschic

ieft f0r Teohrische ‘Zusammensarbelt (OTY), which was afimed 1o improve
o ok (roaical pmdmtun sysiems ltwﬁugh a{,phcd research,  'The sap flow

'WWH} Tac fatm ml.abura.mi in maﬂagf;mnt anputs and mb-uur aupply. ‘I‘he
‘fegional ICAFE (the Nationel Coffee inglitute of Costa Rice) oflfice in Péra Zeleddn
qugsm suppoxt and advise on coftee mansgemert. A prior ouwome of the sume
TOE orojec: liag beert @ study. on living grass barviers in coffec imber (ree plantations
E&ﬁ@ﬁhﬂ!ﬁﬂ Al 20036, b},

i w -

2 caﬁea imhor shodks rous (5 deplapis and . vorensia) Wich oeive adiiorel ree
J 1 fertiiisalion Have grealer height, stero diameter and ¢rown pmmm, ad the (W

 fimber spesies have different grow! retes.
_—y



Coffee plant response is a function of the proximity of the nearest timber shade tree
(E. deglupta or T. ivorensis) and of treatments with or without additional tree

fertilisation.

Coffee height and basal diameter is higher in the plots with uniformly than locally

applied coffee fertilisation,

Coffee berry production is different under Fucalyptus deglupta, T. ivorensis or

Erythrina poeppigiana shade trees.

Estimation of coffec berry production based upon counting of eight branches is a

reliable indicator of coffee yield.

Coffee and timber tree fine root distribution and interactions can be influenced through

fertiliser distribution.

Coffee / timber tree (fine root length density) RLD ratios differ between fertilised,

unfertilised and inter-row positions.

Coffee and tree RLD increase in the zone exactly in the middle between coffee rows in

older plantations.

Sap flow in coffeec plants and shade trees (Eucalyptus deglupta, T. ivorensis or

Erythrina poeppigiana) is lower during the dry season than that during the wet season.

Sap flow measured in coffee plants and shade trees is correlated with soil volumetric

water contents and microclimatic conditions.



- ihrablgn goffee, fsmily Rugiacoss, derived ity species’ name GomyAmbia where
) ropaany firgtsaw the plact in Yemen (Willson 199%); Coffee becume widsly secepied il
‘Burioe i the 18" contury  (Matthes 1995) and Buropean botenical parcens: played an
dmpartant to'e inspreading coffee to trogical Americe in that ceniury.  The Gst coffes
. ;lﬂl‘l‘&"ﬂ'mvﬂd n Smmﬂ 0 1735, fourd their way to Franch Guysna and amved in
Branil, L fﬁ? A single piars, .n‘.rcdu::ed i Martinique in 1721, led to the introduction of
865es fo uther parts of the Canibbean and Letin America (Siit f &, 1697). Nowadays,
Bravi] is the larges; coffee producer with Colomina fust being feplaced by Vietnam s the
. oworld seccnd Jerpest coffee producers (CHP AL 2002):

o The two most growe vasiefles in Cosia Rica are Caturra, a matent of the Bourben variety,
ard Cawa’, a hybnd varety (Mundo Nove x Catuzs), botn intiedaced from Brazil. As en
- alternative to face coffer met (Hemifsia vasatrly Derk & Br), ICAFE solected the highly
resstant hybed dwat cultivar Costa Rica 935 out of the Catiinor TE600, series (Caturma X
] :i"t.-:r.::f hylwice), As compared to Catlums and Caiaf, Costa Rica 93, wilh notably darker
\ Jeeves, hes & ow plent uu\:\:un- like Calurma but with shories Drenches, allowitg closer
| planing distencés (Agtilar 1995, ANACATR 1995, Bertrard of al. 1999). Tie variety has
& bigher production than Cetusra' erd Catodl (Aguilar 1958), preserts a precocions iarvest
and depands on & high fectilisation scheae o maintzin 1ts high production. Cosla Rica 95
‘ o Jgireitker tesistantte collee betry @isease (Marvnspora coffeivels Berk & Couvk), a disesse
A whtielia etromigly related o tre physiolbgical state of the plant, der lo Meloidogyne epp. end
)' o Praiylenchus sph. vematodes, bol reasonds very wel 1o acid soils with Mgh aluminiem
|| ievels.  Like iibo ottier: coffee virlet'es, e plant ‘i3 suscopiible’ o Antbracnoss
l A Collstorrichium coffeanun Noack) end Mycena ciiricalor, 1wo) discases which ‘can cause
seriacs economical Josses and are combated with sgrothemical use {Aguiter 1995, Bortrard
Jeiar1999),

Ip sib-cptimal climaiic zores (all. < 1000 m axl) € ambica Hieeds to o2 prown wader
-‘shg,ﬁv, Tree ghade wcduces oscillations in (e bismmusl coffee production (cyullc yield
':I Patter?) in repione such &8 Costs Rics, extends the erop's produstive Life, anc redices



aprocheatcal use dug 10 desser incadence o weeds, diseases and pesis. Tis also provice
soil wuichk and may imniove nutnien, cycling il tren roots {ii-.plnié' Ihs's{:'ﬂ :ﬁgﬂl_mi’ than the
cofes rools, Disadvartages may bo, exte laboupneeded fob .lim.;muizhg-f_m;;ﬁh:lly nen-
dmber teed), damaging of cofiee planis due to 'ree’ praring, thinaliag, or nErvesling,
aliclopnt-'gitreg elocta on the Crop, and rce compbiition’ fok 861 'Falrder s and'? o7 water
(Willey 1975, Beer 98T, Ong 1956, Willson 1999, Ko 2000),

Agpart ot Ihelr fast Ziowth, the followine charstienistics should he usec 'o seiect timbos
lreg 51 2ic that cen be s1.occes ully associated with cofiee (Beer 1987):

o compaibility with the erop with minimal competition for water, soil nutents and
alove and below goonnd growing stace,

o asmell digmeter, low denaity crown Lo reCuce wind effeats; permd rolativel y higlghade
iree cenrities withont renucing Jght levels below critical values for the crop. and
pimmize cron dunage whes individua! trees are harveseed,

a selt-proning and the alitlity fo form a stzelghl unfocked sicm thopen-grown conditions,

o abgence of Major discase o irgect suscept bty which coulilI6ad 2 sucden defolation,

and

0 & ool 8 s;ra_tém not suscontible 10 wind \

In agroforestry, fammers will often coiositise the atagement of the crop conponent; anc
the irees.aro Liely to be loft ta fend for (wemselves, Control of compeliion, bothntove
a9d beiow grpulﬁl,‘.u{il_l be greatly nuadlﬁe;; by choosing tho right species, panling density
. and piar_-t. eangement (Fuxioy 1999), | The, trees; croete) above, arnd  oelow. ground
ILICIORT VINOMIeE t Z0nes yarying over time fiat compxise the growing soace svailenie 1o the
crops (Van Noseow jk anc Pamomosidhi 1925, Kho 2000, Smith 2000),

One of itke-benefile 'of tree shading igthat It may increase the fraction of avalubie weter
used by Lranspimtion (hroyghdeorersing ' acil evapomtion.” E'o".m;ti'a? berefits fron shade
are likely to depend on tres spacitig end ags, canopy slructnrs, i_-'_ib;c:.-m redintiom, shading
infsomty 8nd the photogymihelic pathway of Lthe uucerslorcy o2 Eifl:’rg et al. 2009}

Ong (1996} ruses & sitiphfled’ lree sxopn intéreciion 'ecoation 'cedved from fedgsrew
ivtortroppicg rescarch datg, with reiziive'y gaslly nieasurahle varizbles:



I=F-C+M+P+L . [1]

Crop yield is a function of the benefit of tree pruning on soil fertility and microclimate of
the soil surface (F); the crop yield reduction due to inter-specific, tree-crop competition
(C); the consequences of above ground changes in air temperature, light, humidity and
wind speed (M); the consequence of changes in soil physical properties (P); and the
reduction or avoidance of nutrient or water losses (L). For agroforestry systems with

perennial crops, modelling is rather complicated.

Wilson (1988) used a competitive balance index (Cp) [Eq. 2] and a competitive intensity
index (C;) [Eq. 3] to express the effect of the interactions between plant components (e.g.,

yield, roots, shoots) of two crop species (grasses, legumes or weeds):

wab [2]
wba

wV
Wy

Vot (3]
wab + wba

C, =log,x

C,

1

where w is dry weight per original plant; @ and b are the two components {species /
varieties) investigated; w,, is the weight of component a in monoculture; wp, the weight of
component b in monoculture; w,, weight of @ growing in association with b; wp, weight of
b growing in association with a. The models however, do not respond to variations in

planting densities.

Models representing root / shoot interactions, growth and functioning, and interactions with
the above and below ground environment require considerable physiological understanding

and parameterisation which may be beyond the scope of agroforestry (Gregory 1996a).

2.2. Examples of shade tree species associated with C. arabica

2.2.1, Eucalyptus deglupta
Eucalyptus deglupta Blume. (Myrtaceae), is a fast-growing tree species of low

tropical humid forests originating from Papua New Guinea, parts of the Indonesian

archipelago and the Philippines. This self-pruning tree (in planting distances < 5 m) can
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reach heignts of 35 -« €0 m end DBH (t=e stemidignstér al L3 m Sreddt height) of 50
200 e in itsinative state. . Ttmey already prodioze: Fowers in the sccond yésr I Contoal
Aitisrion, (he dsecies Hag neen reporied 16/ grow well v at Uludes Bolow 1200 114l with
annna' mainfells excesding 100D mm. « The mean rainfzll (o the lres’s maturd! nabitss is
between 2500 3500 mam ¥ | whereas 5000 mm " isindicated’ a8 e Lpper Vmil
{Tumbull anc Pryor L9984, CATIE 1584, Bldtidge et 1994),

Young tress haye 10 be proeted Som weed coimpetition during establishment. A specing
» 8. between (rees, vigorouely growing Jateral brencligs:may need to be smaed o
foresiry plamtationsy initialy sosced at 3 x 3w, K deglipia preseris o well defined s£17-
prozing: In Ceniral Americs; leafsouiting ints Atta 5p3. are 2 priioary plagie of yourg tmes
while lermites are reported 1o bea major pest foradult tees both i’ Austeliz sl Centeal
Amerion (Tambull and Pryor 1984, CATIR 1994, Sanchez 1994, Chavsrria 1997 Schaller
sl al, 2003b), Due o Hs Wght oven crown wilh medivin sized lesves, the tree species s
suitabic &8 g shiede 1o 10 agroforcsiny sysiems.

Forestry plantations, imitially with 1111 tees ha', can be thinted by 60% (inclucing
miorlalily) whes sverege trce height reaches 7 - 8 m and once H;-,mn oy 60% wher average
tree helght reectes 13 - 15 m thus leaving & finel harvesiable pure tree sland of 180 —
200 trees b, Por agroforesiry plentatdons, € :.1_::_3':;;;:1‘.]11 of 100 trees a’ s recomimended
which comeeponcs to tree diatences belween £ o 12 m (CATTE 1254),

In Contral Awrentos, annual helghlincrements sbave 3.5 m were oblained in sites with weil-
drzired loar - sardy to sandy soils, Tn Costa Ric, [€-yenr-old trees mached 30 m nelghts
and 33 cm DBH end 20-yewr-0.d aoes were obsecyed with 50 m hefght aud 85 om- ﬂﬂH.
(CATIE 1924), Crowth retes on suitzble siles may reach beiween 25 .40 m' be - v over
15 years (Eldridge ela.. 1924},

Wood can bs uged as {ibre fo1 pulp or fuel and aller weatinent for posts, noles, constrzction,

sountiing, Aocring and [umilare: (Tumball and 'Pryor 1984, CATIE 1994, Bidnicge # al.
#




222, Terminaliaivorensis
“—‘.E'qmiua#q:ffvammis Au Chey, (Domhboeticass), (s a ransitionel nist evergreen
moiat. semi-dsciducus forest xrge: Mutieat suadies, onginkbly from Wést Africa
(extending continuosly from: Quines to West Cameroon}, The tree (ends 16 shed fls leaves
i h g ke, dioy season and.igrsensitive to watex stress. Slowever, this speeios can willistand
A Lﬂl.wi*fall ol 1300 mm o and & diy sesson oxceeding 4 - 5 months. Tl grows up
Dtoseximunt Elttudes of 1200 maad Pruit bearing starts 4. 5 - 6 years and the winged
- seeds arecwind dispecsed (Saraparte: 1967, Lamb ard Nitima 1571, 8waive and Kall 1923,
| gty andMille 1993, Nogrove and Hausee 2000),
Within the inseat peate, Boateng (1992) aames frait anc shoot borem, dslolistors, sucking
dsth end wrmites. There ‘are some {ungi’ soch as Neztria $pp. cawsirg carcer and
- guniinosis
ISwaing and Hall (L983) reporied ihat T worensis piantutions i [vory Coast and Ghena
peribriced ach gt mortzlity that' efter 30 yoars, very [ow trees tomained ullve. Since
irarosugel puthiogor ‘could be isoleted, they hytothesized that tlis spectes i not ormally
Abkaillved Gespite the 1ar ge size it somelithes atieing. Boateng (1952) relates the cicback (o
'@gumuﬁ: of causes auch as & provopged drougal, the m:ttm of the Endatknia 8p. fangus,
I ‘ﬂmt lmbmatm, alfe factozs, fire ard most Lkely the nogligence of thinmag.

-, _W.pt,plm.qﬂam gan achieve:alheight of 80 m in'20 —~ 30 years, ‘Cne tree ¢zched
. A60mia heightand a DBH of 240 om after only 22 yeass (Tamb and Ntima 1971,

flaniting ‘gurposs bagged pliata are Jroforred over stumiped plenta (Dupey and Mille
;'3} Tl‘ls same authors suggest Lee thirning of 4 700 trese | o pore stand,  The

h .,;itng iz recoramendsd when the dominant nelght rsackes 11/ m, reducing the stend to
% Ths seeond a%er the mean clamster has maei\ﬁd 20 cmyandystand bass! area (G)
:‘--.‘,-.‘.‘r:‘:lm | feducing the denaity to 175 stams | Tnally, tie tairdiore, babging dongily
. down ta 70 stes b ! wiion the mean diareter fas reached 40 cmand the G 12 1* e

i m:W'ﬂ general-purpcee timber is used i biilding, es roofing shingles, iv the pacelling
rcustty, in furnitse meiing and sometimes Gsed an “Lal-wood {Chd eft 1975, Boating
m Dapuy snd Mille 1993).



2,2.3. Erythrina poepplglana -
Erythring poepmigiana (Welp,) O.F Codk. (Peziionacese), s a (datsgrowing tree which

ariginates froia the Ancean foothills from Venezuelz to Befivia and was) intodiced to
Centrsl, Ametica and the Caribbean in (e kinsteerth caniury as'a coffes aud s sl?a_d_iu-
e, It is-now one of the imost common: coffce shade trees in Cosia Rioz (Nelll 1993) that
rexchey gelghts of 3C min non-pruned conditions and s gererally found in elevalions
ranging from 150 to 1900 m w.s ), and anacal tainfall between 1600~ 3000 mm, loldrating
tiry, seasons "‘Ep 0 six manthe. The epecies can be propegated by cultings and & cesily
recognizable by its conical prickiés fa the dark of (ne: trork ard dranchies ‘end altemate
leaves with twee leaficts and large, cap shapec stoele, I‘tﬁ ‘nflorescence ig racemose gnd
the mlatvely ierge flowers witk orange potels are asiqp:rbd Lo pollivetion Dy neclanyorons
birds.

Rapid placi grow(h and sproiting, iigh biotaess protuciion, essy propagation from cottings
ind the shillly to withstang tegulae pruning cembined. with its mulipurpose. charsote:
(ahade, nitogen fix.ui;l:'r';. green manwe) mgke the (e an intemstiog low-cost management
aption Tor coffee fammiess in terme of inpuss (Glayer and Muschigz 1993, Russo [993).;

2.3, Roots and compelition

Kools a7 resdonsible for tree ateliorindy sdil development, sail orgaic ‘matier
(SOM) wrnover, witer and nutrient sccuieliion, and ayrithssisitg ﬁ*l:i:rt-g*uWﬁrsuhaiﬂn:as
(fackson 1983, Bledsoe et al, 1999, Atzingon 2000) and & an ‘caseriial componan! i
¢adoon, nuldent or water gycling studies, (v plant,environments, (Veirley and Alexander
1985, Foge! 1985, Jackaon ¢} &1, 1996},

Plants can exploit soi! heterogenaity by roct sielifeiwion,‘and changes in cutdent uplake
1aies, or the frequency of mycortrizal infeata’on' (Jackaon and Caldweil 1993), Root
‘systemsdend Lo clusks, lesying vaczal spucas 10. be utilised or re-utilised & & Jawer stage,
Individaal roots or el slumpeof fne rocts compets when' their depletion zones (the
space arcund a ool in which ava'lable rutrieniz or water mﬁ?&mmmed} for particutz:
resources gvessp. The amount of soil nutrents exiracied  degencs on the rogting
characieristicn such as rool lengl desgily (RLD), rool dismeiers and tho size of theimat

sysiein, the orop demand, the ‘ype of nutren! and the avellable puitent pool, rod




r"mﬂv fviiyicoefficients and plant water mvellupility, Nutrent sxtection is deteriined by
' _t:m:anﬁ ‘mass flow processss. and (e (combination” and interastion of factors
16 untth wsvel of eorepetition forezahmitrient, sssamliig higher compelition for
5wtk ittle soil dntemetion puch es N in compiericon with elements more stzongly
s0wilh s0i. minerals and orgaaic matter such ta T (Cillezpic 1929, Gregory 19565,

m@a} ltmh:reﬂ am;l ﬁi:'nngi}r clunrmmd (e ,p»atterr, that Lhe soil resistance lu.,és o
o and Lhorelore the waier uplake londs 1o dgeroase for clustered mots,

AThs:ahility of a roct system 10 expacihdopords onthe stimeli of 100t spicet and the skility

“. b, roo] system 1o responc to envirenmentil sixsss.  The balance’ botween terminal

on growth and -lateral: branching of cxisting reots initially helps define ithe rost

o arehiieetme, which sets the lirdts within: whick' & particular gpocics ceniexpleit the soil
Iﬁuxiey 1995},

Roots ¢aa be divided into s roots (dizmeter « 2 ram) and structural roois. Fine rools, the
ﬁﬁﬁiﬁ:-ﬁhwny- for water and nuttient upteke (iscksen etal, S9N, gccount for 5 = 0%
Sftolal root dry weight-or 3~ 5% of total dry weight bictaess (Euxley 1509), In gensral,
anecific moot léngthf el theroct length lo weight ratio azsuming constant root denaily (SRL
noors e ' )vis higheet 1n young roct systemd and in thoss growing undsr Jow mutrent
dupplies Azmuiming constant root density, SRL s largely delermined by rool diainsier, and
801t 'may seem more sensible to measure this variable citectly. PFormosl epecice, SRE ig

| highestin dow frtility soils (Fitter 1085)

Koot clstiiSution and density within the soil profile are primar'ly gersiically deternmined,

fhotlon end ol maragement.  Sub-omimal production occurs Whe species with
SEpoNss’ plasticity ave Dregont in conditions whers *}laxinmm response to the
W Alng fiotors s fequired.  Bovironmenta! fesources stoh as lipht, water arnd soil
nuine ni3/ere the functioral frctors to which the izt will ecaptand / on respond (Myers et



ali+1994), On tie other hand, the sofl profiledis exviorec differentiy oy aifferent oot
syslemng, puomodn g root growth soll morizors whers the rools sx perfenco the best water and
nuirienl conditons. Ly poor zous, tecs tend to devalop lozlg rool systeme, which senetiate
lsrge 561t velumes vipidly, Iu better soil conditions the development of smiZostions will
numerous ehort rools (2.8 wycorrhizas) is promoted, leading toan axploliition of aval able
moistuse and nutrents (Person 1383)

lackson st &l (1998) enalyzed 250 root stucies covertiz 11 temzestnial biomes &0 provide &
datebase for Gae in sascesing soll C distribitions and m axamining the ef %t of ~octs on C,
HLO, and nulrent fluxes between o', slants and sicaosphese. A globel average jditited
30% oF roots i the top 10°om of soil, 50% in the top 20 cm and 75% ir the %o 40 cm soil
layer. Levge verinticns occired belween the different bomes. Tunda vegataien had as
much as 60% of their wcats in the tpper 10cm ¢Feoll while cesert plastz bad only 20% of
their roots iz thisisame-dayes. The 100t [ aroct mtio vaned as well, ringlug from valyes of
(G dor managed eroplands end values from 4 = 7 for Wandea, presalends snd cold-deserts.

Root densitics were as high as 40 kg w i solerophilons shiublands and lmral
evergreen (orests snd as low 8 5 kgt in desores and eroplznds;

Deon rools (tearoets; ginker roots and obliquely descendiag isteral tools) meed o be
congideted a8 weli in thedévelopment of cousyiem moedels since they ave of functions!
significanc if: echsysiemn water fluxes; and foriearbeniand nuirient cyeiing (Nepstad et ol
1994, Canzdell et al 1996, Jecksonet el 1997, Jackson et al. 1999). Ir a review of root
depth stadies covenng 253 woody. and herbaceous spenies in 11 hicmes; Canadell et al,
(1996) reporl & record. ghservetion in a tropieal Savanssh with sendy soils 10 central
Kalghadi, Bolswana whete Boscia albitrunsz tree rools weie observed at'a-denth o7 68 m
cuning well driling sctivities, In the Amazonian forsst; Mepstad ot al, (1994) found tree
ronds reaciing vp 1o 18 m depth, oeing responsitie for abzathing up 0 75% .¢f Hheahsaiute
iﬂ;gl avoont of p.’anmmilla'.}l-: soil water which was gcated beiow 2 m denth during -
SUTVEY iN & severe «ry season With odly 95 »m rainfzll i a ﬂ@‘. eonh neriod. This wes
sxzolly the pert of the soil which had been igncred by the wr&‘l,lalinnnt:m'lcq}ﬁ“-‘ﬁﬂ models
ngoe for thal tegion.
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Root characteristics across plant species vary apparently independently of shoot
characteristics. If water or soil nutrients are in short supply within the plant, the root
system will get a larger share of the carbohydrate supply within the plant and will increase
in size relative to the shoot or even in an absolute sense. When light (or CO; supply) is
limiting plant production, the shoot will increase in size relative to the root system (Van

Noordwijk et al. 1996).

Trenching (Van Noordwijk et al. 1996) or the establishment of living grass barriers can
reduce root competition from trees (Schaller et al. 2003a). A combination of water stress
and soil disturbance in the topsoil layers by cultivation or trenching can greatly modify how

(and sometimes when) tree roots occupy this zone (Huxley 1999).

The level of tree-crop root presence, an indicator of competition, can be quantified by the
half-distance between roots {r) [Eq. 4], assuming higher competition for lower r values

(Gillispie 1989):

1 (4}
(TX RLD)

=

One particular factor that can increase tree competition with crops is the activity of
superficial rooting systems of young trees that might be especially competitive in the

establishment phase of the agroforestry system (Smith 2000).

Root compelition is the phenomenon where one root system reduces the access of another
root system to nutrients and / or water, either by absorbing them for its own consumption or
by impeding the development of the associated root system (Schroth 1995). Tree root
systems are dynamic and flexible and they react to environmental and management
conditions; for example, fertilisation might increase the presence of tree roots according to
the requirements of specific agroforestry situations where fertilisation and mulching of the

topsoil may favour the formation of shallow tree roots in that layer.

Desirable tree root characteristics vary from system to system. For certain conditions
limited lateral root extension and Jow fine root presence in the topsoil might be desired for
low competitiveness, whereas high root mass and turnover rates in the topsoil might be

desired for high carbon inputs (Schroth 1995). Trees with high fine root presence in the
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subeoil 'and Coop oot sysioms might bo soguired for efficiont nuticut oyiling;las they biag.
available vurienis from e deeper luyess (o Whe qurface via fitter fail (Schiath 1935, Van
MNoopdwij< and Pumonzosidhi 1455, Yan Noorowijcetal, 1996, Rowe 1839).

Two slestegles to diminish tree-crop itleractions mipgnt be selecting frec gpecics with law
ool compeiitivenent o tres spocies with A Tool disthibution Sotipierentiry to that of the
crops. Regerding the (irst straiegy, il should also De comsidered whelker redistion. of
iseching and goil eccichment with organic reatter are ioportant obieotives which will not bo
falfilied by crhoesing species with low root competitiveness (Schroth 1995}, The second
strategy refers to the ability of species combinations to coexist and viilise differont nithes
{Andersor snd Sineleip 1993)

‘To avoid pegslive inleractions in zgroforsiily’ syitems) e spetics which provide the
desizaple furcticns of tree roots i Lo field at minimum cost should be identifed.
Informatior iz wouied aboul the diswrbotion i Syitemics of tree coote Lader different site
and management conditions, Crelr competition witk different orons and their offests on soil
Fartility (S2heoth 2nd Lehman 19€5),

Several authors destibed coffee rootng systems in detall {Guimfrf' -Armiisga and Chmez
1946 and 1942, men and Tnfomzale 19‘46. Sufwez de Castro 1953, Garriz 1978 and
Cuenca e al. 1983). No particite coffee reol "?qm1 typs bas been identified since root
distribution depects on botk: (ie penetic constintion and cuvironrental corditions such as
soll type and assation, Fertillsztion and weter evailebility (Franco ard Irforzeto 19465, s
“well as the prosescs o other plants. Tas “lypicel™ noct systam of Lassplanted coffeo plarita
congiglé of pririary rocis no deeper than 0.5'm {F2ico end Inferzato 1946), 4 — 8 axiel
roots, latera’ rools neer (hie gurfzee up 1o 2.0 m From the coffee tork, Taters) rocs ir cmp::r
zones {2750 Up 10/ 5.0 1), feede: boarers ard the focders o fing roots (Notman 1927), Litlle
infomation i evailable on roofing vattersis of (e thres assooiaied tree species in tre
present gtucy.

w

i




Prestanalon niyoorhizal | nssneialions, ‘root tWmover in relétion to 'shovd ground
fherantiases, the perinda ducing wikch exténgion’ growth occurs, the space tree rocts are
Beapying, ané Fotsient and watcr sbsorption (Ranetal, 1993, Huxley 1969}, Information
ﬁ&.}’f Below grounid tnterections hns laggec seicusly behind other tesearch (opies (Hixley
1890}, .

' - ra_'rr.&;'q-my of reat studies have been perfonred on stneal crops o irees it tempenile
“foreats. Miuch of current agroforesicy root researc has been concentrated on sliey cropring
@Mﬂ*fﬂm"m?ﬂ}ﬁm atiel, 1993, Schrotk and Zech 1995, Jonsson ef al, 1988, Joaes
| gtiel, 1998, Lehman ot al, 1982), Wor woody pecennialsiand other (toe-crop mixiires in
Bgr forestry ere s yet little information end xrowledge on the ooting pattern of newly
sed tree specien, lodking closely at the develepment of rools during the first few

| (Ractaystens in. field situations are difficult to stdy, prisiarily because ey are spaticly
; ;&Hﬂ:ﬁmpé*&‘ﬂy complex and because evaliable methods for their study are lebour-intonsive
| aEd dostrctive (Bledsos vt al, 1999).
“Brenchir struotures of the system can be quantifie¢ by desoribing rodt goometry and
I {mbidzy. The productian of fine foots it pertielly determined by (s rob: sysiem
* arohiisctuse (Pitier 1585), Quantiative infonaaiien on oot morshology i cascatial for an
i ‘undastanding of their importsnce in the ecosysiem,  As I situ roo! prysiology stadies
I irprave, the ability to intogrets all pociioks of the plant flow path ‘can yield isportant
|':' Yshyaisiogical irsigns and improved meckanistic urcerstanding of dlanl-water mlaons,
Wenabiing predictions on ecosystem processes, the water Salancs aad Hosphens-atmogphers
. i.nig-m:tinnn (Fachson et al, 2000). On the other hand, sbsence of Inforfnation on oot syetem
finotioming would preclude research from being adle to elfectively design anc menage
ggroforesiry and other systems (A Jirsor 1955},
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The ideal root study provides data to compare total root biomass, fine roots alone, coarse
roots, the distribution of root length and surface area with depth, the proportion of live and
dead roots, and root distribution for ccosystems and individual species (Jackson et al.

1996).

Limitations to compare root data between different studies might be due to one or more of

the following (Persson 1983, Jackson et al. 1996):
o sampling was carried out on few occasions during the study,
o fine-root biomass includes an unknown amount of dead roots,

0o the number of replicate samples was insufficient to detect significant differences

between samplings,

o the estimated quantitative variables (e.g. the number of root tips, root length) are not

dircctly convertible into changes in root weight, and
0 the root fragments were not classified into species or diameter-fractions.

Methods to study root parameters, such as biomass, length surface area, and volume,
include: (i) Excavation of soil following coarse tree roots which might involve hcavy
equipment, (ii) Quantitative soil pits, (iii) Fractal branching patterns (Van Noordwijk and
Purnomisidhi 1993, Van Noordwijk et al. 1996, Ong et al. 1999, Ozier-Lafontaine et al.
1999, Rowe 1999, Oppelt et al. 2001), (iv) Serendipitous events in which nature or
mankind expose root systems of large trees, (v) Wall profile or trench methods (Bledsoe et
al. 1999), (vi) Root windows, including larger walls and trenches, (vii) The pinboard (“fakir
bed”) method (Oliveira et al. 2000), (viii) Soil in-growth cores (Fahey et al. 1999 |, Oliveira
et al. 2000), (ix) Minirhizotrons (Gregory 1996b, Ephrat et al. 1999, Fahey et al. 1999, Smit
et al. 2000), (x) Isotope techniques with ’H, C, PN, ¥S and **P as the most commonly
used radioisotopes (Thomas et al. 1998, Huxley 1999, Rowe 1999, Binham et al. 2000), (xi)
Computer-Assisted Tomography (CT) and Magnetic Resonance Imaging (MRI) (Asseng et
al. 2000), (xit) DNA sequence variation (Jackson et al. 1999, Jackson et al. 2000), and (xiii)
ground-penetrating radar (GPR) (Butnor et al. 2001).
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vend Grevillen: nobusta, Livesly st al (1999 determined that /0.5 tam sieve eould
: 86% of the spesific voot length obtained by vsing & 0.25 mmigiever The
s dtate that sieve size determination ehould also dopend en (he ohidotives of the srady
ie pmount o available resources, Fine roots, for sxample, which passed through the

&Ch up Lo 30%.
Lo} ‘,&cm-wﬂ pariicles, rools should be separated from debris and organic mater
This s 2 kesous, titme cansuming procoss and Blesos e: al. (1999) recommend to aliosste
8 slacdard site-specific (ime period per zarepic for this acuyily before proceeding to the
[fine oot icoring. In a sucy with sorghm and two tree apecios in & semi-and region
rthoast Migers, Tonos ot al. (1998) decided 1o discard saniples from tie 0 - 10 ¢m soil
for fuzther ansiyeis, The amount of Lilter in ihess samples ntado sepesation of roots

diopragtiosbic and the auihors found no visual eyidence of substantizl amoun's of iive tree
_"gi:rg_hm ro0is; & consistent Snding wits other dry Season root profile studies.

FLiveroots are genenally Jess duck it colour, nigic, and not exsily broken, and the cortex
PHnd pacicern are ‘not sasily sepamated. iy also cen bo identified ascording (o the
bssoiation witi tryeelin (Hogel 1935 Dead roote are geriecdlly brittle, datk frown or

lick, Wrinkled and essily broken off (Fersson 1982, Bledsoe vt 8l 1999). I some osses,
W&tghl!w distinctions might ot be clean In preiomnary studics, Schrath and Lehman
i"s}:'faf"_#xamptm encaiintersd’ difficiliics on digtinguishiig Gliricidia sebium and
Calllandra caloihyrsus fine roots from weed and meize roots with sufficient peecislen, In
game gy, living and deed’ Senna Siamea rools cottld not be distng.isked based on
| W.mﬂﬂﬁﬂﬁﬂ?ﬁ griteria.

h ’
*il-.'#.'- Root length measurement
B Root lergth messurcner! can 2ither be done Ty ke line Botenent method o by
_ﬁrﬁb‘éna‘:rﬁis witioh 14 a computerised develomment of the former. In e lirs interseot
aethod o) Tennznt (L975) rocts are pliced In a fiim 6 walor in 8 transparent 115y wiln 2
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grid paper (e.g., 1 x 1 cm squares) underneath. With the help of a (5 — 10 x) magnifying
glass and a hand counter, roots which cross an intercept line are counted once, and roots
which touch the same intercept more than once (e.g. a root lying exactly on the intercept)
are counted twice. Correct interpretation of intercepts is critical. Root material has to be
separated well on the tray to avoid overlapping and underestimation of root length in total

fine root length (R; in cm) calculation [Eq. 5]:

RzﬂxNxG 5]
14

where N is the number of intercepts and G the Grid unit values. G’s of 0.3928, 0.7857,
1.5714 and 2.3571 correspond to 2 x %2, 1 x 1, 2 x 2 and 3 x 3 cm grid squares,

respectively.

Tennant (1975) calibrated the line intersect method using root length ranges of 0 — 300,
75 ~ 700, 275 - 1100 and 600 cm - outside test range, respectively for¥2x Y2, 1 x 1,2 x 2
and 3 x 3 cm grid squares based on counting times of 5 — 6 minutes maximum and

cocfficients of variation of 5% or less.

In the image analysis method, fresh roots are placed in a film of water (to facilitate root
distribution) in a tray; roots are scanned and length and surface are calculated from
algorithms (Bledsoe et al. 1999). There are several root-scanning software programs
available such as Regent Instrument’s “WinRHIZO™” and Louisiana State University’s
Agricultural Centre’s “G-ROOT.” Bouma et al. (2000) emphasise the importance of
reporting the details of the scanning protocol for comparative reasons because obtained
results might be influenced by: staining period (where applied), maximum root density,
scanning resolution and transformation threshold (the brightness value at which the
scanning program decides whether a scanned pixel belongs to a root or the background).

Light coloured roots (e.g. grass roots) may need to be stained prior to scanning,

2.5. Piant water use
Plants use water in biochemical reactions, as a solvent, to maintain turgor and for

transpiration (Jackson et al. 2000). Water movement in the roots and the stem can be

measured and quantified volumetrically (Ferndndez ¢t al. 2000), indicating plant water
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AYEIESiliy andenabiing an estimation 0 the depres of water coinpetition between different
PIENEEDCCISS prowlng in the same snviconment, [FmeaSred for a sufficient long pecind,
e auent ?;_gf;l%:wtgpw&ﬂ";h;_@gﬁ-:ﬂ@;smm kst equal transptetion of Whe leaves
: 1! f.':-'.*m-'l'-r_-_f 1'1994),

mmalea mmal 1lf’.allt. ﬂf;.y :M ..:ldlrmr. carrelation between tres

: ;t.ﬂ mﬁrm:mm?' thilabinim Jﬂ.u:ing the Laamary - Apnil oy season,
el (1993) stacied tea different tropical, deciducus. o evesgreen tee specios 5. &
0 'ii orest [ Pasams. (?“1?9‘ Ny 9251 W) whis cit were found (o bo eaploing soll
difforent depthis, acoord ng Lo the trec speciss, Stualler trecs as compated o taller
.'__gﬁ-g.ﬁxntw water in Cespersoll layer, |

.y sap flow should be imeasured in plant rocts, nean the base of the tunk (stem), at
| 'h,ﬂvm and complemeanted with measuroinents of stomnatal conductanee (n individual
tivalleaves (Andrade et 2., 1998, Green axd Clothier 1999), ‘Howover, pracicn)
3 f/gnt it the messurement to tie stem, Especially i small {ress, the mass
bgab n!-'.!iq='a£cm~!£' emm[zﬂty eq-.lrvulunt-to ummgiimlimi, wilh little effect

- mm b eali‘r.:atm- a;u:l_ sall mo'siure contents can be relaled lo oot
ifferent sysicnvs (Cresn and Clotiier 1999),

ment congisis of the measurement of Lranspiration rates for whole planis,

1l ‘;h#& or tillers by toohn!ques which measure the sip-escending rate in ke

' ';-' The method 1s easily balng avtomated vsing a data logger, £d i amongs:

it Btudy plant wass: relstions wid tres eobrgy budgets| Itls riatively mose
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ot ile own unterest matee (e rodl teanspina 1o~ rite and wae found to be' lese inflaentisl on
trenspletion in thrco coffee cultivars ‘thay hiydmiticand erown architecturs 6f the studied
coifee piante (Tavsend et al. 2000},

A thermal tracer lechnique whicn rmeesures s2p Pow I8 the conatant heal belance mefiicg
{divided inic methode for plast stetits and methiocs for'tres trodke) (Swamson 1994, Sméth
snd Allea 1996, Peiéndez ot & 1-‘.]00} Tre slem heat baluace genge eiioriss of a
flexible renter, Vpics iy @ fow centimetss fn widh (Photo 33, waich i wispoed #ound the
slem and ‘enclosed in & leyer of core, a/\ayer of foam insuletion 'and on’glumin!an costed
PV weather shield (Fhote 4). A knowa dlectrical fower supplizd 10 the hester (P W)
is pertitionsd Inte Oy (the mte of vertizal heat logs by conduction i the stom), (J: (ks ratial
heat ‘0ss by conduction) and (. (hest upiske by the moving sap streat) 15q. 67

FEQ.QJ*Q] - LJM : Eﬁ.]

Some researchens divide O into Qg (downwerd) and Oy (upwerd). Weisel and Do Vog
(1994) glso consider s enetgy sicrags per wnit of Gne withir the Leated stem asotion,
alleging that. ity peglecting might coniribule. substantially (0 the emon. P, Oy wtid O
(Bigare 2) are meagired 1o determine (.. 120 6], 10 be converied into the mass flow mete
of sap Fi (g 2" calculated by (BG. 7)1

o A Py L1

A4 71y
i 3| 2 P ey |
BN RN PR AL

whese o s the specific heat capagity, of sap and (A% + &73) [ 2 ike increase in sap |
teruperacre across tho heater, aesuming that eating of the sap s radiaily uaform.

Te make good comact between slem sufuce and rester or thettocorples, gauges should Se |
installed on arm_gﬁl seetiang of the gtem without swalling or lumps, 1 gauges are (o romain :
for sevece ronthe, it shosld be emgured lrat deformalions on the growing stem znd '
appearacee of giveniic roots do nol occiir througn tais process (it and Alien 1395).

k






26

¥
| {.?J" i,-'.:* Qr
~— e —p

o™ ._%I‘:) q;-':' Pin e

e

"—_,’.-J‘
Figure 2 The conslant power stom heat balatce prriciple: different fons of heal loss Oy,
O (O and and (, are in balarce wilh eiectical power supplicd to the heglér P,

Seutce: Adspledd from Stoith and ALen (1996).

The thermal dissipation method is 2o empirica method developed By Granier (1925) where
2 pair of probesis iatroduced in the tee '._'L.uk\“;\aa;- conducting xylem orgapwoadi(Photo
5) lo measure a ‘empergture difference betwedn the upper heated: prove andi tho lowe:
reference probe. Meximam tempeizture diffcience 15 assumed o ocone whea sag flow is
zero end Higher sgp flow causes more heatl disgipalios &f the healed probe and consegueatly

a lower temperalure differerce between the probes (Chanier 1937, Swansen 1994, Smith

and Allen 1996}, The probes are prolecied Bgaingl the weather (Faold 6). The anziomical

foalures importenl in measuring sop Dow are: (1) ithe tyoe of racrenry elerments; {i} the
digmeter of individval twocheary elecenlsy (3) Gerdpatial distdbution of functioning
clementz within a given growth sing; (41 (heitotal tumbgriof growih rings contilining
functioning ucheary olements; ané (5) e radial width of sapworl.  Trvee types of
cotidacting rigsas car be distingu’shic: ring perous, diffuse porous end conifesous {or non-
porcus) wood (Swanson 1594). In"diffose’ porous'tnees, suich ag the (fees #n ‘he pregent

sfudy, sap moves (rrough vessels scaticred Uwoughout the Mnclioning sapwood.

|
!
|
i
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For the heat balance method, Grime and Sinclair (1999) investigated errors in sap flow
measurement, recommending gauge installation well away from the soil surface, with
additional insulation below the standard weather-shield and the use =of a conical shade
above the gauge to prevent direct insolation and water ingress via stem-flow during rainfall.
Instead of tuming off the heating source during night hours, its power input can be reduced,
assuring accurate resolution of low sap flow rates at night. Under field conditions the
heated segment may experience large changes in T when ambient T and/or (ranspiration

change rapidly, and, due to thermal inertia of the stem, there is a lag in the response of the
gauge.

Over the years different units have been used for sap flow measurements. The sap flow
nomenclature employed in this study is according to recommendations of Edwards et al.

(1996) concerning a unified nomenclature for sap flow measurements.

For sampling and scaling from plant to stand, estimated sap flow should be exp-ressed per
leaf area or sap wood area (Smith and Allen 1996) such as for the coffee plants and the
trees in the present study, respectively. Sap flow is influenced by a complex of factors
including soil water availability, meteorological parameters such as radiation, vapour
pressure deficit and air temperature and the status of the plants in terms of leaf temperature,
leaf water potential and stomatal conductance (Wormer 1965, Bierhuizen et al. 1969, Dagg
1976, Maestri and Barros 1977, Fanjul et al. 1985, Barradas and Fanjul 1986, Meinzer
1993, Gutiérrez and Meinzer 1994a, Gutiérrez et al. 1994, Rapidel 1995, Mosquera et al..
1999, Dauzat 2001).

Chapter 3, 4 and 5 contain papers I, Il and I1I, respectively. The results and discussion,

conclusions and recommendations are presented in chapter 0.
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owth and productrﬂn of Coffea arabica L. and fast-growing timber
in associations in Southern Costa Rica.
, E’Fm Xanter, 7 W Beer, F L Sinc'air an¢ O Schrcth

1 bnﬂttﬂd 1o Agraforestry Systems

- 'f:‘fr.rltmwm:'aly estenlisked 1 o 4—;-:&:1-n‘ﬂ coffee {G::aﬁ&a aribiog) asmemm,.s witk
Mypm dsglupta, Terminglin fvorensis (timber trees) or Rrythrina. ;nn;m:gimg {mrvme
k‘ﬁ&p} ‘were motilored onefarm {0157 N 23926 ‘WJ m 40 m i ennuel runfal’
lﬂﬂiﬂﬁ mm and mean T 2577, The split-piot :‘.'.nslgz counted th 4 1eplicetions, with
ﬂil‘.ﬁbt irve speciss with o withous supp! cmmtmr e fortiitsation as main tostments,
) ..-ﬁgpaepmgtm as the contol (main treatment) md unifeonly or locally distibuted coffee
i Tt ugalion s the sub-treztments; T0 ivorensis stem diametes, crown *}m.,ocucar (") and
ﬁﬁdlng weie higher than for'E deghipra. Coffee plant' feight (o) and basal dismeter
5 eryabove sofi sutface (am) were Wgher i the uatlopmmly than in the iocsl iy ferlised
ﬁp,ll}m..and bigher inthe two tmber tiee ussocialions than in tie E. posppigiana cont
;Emﬁimity to. timber trees did not' affect coffes develogment. E deglupia can be suggested
‘g tholmore Suitable inber (eN: il 10 be associeted with toffes. Predicted vield (71)
o loeally fertiised aub-piots, based upor 2 pre Bacves: eveliation of eigil selesied
\ tirenchea: per plant (36 plenis per plot), wes fitted to mal coffee ey yicls (RY in kg} with
W2 quadcutic micel [RY = 0.00098 PV & 04020 FY, ¥ = 0.9474 (p < 0.00)]. Prodicted
y | d was rot different between treatments but sctually harvested cofeo unde: E dégi_upm
‘was higher than under T ivorensis ot B poeppiglana,

!& i'ynrdq: coffee plant distances, compelition, poeicted coffes yiold
"

>

o



1. Inireduyction

Ceoffoe (Coffea arabica L} (5one of tic' mos! portan?® 'egrcotoral ¢otps and cxoon
commcdities in Central Amedica (Calloway anc Deer, 1997), This epecies wmn; winslly
found i the B=iopien bigiiands (s 1600 - 2800 mecl., 6° = 9° Nand 34°  40° E) with
mean (empesatues of whout 20° C sné wel distributed raisfall between, 1600 -
2000 mm yeo', with & 3 o d-monly dry season (Meesii end Bacos, 1977). Ontimal
whiolosyothasls of C. erabica 13 registered helow a maximum tampamtore of 24 " Coge
o the equator, coffee produces two berry yields por year eramillo end Vaioncn, 1980) out
further North ir Costs Rica, only ore harves! occurs pes year; .0, high production, which
detands mese Toioassimilates in ore year, is loliowed hy lower producticn the next year

when 1be plant increascs the sunply of fotozssirdlates 1o vegelative sarls (Tunnell, 19753,

Traclinonally cofiee hag beea grown ir the Coata Rican Central Valley (all. 1100 - 1400 o
a0 o fertile voleanic soils acd ootunuis sgroceelopienl conditions, Use of gliscitahie
Jand 1 corsbinatior, with increasimg land nressure frem other sectors (urhan conahuelions,
incastry, worism) ferced the selivily, since the fifties - sixnes, o lees 0timel arcas such as
Pézer Zeleddin, in the Southem part of the covniry (Ramirez, 19875, This area, now ‘be
principal collec-growing, region of the couaity, is charactonized by analtitnde lower than
tie optimun (raily 600 - 800 m ws L), and Yoo high ralnfall (4 2900 om0 and
emperaigre (- 23,5 "L, Cofleo placiations werw esteblished, precominanily on unfertiic
ltisols which wese tonmerly dedicsted to the cultivetion of cash crops such a8 msize (Zen
maps). and Seans {(Phaseclus, vwlparss), sugar cene (Saccha am: officturam) of caltle
brecding arcas.

Ir thiz egion, agroecological eonditions are wisditable for colfes in [wil sen and i fs
essociated with shade iress, mafnly Mefixing ron-tivber lees such as Evvihring
pocppighana (Weln ) GF, ook (Pepiliongceis), one of the most comnon ghace esg in
Costa Rican colice nlanizrons. This deciduous tee drops ita ledves saorlly beloie i
winy seanom, teeprouting within a cwrih, Regular paaning of t’-?gl.*‘ee 20C3 groen) IMAnurs o
e sysleno; an iatercsting Low-co8 managemient oplhen fo colfes farmers {Glover and
Muschlor, 1993) though labour costs ey become a limilation in the case of Costa Rica

(Taverce ot ul,, 1999), Wher E. poeppigiann 36 repacsd by zst-growing Cmber itees,




Lok

e Lor wee, pruning.may, 2e reduged. and profitsbility ol the system incressed, Timber
.Iiia?i stebilise farme='s invome, miligsting the, conseguences. of fuctastng  or
‘Gepressing wosid coffee, prices (Calloway acd Beer, 1991). . Eucalypius deglupta Blure,
: ?ﬂ,fs mAceEe) 18 anevergreen self-pruning Wee soccies which: grows wellat altitudes below

JI au el witk ennpal rainfall exceeding lﬁﬂﬁ mm.. In Costi Riea, Lo tree can mech
'h: ik Qﬁ 0!‘3'13 h‘lLaﬁtl siein dmr,nlﬁm {al 14m hmaa haqg't [DBIﬂ) of 33 om a, age 16 years

| '.- ) -_f'-aﬁu Milia, ,993} Tmmnﬂf;a iwreusﬁs in. [z,an a:mns can. ax:"ﬂw' & heigln ol 30.m
ﬁﬁl 30 yam (Lam b ard Niims, 1971},

= Mo dnhbm.iy- of the shade in 4 aofles pianizlion is 'of tmpotiance, a8 wall gs'tree lesf
fedding in /the: dry season (Willey, 1975). T-esshade reduces coffce plant siress and
_@f‘m tho.quan! |r.3n ard quality of light; the distibution and'totel 2rount of moisture in
lmaﬂt&m, the diurnal. rengs of embient air tempenaturs, end tear 2nd soil femperature, The
- iniengity. of colfee, fushing, €5, the periodic production of iyoung-shoots -and leaves), as
| well as lesf nize, ﬁ;iakr:ms and ‘he number of siomates par leal’ are diresi! related (o shede
lovels, Trese may, also; J0stively nfluence nutrient oycling and evallabijity, topsoil water
talus, woed, diseass and pest incidance, the degres of the fuotuztions of bi:-g.ﬂ.nﬁhi colfes
- produgtion and soffee. been weight, size and: quality. (Canmell, 19715 Wiltey, (1975
g .'i- emia, ard Mbuni, 1988; Huxley, 195%; Musealen 2001),« On the other hand, fast-
growing Umber tes may compele sigm‘ﬁwﬂ!y for growth resources (waldr, Tignt, sail
- ‘ﬂu}ﬂmts} when W with . coffee. plante ((Beer, et &l 1998), Gapec.x Iy when
gmmsm mm.rltznwurly

- The présent study focused on catly prowth of the fast growing dinbier trees £ doglupta of
T tyorensie] with or ‘without supplementary tree fertilisation, and or the gowth and
itictton o0\ argbica plants associatsd wilh these timber trees o with (ke non-timber
'. (rée [ poeppigiana. Diffeent distance’ catogories of coflee planis 0 ireir nicarest timbe:

| e were stucied ir an agroforeatry caperiment esiaslished ona con T"E‘".-[Sl coffes ‘e in

I'

| Scuthern Costa Rica, with an X pogppigiana sssocialion ss the control fealment
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Estimated pre-harvest coffee berty produciion was projected agzinst sotus’ prodection in)
2000 10 vesify Meie fabiinty ag a yield indtcetor,

2. Materials and methods
2,1, Site description
The stidy was conducted from May 1959 unt!! March 2002 on the commereial Verde Vigor

S.AL eafiee fann (815 ‘52-_ 837287 'W: alt, 640'm as 1), situzted in Scuiher:. Costa Rical
The site [ids 2 tzopcal rsiny climate (Amw, Kipoen classification), comesponding to:2
Tropical Wet Porest lifc zone (Holdridge L1967}, vzl rainfall of 3516 'mm {1958 2002)

and £nnua mean eripereiure of 257 *C (1986 1897}, From Janvary untll March there {3
a pranouncsd |y season and fom the beginning of May unti] the end of Decoinner & wel

seeson, Montaly minfall (com) was monitored for Mey 1998 = May 2002 (Vgure )

= =% = MayB: Ap-99 - o= Mauyd9: Aprdd. | [ =eae o Maydh Apsil
= == Muy01-Apr)Z | —Ke=averpe raiifal

9015 - 9°16' N3 83°29' - 83°30' W: 640 m 2.5,

Monthiy mmﬁ]] (Inm)
-s8ss88aE

May Sep Moy

Figure 1 Monthly minfall it a Coffea arabica-shade itree drigl (Encaiypius deglupia,
Terminalin ivorensis or [I-vthrina posppigiona) establishec in/ May 1998 *a Southes Costs
Eica.
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"lf‘a--u‘Mg = '.-"- eantel ™) Below Scmo’ 1) end H;rll exmﬁﬁgcnhlc E{'.It}" (0.65),
dan 05 emol ", suggesied that low doil Zertility was the limiting fsctos '{!‘e".am and
67 EGOZ) Soil bulx: denaity (Decaniber K1) was determined gravimetrically for
j@:‘aﬁi lui 15~ 30,30 - 60,60 - 90 end 90 - 120 ¢t wes 0.91, (.34, 0.91, 6.93
' '-g 1.,:1 mpcvmew, using fous core samples per depth, .nw [cruli'y {which
. ﬂm,;;almmd by, high ferfilisation: zates during the exnenimient); waler stress 'n the
Hry soes0n, air leraperatures above the photosynthétic optimum for coffes snd biga rainfal!
ohars 'j 156 the sile as E;J':';_-ﬁp':i_mal for cofles cuitiveticn,

srinant wes established on foncer sugar cane (5 officinaram) fields which wese

ared with fire snd ploughed o ebout 50 cnidepth.. The sugar cane felds nad been
gudjeeied o prloaged :F:.Emﬁi weed o control (and: had: sxperienced sofl. compastion.
Fertiliser (amounts and. focmullae) and Hwing were applicd lacoonting 1o the cominércizl

farm, masagement’s. recommendstions  (Telie 1), Weed manegerzent wes - ferfomed
S iy with smachales, mechanically with brosh-cutters and: by repular heshicide
cetions, (Paraquat, Glyphosaie, Tezvuthylaine) with moanual or motorised knapeeck
_ “ 5. The latter aclivily was recuced crastically after ifie year 2000 witen the farm
[ =. el was Sorced Ao reduce its oneming cosie due to prolonged low coffea bear
1"{ r‘ '.H .Gth;r coffec spraying cclvities ircluded folise apolicagion of aite, insecticides,
..1-_1' and of nematicides o the soil surfzce. | Coffee harvests stzrted in the yesr 2000
-,'1__1 measurements der plani, on two occasions between Sepioinber and November.
{However, quantificstion of the 2000 harves: was iutesrupted when the farm harvesied
.,3'-.{ :::.t noilfying on the tind oecasior, The 2001 harvost (Uctobes — December 20015 was
o wlﬂmly recozded, i,
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T Tres {Fmrlw;msr&.wwn calupria of Tarmainalia tvorentis) toailistion olyonii 2000,

shade 10 iserhy ceffee plants, laterel 1 iy w.--w,;:n;:- i were femoved np w4 m frank

a4

Table |, Fertiliscrs spoiien from Mey 1998 anmtil May 2002 in a Coffeq arabica-skace Looe
trial in Scutnern Costa Rica.

bl v M e e ™ [’ £ Mu 'l B’ (]
kg ha™) thy Fa' Fa7) drmoaa™) (kg m R o™y mpaj !k;.hn g
EoSF nCrarahbicg” 0 nS2 T 47 TR 34,5 00

. Tree" 0.0 €7 2.0 0.0 0.0 0.0
1999 C. arabica 183, 56 " 823" “392 18.5 30 6478
Trecs- 19:3 0.8 T e 34 30 0.4
2000 C. arabica 595 o0 3324 925" 1055 19 38s
Trees 2.2 00, .« 279 g6 9, T
2001 C arabica 112 82 1718 R8 " #56 %5, 8500

_zmrmbim 544 40 316 10.9 220 L3

9 Limiog 1ad been applicd Sroadcasiad,

¥, deplupia was praned once per yeur in the [ifst twg years ramoving laters] branches 4o to
2 m height. Or sevezal eceasions furing the first two years, 2. Borensis treos: were
submiited (o chytosenifary prning, reneving infested laterel ranckes up t0 3 m height to
controlthe Nectria spi Congal disease, an actvity witich wes coplemented with spraving
of inorganic (copper oxide) and orgunie (Benzemidaxel) fungisldes) o reduce pxcessive

beight, until 2001, In Seotomber 1993, the |-yeat-olil B! poeppigiana trees wise viuied for
the first tiree 204 e yeurs 2000 aid 2001, (wize a year, i Maysnd Algost, Two, three
or four svenly orieziated (cancingl points) branches; develoned st 1.8 + 2.0 height| wexe
pouncd to T =2 mlenglh to- make'tree stands and erowny projestions voiform.  All yertical
growing, uniwalthy 2nc other nnwasied B noegppigiana branchies were renoved. Prused
branches and leaves wore distributed everiy on the soil surfaca in the E pocppipianz plots
a’erall brerches had heen chopoed 1o/ cas than | m sesticns!

2.3, Exparinmn*
The origlne! destin waz estidlisked &5 ¢« randonizes complete I:ﬂﬂick spi-nlol des! B Wit

four ‘replicaiichs. Timber Use species (£ deglupla tng 1) 1wi,-mm}. with or without
supplemontary free fertilisalion, and a coffee - E. poeppigiana (service sasdé ree} contre!
fommed the mair treafments, Localised or omiloruly distibated coffee fertisation weze thc

seb-teatnents (splitplots). Localised distribution invoived applyicg fediliser op-slope
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cm fom esch o coffee” unk.  Uniform (brocdeast) distrdbution invoived
éﬁ?ﬁiﬁﬂl op of the sarie f;:l.{l.mr quentity per Fectare over the whole sict
ity was intescopied 11 Sebtemhier 2000, after-the Sarmy. vzed the soze!) between
, ﬁaHﬂgﬁs amng goffes rows, Toee ferﬁim:\tw i the sxpecmen: was peiformed
] ﬁm{squm with the trec trunc in the cantre, where every guartes of the square
%tlie ‘same evount us directed 10 each coffer bush, nxiforly distribied. The
G0es * b &am'“léc i ma vasied between 4-and 26%. ' *

:-h

iggim:amdlmg_s where cultivated in & nursery on the funn from seeds from the CATIE
: m. sace B o LIPS RN B4 rpcsdin o Chupers o

( "m ali, mu madl. méan 4 Iy .z.Er"'C, n:e.m:mnfa.l 1460 mm yr’ ‘i .!-L paeppig:mm
Dullings were obtained from & 2-yearod pure stend frors  farm neas t]u: oxperiment
:J.nvm}' split ~pT_nt, 2 coffee evelvation plal was esizblizhed, consisting of six rows cf six
00l ﬁé plant holes (eacl: plast hole nosmally containgd two coffes bushes) for the timber
E e treatments and eignl rews of four colfec plant holes for the treatment with
. pocppigiana (Figures 2 end 1)
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: : ! i | Total of 36 coffee plants pez plot
I, I, FRE A, SN, v, S, N ,- |

n 3
e B kb Ak B s el e e e B e -

T fastgrowing {i mber trec (Eﬁmlypm deghpm or Terminalia ivorensis, 6 & 6 1)
s . rubiba lines (colTee plasted &8 1 & 2 m}. Bﬁrtxycuﬂ‘m fine with trees ‘s sepeceted | by
twe coffee “ircs without trees, not indicated i figine 24.

F:'gurel 2 Tree ang plant. disivbulionin a £ oﬁm arqu timber tree plot [2a) and a cofi=e
gab-plot {26 in Soattern Costa Rica, )
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2.4. Mesasurcienis -
Timber Uges were messured. on five octasions (Sesdember 1999, March and ‘Sexterid

2060, Mareh 2001 and March 2002) for: crown projection with a meezn diameter obtalned
fom the prajection of the widest brarch range within and beiween coffee liner (TF fnif
asseming & eirciilae srown), height (Hi 2o ), and stemr diameter 2l 15 m (bioast Imigh“'
DBH it cin), the latter serving s inout for 5e stand basal ares (G in m° l’n'.".t calonialio
(Bq. 1

L Y A CDBH Y 1006) [
T TG A

where A was the plet aree (1) and DBH was transfomzaed to m nnits,

From Novernber 1993 opwends, 36 or 32 puits of coffee bushes (1wa per planting hole}, f
Cber 2ac moa-Crber tree dlols, seapoctively, were measored n May £33 Novembef)
(veginning end end of the reins, rosucotivaly) for Reight (om) of the highest urthotropl
giem; anc basal dlamster (b o mm) 15 o above soif surfees of the arthetawic ems,
the timber tree treatuctits, planis ie (he cofles spb-plols were organised intodive catsgories
bascd on'the fve pessible distarces 1o the nezrest treo (0.5; 1.5; 2.1, 2.9, end 2.7 m; Rigiue)
7). Acconding to the category, tae 26 coffee parts 12 sub-lo. were ranked as 4 plopts!
exchat 0.5 and 1.5 m, 8 plente gach at 2. 1'ahe '_*..}.1 m, an¢ 12 planis al 2.5 m dislance from$
the ncarcst shude troo,

Collke bory vield was estimatec ir 12 evaiuation plots (116 coffes bushes) i ., in the |
incelly fertilised coffee sub-olots in the twe fimber ree teatmens (B deplupta ol
T. ivorensis), wittout supplementary ‘rec festilisation, and in the E poeppisiana {sonirol}!
treatment (four repetitions of ezoh), In Jaly 2001, 4 months z0er Lower-anthesis, the
36 coffee plan! heles (32 in e case of the B, poeppiziana treatinen?) i each cvaluation
plon, nclud'ng re-plantes] seed ings, were numbercd and measured “or keight (A2 in c) of
the higher prant which tanged from 38 - 95 cm. Based on the (gtal suumber of rodes on e
nein sten: of the higher plant (NS), which zavgee Toi 18 - 53 the plants were calsgosised
@ seven groups (group I 12 — 23 nodes; and subsequent greups incementing by five
addtional nedes). The number of productive Sranches (PR) per plent was mpisieres and on

cipht selecied branches, systema¥ouly districoied down through the crown, e (ol



39

nurber of developing hoallty fruits (£F) was quaniified, The total number of developing
s pezl pieat (TF) was obtained by multiplying the aversge number of hezllny fruits per
ch (.d KE) by ¥R and g factprof 175 to inglude Uie gceond coffes plunt intae plant hole

[ Lt

} ?I_Hi':-].‘

aFp - 2L ' 2
4
TR =1 IS PBXARE T R Sees l

| Tt estimatedioofies berry yie'd per piant (PY.in ) was obizined by iaultplyiag 75 by
1503 (@, the avetage weight of & fully ceveloped bealiky, frult (B, 4]

.+ UUCHIRY N R 1= TRx1503(g) ' 4

ndividual ph.ni: :,m:l-:i waa extranoleted to (kg ltn ') B, E]

T L
- Yiold(ke Ha*‘;n-”

] «wi'srwNP was the *mmbe' of ﬂ:}f"ae pients o' NS the number c»f piants pes gub-nlol {“G of
Sﬂ mrﬂchvnly for r;offﬁe urdr timber tices or undes £ pa&pp:gmm} and XS the sum of
' ;l‘r‘\s mhm&.ed berry yieid ( g&r\p,r :1mvldual plar! pes s3b-plof.  Actuel codfes berry yield
Ry i kg i) was recorded for Eormh:f gnd uni formly farulised coffes sub-plots in the
ufaalmenrs w’thnm v pplmmn.sr:.r tree fa.rﬁlm“im for the year 2001, tepeating the
i ﬁ;o';mum wil: muﬂau 5 where 1*'3 & the sum of the actual Harvested berdes (g) for the
5 _-mLa 3er subrplat.
£ Awﬂ@

Daia were analysed wit 1 SAS release R (SAS Tnstitute [rn r‘i:ry. HO, HSA, 1999). Shade
| tres stand buse! érea (G) wes calculaed per rGhtrient and measuring dats. Timber (rce
growth paremeters (height, BEBH, © and CF) or coffee plant growth parametsrs (Reight and

RESHOR Ky 154

‘bd) were analyssc with a aplit-piot awalysis of vaslarce (with medsuting dates as subs
| [reetreent). Differerices were iraced with a Tukoy test (p< 0.05). Mean coffee Leight and
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Table 2. Comparisons for early Eucalyptus deglupta and Terminalia ivorensis growth values.

Species Author Plantation and site characteristics Age (months)  Height (m) DBH'" (cm)
E. deglupta  Sanchez (1994) Pure stands in the Turrialba region, North-eastern 30 11.5 10
Costa Rica (9°50° N; alt. 500 — 1400 m a.s.l.; mean 48 17.0 13
annual rainfall 2600 mm without a well defined dry
period); Volcanic soils and spacing at 2.7 x 2.7 m.
Present study 32 8.1 0.6
44 9.7 11.7
T. ivorensis Castaneda (1981) Fertilised agroforestry plots and non-fertilised pure 26 7.9 10.1
stands in Turrialba, (9°50° N; alt. 602 m a.5.1.; mean
annual rainfall 2055 mm without a well defined dry
period; mean 722 °C; Franco-clayey soils; initial
spacing at 3 x 3 m, thinned by 40% at 22 months
Present study 26 6.9 10.5
Delaunay (1977)  Trial with 13 T. ivorensis provenances establishedin 30 7.0-9.3 8.6 ~10.5
1972 in Ivory Coast (5°50° N; alt. 80 m a.s.1.; annual
rainfall 1300 — 1400 mm with a 5 month dry period;
mean T 27 °C), Ferralitic soils and spacing at 8§ x 3 m
Present study 32 126-13.2 78-8.6

" Tree stem diameter at 1.3 m breast height
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Castanieda (1981) reported mean heights of 7.9 m and mean DBH of 10.1 cm for 26-month-
old T. ivorensis trees in the Turrialba region (Table 2) as compared to average values of
6.9 m height and 10.5 cm DBH for 26-month-old trees in the present experiment.
However, Castafieda (1981) obtained significant 7. ivorensis growth response to
fertilisation in agroforestry plots of trees including annual or perennial crops as compared
to unfertilised pure stands. For a T. ivorensis provenance trial (Table 2), Delaunay (1977)
obtained heights between 7.0 and 9.3 m and DBH between 8.6 and 10.5 e¢m for 30-month-
old trees. Tree heights of respectively 7.8 and 8.6 m for 32-month-old trees with and
without supplementary tree fertilisation in the present experiment matched the same range
but DBH of respectively, 12.6 and 13.2 cm were higher than those obtained in the

unfertilised trial in Ivory Coast.

T. ivorensis trees not only had a higher CP but also presented a denser crown, as observed
by Kapp et al. (1997), except for the period at the end of the rainy season (November —
December) and the dry period (January —March) when the tree had shed part of its leaves.
The trees fully regained their leaves in April, resulting in higher shade levels than below
E. deglupta. Kanten van and Vaast (2003) measured Photosynthetic Photon Flux Density
(PPFD) above the coffee plants in 4-day monthly sessions in the study site, during the
period February — September 2002, beside the tree trunks (0.5 m distance) and at 2.5 m
from the tree, for one individual of each of the three tree species. Data was compared with
measurements in full sun (0% shade). PPFD in full sun and under E. poeppigiana was
significantly higher than under the two timber species. Shade percentages based on average
PPFD per treatment between 11:00 - 13:00 h., when daily peak values occurred, varied
betweer1 37 and 67% under E. deglupta and 55 and 83% under 7. ivorensis for the period
May — September, when T. ivorensis had regained their leaves. PPFD measured in the
coffee—T. ivorensis association was below the required 300 pmol m™? s™ for photosynthetic
coffee plant activity as a result of the denser T. ivorensis crowns in May and June. This

suggests less suitable conditions for coffee growth and berry production.

Larger crown expansion at an earlier age implies that 7. ivorensis meets the coffee shade
requirements earlier but this advantage is quickly converted into the disadvantage of
excessive shade, especially due to its denser foliage. Continuation of the trend of faster

DBH and G increments for 7. ivorensis while maintaining the same height growth as
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providing the trees with an additional nutrient source. However, it should be noted that tree

fertilisation was discontinued when the trees reached an age of 27 months.

Two of the coffee-E. poeppigiana plots suffered accentuated soil erosion and several
coffee plants which had poor growth, and were unlikely to become productive, had to be
replaced. These coffee plants were diagnosed with deformed main roots; probably a result
of inadequate nursery — transplantation practices. Soil water content in 0 — 30 cm profile of
the coffee—L. poeppigiana association was significantly higher than in the two coffee~
timber tree associations between December 2001 and June 2002 (Kanten van and Vaast,
2003). Jiménez and Alfaro (1999) obtained similar findings in a dry period in the Costa
Rican Central Valley. They found higher water contents in the O — 60 cm soil profile in a
coffee~E. poeppigiana association and coffee in full sun as compared to a coffee-
E. deglupta association. The coffee-E. poeppigiana plots with stunted coffee plants and
the difference in tree planting distance (8 x 8 m versus 6 x 6 m) hindered comparisons in

the present study.

According to a 1998 survey of 30 farmers in the same region, comparing 14 coffee shade
timber tree species (Tavares et al., 1999), E. deglupta was preferred above T. ivorensis
because the latter required pruning labour costs to eliminate lateral branches to avoid
excessive shading of the coffee crop even when the trees were young. An analysis over the
whole timber tree cycle including timber harvest, however, could lead to another
conclusion regarding the more (economically) atiractive timber tree species to be associated
with coffee. In the experiment, coffee shade below E. poeppigiana was considerably lower
due to the fact that the trees were spaced at 8 x 8 m as compared to 6 x 6 m for the timber
trees and E. poeppigiana was submitted to heavy pruning twice a year for shade regulation
and green manure production. During the January — March dry period, coffee plants in
T. ivorensis or E. deglupta shade consumed less water than plants in E. poeppigiana shade
or in full sun (Kanten van and Vaast, 2003) indicating competition of the timber species for

water with the coffee bushes in the dry season.
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Figure 5 Mean height and basal diameter 15 cm above soil surface for uniformly and locally fertilised Coffea arabica plants

associated with shade-trees in Southern Costa Rica.

Treatments: unfertilised Eucalyprus deglupta A; fertilised E. deglupta m;

unfertilised Terminalia ivorensis Q; fertilised T. ivorensis ©; Erythrina poeppigiana *. Symbols are linked with quadratic regression

lines 7~ > 0.90.
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In July 2000 in the study site, Aguilar et al. (2001) measured around 55 % shade below
E. deglupta and around 80% shade below T. ivorensis. Higher shade under the 22-month-
old T. ivorensis trees resulted in a higher number of non-productive coffee branches as
compared to those below E. deglupta or in full sun. This was confirmed by Angrand et al.
(2003) who evaluated coffee growth and flowering in 2002 in the same plots. Higher shade
promotes larger leaf surface area (Cannell, 1971) but this parameter was not measured
either by Aguilar et al. (2001) nor by Angrand et al. (2003). High shade levels below the
T. ivorensis trees, even at an age when tree crowns were overlapping, confirms the

disadvantage of excessive coffee shading by this species.

No differences in coffee growth parameters of any practical significance were found with
respect to distance from the timber trees (Table 3). Schaller et al. (2003) drew the same
conclusion for 4 to 5-year-old coffee (variety Catimor 5175)-E. deglupta associations in
the Turrialba regton in Costa Rica, with tree effect on coffee plants at 1.5 and 5.5 m
distance. Nutrient concentrations (N, P and K) in coffee leaves were also not different for
the two mentioned distances. A similar development of the coffee at different distances

from the nearest tree is a favourable selection criterion for shade trees.

A root study between July 2001 — March 2002, at 0 — 20 cm depth in the timber tree
treatments without supplementary tree fertilisation, with sampling in the coffee fertilisation
strip, in the strip on the opposite side of the plants or in the coffee inter-rows (Kanten van et
al. 2003), revealed low competition between species and combined coffee and tree fine
Root Length Density (RLD; root diameter < 2 mm) always below 5 cm em”. Lower coffee
{ T. ivorensis RLD ratios than coffee / E. deglupta RLD ratios suggest that fine roots of this
timber tree species displace coffee fine roots; i.e., T. ivorensis is more likely to compete for

nutrients with the coffee bushes than E. deglupta.
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Table 3. Mean Coffea arabica height () and basal diameter 15 cm above soil surface (bd) 1n associations with Eucalyptus deglupta or
Terminalia ivorensis in Southern Costa Rica.

Distance of C. arabica plants to the nearest timber-tree
Age 0.5m (n=64) 1.5m (n=64) 2.1 m(n=128) 25m(n=192) 3.2m(n=128)
C. arabica in ht (em)  bd (mm) ht (em)  bd (mm) ht (em)  bd (mm) ht (cm)  bd (mm) ht (em)  bd (mm)

Months
12 E. deglupta 72(1.8)%a7  22(0.6)a  70(1.7)a 21(0.6)a 69(1.3)a  21(0.4)a 68(1.0)a 21(0.4)a  68(1.2)a 21{0.4)a
T. ivorensis 63(1.4)b 21(0.5)ab  65(1.6)ab 20(0.6)a 67(1.0)ab  21(0.4)a  68(0.%a 21(0.3)a 68(1.0)a 21{0.4)a
18 E. deglupta  93(1.7)a 30(0.7)a  89(1.8)a  28(0.7)a 00(1.2)a  29(0.5)a  89(1.0)a 30(0.4)a  88(1.3)a 29(0.5)a
T. ivorensis 79(1.5)b 26(0.00b  81{(1.6)b 26(0.6)b 84(1.1)a  28(0.4)a 87(0.9)a 28(0.4)a  87(1.1)a 28(0.3)a
24 E. deglupta 122(2.1)a 36(0.8)a  117(2.Mab  35(0.7)a 117{1.5)ab  34(0.6)a 116(1.1)b 35(0.4)a 115(L.4)b  35(0.6)a
T. ivorensis 103(1.95¢ 29(0.7 ¢ 105(2.00bc  31(0.8)bc 108(1.4)ab 32{(0.5)ab 111{l.1)a 33(0.5)a 112(1.3)a  34(0.6)a
30 E. deglupta 136(2.1)a 37(0.9a 131(1.9% 35(0.8)a 132(1.6)a 35(0.7)a 132(1.1)a 35(0.5)a 132(1.4ya 36(0.0)a
T. ivorensis 118(2.1)a 31(0.7)a 118(1.9%  32(0.9)a 121(1.3)a  33(0.6)a 121(1.2)a  33(0.5)a 122(1.3)a 33(0.6)a
36 E. deglupta 155(2.2)a 39(0.9a 151(2.1)a  36(1.0)a 154(1.9% 36(0.7)a 154¢(1.4a 37(0.5%a 155(1.7)a 38(0.Na
T. ivorensis 143(2.5)a 32(0.8)a 140(2.5%a  32(0.9)a 140(1.8)a 33(0.6)a 142(1.5)a 34(0.5)a 141(1.7)a 33(0.6)a
46 E. deglupta 177(2.6)a 43(0.Ma 170(2.5)a 41(1.1)a [74(1.9)a 42(0.7)a 173(1.5)a 42¢(0.6)a  175(1.9)a  43(0.7)a

T. ivorensis 165{3.0)a 35(0.8)a 161(3.2)a 35(0.9)a 162(2.2)a  36(0.6)a 163(1.7)a 36(0.5)a 159(2:1)a  35(0.7)a

U Mean (standard error) © different letters in the same row (corresponding to the same variable) indicate differences (p < 0.05) by the
Student-Newman-Keuls test
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Predicted coffee berry vyield averages of 4374 (s.e. 830), 3261 (s.e. 767) and 2762
(s.e. 733) kg ha' for coffee under E. deglupta, T. ivorensis and E. poeppigiana plots,
respectively, were not significantly different from each other. Coffee berries were
harvested on five occasions betwecn 11 October and 06 December 2001 with the peak
harvest occurring on the third (33%) and fourth (27%) collection. Real coffee berry yields
were not different for uniformly or locally fertilised coffee bushes. Contrary to the
predictions, RY in the locally fertilised sub-plots of 5095 (s.e. 925) kg ha! for coffee under
E. deglupta was greater than that for coffee under 7. ivorensis and E. poeppigiana with
2327 (s.e. 726) and 2807 (s.e. 833) kg ha™, respectively.  This same trend was maintained
in the uniformly fertilised sub-plots with values of 5790 (s.e. 717), 2567 (s.e. 547) and 2171
(s.e. 726) kg ha' for coffec under E. deglupta, T. ivorensis and E. poeppigiana,
respectively. Taking into account the biannual coffee production cycle, the present results
should be checked with at least another annual yield cycle. Furthermore, coffee yields
within the treatments can be expected to vary over years. Coffee with less shade, such as
the coffee under E. poeppigiana in the experiment, is expected to produce higher
fluctuations between yields and to the plantation is expected to be exhausted at an earlier

age as compared to more intense shaded coffee (Cannell 1975, Muschler 2001).

4. Conclusions

Overlapping crowns prove the need to thin T. ivorensis and E. deglupta around ages 30 and
36 months, respectively, avoiding the dry season (January — March) when T. ivorensis has
dropped its leaves. Both 7. ivorensis crown projection and DBH were higher than
E. deglupta at ages 1 to 4 years but there was no difference in height. The two timber
species may have benefited from the coffee fertilisation but there was no evidence that they
responded to supplementary tree fertilisation. Early growth (height and DBH) of
E. deglupta was lower and of T. ivorensis comparable if not greater than in other studies in
comparable conditions. Terminalia ivorensis provided denser shade to the coffee and
hence lateral branch pruning was required in the first 2 to 3 years after establishment. In
the associations with E. deglupta, coffee plants reachcd greater height and bd values than in
the other treatments over the 4-year measurement period. Coffee plants under T. ivorensis

shade grew faster than those below E. poeppigiana; the control treatment with wider spaced
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shade trees submitted to pruning twice a year which provided inadequate shade. However,

there were no obvious effects of proximity of timber shade trees on coffee growth.

Uniformly fertitised coffee plants outperformed locally fertilised coffee plants in terms of
coffee height and bd growth. Estimated coffee bean yield, based on an evaluation of eight
branches per plant, predicted the actual harvested bean yield (r* = 0.9474; p < 0.001) but at
least two years of data are needed to calibrate coffee bean yield predictions. Actually

harvested coffee under E. deglupta was higher than under T. ivorensis and E. poeppigiana.

Lower shade level, and higher coffee plant growth and production points to E. deglupta as
the more promising of the two timber species to be associated with coffee. Nevertheless, it
would be recommended to study the associations over a longer time, including long-term
trade-offs by the tree component (green manure production, timber) and coffee bean

quality.
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Distribution and seasonal dynamics of fine roots in Coffea arabica—
Fucalyptus deglupta or Terminalia ivorensis plantations in Southern Costa
Rica.

R F van Kanten, G Schroth, J Beer and F Jiménez

To be submitted to Agroforestry Systems

Abstract

Fine root dynamics (root diameter < 2.0 mm) were studied on-farm in a tropical rainy
climate (9°15° N; 83°29° W; alt. 640 m a.s.l) in associations of Coffea arabica with
Eucalyptus deglupta or Terminalia ivorensis and in a pseudo-chronosequence of nearby
C. arabica-E. deglupta associations, aged respectively, two, three, four and five years.
Cores (internal diameter 8 cm) were taken in the 0 — 40 cm soil profile on one occasion
(two years after out-planting) and subsequently in the following year in depth layers 0 — 10
and 10 — 20 cm, during and at the end of the rainy season, and during the dry season. Fine
root density of coffee (spaced at I x 2 m) and timber shade trees (spaced at 6 x 6 m) was
greater in the coffee fertilisation strip as compared to unfertilised areas close to the plants
or in the inter-rows. Coffee fine roots were more evenly distributed in the topsoil (0 —
20 cm) whereas tree fine roots were mostly found in the first 10 cm. Although the two tree
species had approximately the same fine root length density (RLD), lower coffee / tree RLD
ratios in T. ivorensis suggest that this shade tree is potentially the stronger competitor with
coffee. Coffee and tree fine root density for 0 — 10 crn measured during the rainy season
increased progressively from 2 to 5-year-aged associations and coffee RLD increased
relatively more than E. deglupta RLD in the 4 and 5-year-aged plantations suggesting that

contrary to expectations, coffee fine roots were displacing tree fine roots.

Key words: coffee/ tree RLD ratios, competition, pseudo-chronosequence, root length

density (RLD), specific root length (SRL)
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1. Introduction

Shaded coffee (Coffea arabica 1.) plantations are of considerable importance in low
clevation areas (< 1000 m a.s.l.) of Costa Rica. Traditionally, shade in this zone has been
provided by nitrogen-fixing non-timber trees such as Erythrina poeppigiana (Walp.) O.F.
Cook (Papilionaceae), which can improve nutrient cycling and have proven value in low
external input systems (Nair, 1993). When these service trees are replaced by fast-growing
timber trees, labour for tree pruning may be reduced and profitability of the system
increased; timber trees may stabilise farmers' income, mitigating the consequences of
fluctuating or decreasing world coffee prices. Fast-growing timber trees, however, may
potentially also compete with the coffee plants (Beer et al., 1998). While it has been shown
that under conditions of high resource availability, associations between coffee and fast-
growing timber trees such as Eucalyptus deglupta Blume. (Myrtaceae) do not lead to
excessive competition (Schaller et al., 2003), other evidence suggests that excessive
competition may occur under drier conditions (Jiménez and Alfaro, 1999) and .possibly'

under conditions of lower nutrient supply.

In the present context, root competition can be defined as the phenomenon whereby a
timber tree root systemn reduces the access of the coffee root system to soil nutrients and/ or
water, either by taking them up for its own consumption or by impeding the development of
the coffee root system (Schroth, 1995). No particular root system type for coffee has been
identified since root distribution depends on both the genetic constitution and
environmental conditions such as soil type and aeration, fertilisation and water availability,
as well as the presence of other plants (Franco and Inforzato, 1946). The “typical” root
system of transplanted coffee plants consists of primary roots no deeper than 0.5 m (Franco
and Inforzato, 1946), 4 — 8 axial roots, lateral roots near the surface up to 2.4 m from the
coffee trunk, lateral roots in deeper zones, feeder-bearers and the feeders or fine roots
(Garriz, 1978). According to Smith (2000), young trees which are still confined to the
shallow-rooting zone can compete strongly for nutrients with the associated crops in
agroforestry systems. Sanford and Cuevas (1996) report several cases of dense root mats in
the upper 20 cm soil layer of established wopical forest types. Schaller et al. (2003),

working on a site without a dry season, confirmed an earlier report by Morales and Beer
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(1998), working on a seasonally dry site, that the fine roots of E. deglupta shade trees
predominate in the 0 — 10 cm soil layer while coffee finc roots predominate in the
succeeding 10 — 20 cm layer. In the present study it was hypothesized that root distribution
and interactions depend on nutrient availability, and thus can be influenced through
fertilizer distribution, Root competition was compared in evenly aged, recently established
coffee—shade tree associations (less than five years old) at different depths and different
positions with respect to fertiliser distribution. Roots were sampled during the rainy and
dry seasons in a sub-optimal coffee region (640 m a.s.l.; high annual rainfall > 2900 mm)
with a pronounced three-month dry season. Fine root length density of C. arabica and trees
(root diameters < 2.0 mm), as well as specific fine root length and fine root dry weight of
the timber tree species were calculated for depths 0-10, 10-20 and 2040 cm close to the
coffee trunk (within and outside of the fertilisation band) and in coffee inter-rows. The
relationship between coffee and iree fine root distribution and fine root response to locally
distributed coffee fertilisation, was studied both in an on-farm experiment of C. arabica
with shade trees E. deglupta or Terminalia ivorensis A. Chev. (Combretaceae) and in
pseudo-chronosequence of commercial, 2, 3, 4 and 5-year-old C. arabica and E. deglupta

plantations.

2. Materials and Methods

2.1.  Site description
A preliminary study was conducted from June — September 2000 and the main study as

well as a pseudo-chronosequence from July 2001 — March 2002 on the commercial Verde
Vigor S.A. coffee farm (9°15° N; 83°29" W; alt. 640 m a.s.l.), situated in Southern Costa
Rica. The site has a tropical rainy climate (Amw, Koppen classification), corresponding to
a Tropical Wet Forest life zone (Holdridge, 1967) with annual rainfall of 3516 mm (1998 —
2002) and annual mean temperature of 25.7 °C. The pronounced dry season was from
January until March and the wet season from the beginning of May until the end of
December. During the main and the pseudo-chronosequence study (July 2001 -~ March
2002), rainfall totalled 2236 mm, which was 18% less than the rainfall over the same

months averaged for the previous three years.
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Soils were classified as Ustic Palehumult (USDA classification) and based on analyses in
1998 and 1999, had average pH (H,0)} 5.1; soil exchangeable acidity 0.66 cmol ' K, Ca
and Mg of 0.16, 3.63 and 0.13 cmol I, respectively; and P 7.7, Cu 3.6, Fe 239.7, Mn 5.8
and Zn 0.5 mg I"’, respectively. P, K and Zn were below critical levels of 12.0 mg l_'l,
0.20 cmol 1" and 3.0 mg 1, respectively. Soil bulk density (December 2001), dctcfmined
gravimetrically for depth layers O — 15, 15 — 30, 30 — 60, 60 — 90 and 90 — 120 cm was
0.91,0.84,0.91,093and 0.98 g cm?, respectively, using four core samples per depth.

The site is classified as a sub-optimal coffee-growing zone; i.e., high temperatures, seasonal

water stress and poor soils (the latter balanced by high fertilisation rates).

2.2.  Plantation management
2.2.1. Experimenial site :
All plots in the preliminary and main study (experimental site) were established on former

sugar cane (Saccharunt officinarum) fields which were cleared with fire and ploughed to
about 50 cm depth prior to planting coffee bushes and trees. The sugar cane fields had been
subjected to chemical weed control and had experienced soil compaction. In May 1998,
coffee Coffea arabica cv. “Costa Rica 95” was planted at 2 x 1 m (2 plants per planting
hole) in East-West lines, and in July 1998, the timber tree species were planted at 6 x 6 m.
The trees were initially fertilised in the planting hole with 60 g of P,0s. E. deglupta
scedlings where cultivated in a nursery on the farm from seeds from the CATIE seed bank,
source BL034, batch 034/95B, RN CR 042, proceeding from Charrarra, Cartago, Costa
Rica (09°49’ N; alt. 1000 m a.s.l.; mean T 21 °C; mean rainfall 1969 mm yr'). T. ivorensis
scedlings were obtained from a local nursery with seeds from the CATIE seed bank, source
Experiment 38, procedence Florencia Sur, CATIE, Turrialba, Costa Rica (09°53° N; alt.
600 m a.s.1.; mean T 22 °C; mean rainfall 2460 mm yr™),

Fertiliser amounts and formulae were applied according (o the commercial farm
management's recommendations (Table 1). Lime was applied broadcast in the whole
experiment. Weed management was performed manually with machetes, mechanicaily
with brush-cutters and by regular herbicide applications (Paraquat, Glyphosate,
Terbuthylazine) with manual or motorised knapsack sprayers. Other coffee spraying

activities included foliar application of zinc, insecticides, fungicides and soil applications of



59

nematicides. Coffee harvests started in the second year after establishment. F. deglupta
were pruned once per year in the first two years removing lateral branches up to 3 m trunk
height. On several occasions, 7. ivorensis were submilted to phytosanitary pruning,
removing infested lateral branches up to 3 m trunk height to control a fungal discase
(Nectria spp.). To overcome excessive shade of coffee plants, lateral 7. ivorensis branches

were removed up (o 4 m trunk height, until 2001.

Table I. Fertilisers applied from May 1998 until May 2002 in a Coffea arabica—shade tree

trial in Southern Costa Rica.

Year  Species N P K Mg S B
(kg ha™) (kgha®) (kgha') (kgha') (kgha') (kgha™)
1998 C.arabica  65.2 10.8 742 324 34.8 0.0
Trees” 0.0 6.7 0.0 0.0 0.0 0.0
1999 C. arabica 188.1 5.6 82.3 39.2 18.5 3.0
Trees 19.3 0.8 11.2 34 3.0 0.4
2000 . arabica 99.5 0.0 3324 92.5 105.5 1.9
Trees 21.1 0.0 279 8.6 9.1 0.1
2001” C. arabica 112.5 8.2 778 22.5 45.6 2.5
2002” C. arabica 544 4.0 37.6 10.9 22.0 1.2

Y Tree (Fucalyptus deglupta or Terminalia ivorensis) fertilisation only until 2000,
? Half of the fertilisation in July 2001, after the first root sampling session.
3 Pertilisation in May 2002, after the last root sampling session.

During the preliminary study, mean coffee (age 24 months; n = 36) basal diameter (bd),
15 cm above soil surface, and mean height were 34.8 (s.e. 0.5) mm and 114 (s.e. 1.4) cm
- for the associations with E. deglupta and 31.6 (s.c. 0.5) mm and 107 (s.e. 1.2) cm for those

with T. ivorensis, respectively.

In the main study, mean coffee plant (age 48 months; n = 36) bd and height were
respectively, 41.0 (s.e. 0.6) mm and 166 (s.e. 1.6) cm for the associations with E. deglupta
and 34.7 (s.e. 0.7) mm and 1535 (s.e. 2.0)cm for those with T ivorensis.
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Root sampling positions (1b): P1 =in the fertilisation band, 20 cm above the second coffee
bush along the row from the sample tree; P2 = identical to P1, but exactly on the other side
and same distance from the coffee bush and hence not in the fertilised band; and P3 =
exactly between coffee rows (not in the fertilised band) at the same distance to the sampling
tree as P1 and P2.

Figure 1. Root sampling sub-plot [la] and distribution of sampling positions [1b] in

experimental Coffea arabica—timber tree associations in Southern Costa Rica.
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Table 2. Mean timber tree height (Ht), stem diameter at 1.3 m breast height (DBH) and

crown projection (CP) in Coffea arabica-shade tree associations in Southern

Costa Rica.

Age" Ht DBH CcP?
Data source (months) (m) {(cm) (m?)
Preliminary”
Eucalyptus deglupta 26 74 (042" 87(0.55)  18.0 (2.20)
Terminalia ivorensis 26 6.9 (0.34) 11.1 (0.35) 20.3 (2.71)
Main trial
E. deglupta 42 11.9 (0.46) 9.9 (0.29) 369 (2.35)
T. ivorensis 42 17.6 (0.58) 9.5 (0.28) 48.1 (2.98)
Pseudo-chronosequence
E. deglupta 1996 61 13.0 (0.50) 20.8 (1.16) 64.9 (16.17)
E. deglupta 1997 49 11.4 (1.19) 14.9 (0.87) 50.8 (6.00)
E. deglupta 1998 38 9.3 (0.22) 11.0(0.42) 32.1 (1.81)
E. deglupta 1999 25 6.3 (0.58) 8.9 (0.72) 18.5 (3.62)

D" Age since out-planting in the field. * Mean diameter from within and between coffee
lines. ¥ Data from the preliminary study and the main trial refer to the same trees at ages
26 and 42 months. * Standard errors (n = 9 trecs) 5 Data from the main trial.

2.3.2. Pseudo-chronosequence
In these plots, each tree was considered a replication. Three trees surrounded by healthy

cotfee plants were selected in each plot for each sampling session during (August 2001)
and at the end of the rainy season (December 2001) and during the dry season (March
2002). Two cores were taken for each position and depth (0 — 10 and 10 — 20 cm) per tree;
i.e., a total of 108 core samples for each sampling date (2 sub-samples per tree X 3 sampling
_positions x 2 depths x 3 trees x 3 plantation ages). The results from the pseudo-
chronosequencial plots were contrasted with the data obtained from the 1998 experiment to

obtain a sequence of 2, 3, 4 and S-year-old associations for C. arabica—FE. deglupta.

2.4,  Measurements
Litter and/or weed roots were carefully removed with a machete before manually

introducing a cylindrical auger (8 cm internal diameter) into the soil by hammer blows.
Soil cores were transported to the laboratory in a cool-box. Corresponding sub-samples
(six for the experiment and two for the pseudo-chronosequence study) were homogenised,

stones and other impurities were removed and fine roots were cut to a length <3 cm. From
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Except for the preliminary study, a soil sample was taken from cach of the composite soil
core samples (ie., per depth layer, position, replication, trial/site and sample date) for
analysis of pH (H20), soil exchangeable acidity, Ca, Mg and K (cmol 1") and P, Zn, Cu,
Mn and Fe (mg I). Soil samples totalled 108 for the main and 162 for the pseudo-

chronosequence, respectively.

2.5.  Analytical methods
Each soil depth was analysed separately. Coffee RLD, tree RLD, coffee / tree RLD ratios,

tree RDW, tree SRL and the ten soil parameters were analysed with the split plot Anova
procedure (with dates as the sub-treatment) in SAS release 8 (SAS Institute Inc., Cary, NC,
USA, 1999). Where a significant difference by date, position or treatment was detected,

Duncan’s multiple range test (p < 0.05) was used to identify the differences.

3. Results

3.1.  Experimental site
In both the preliminary study (age 2 years; Figure 2} and the main study (ages 3 - 4 years;

Figure 3) coffee and tree RLD tended to be lower (p < 0.05) in the inter-row position than

in the two positions close to the coffee plants.

In the preliminary study, coffee fine roots were evenly distributed between O — 10 and 10 -
20 cm under both tree species while tree RLD decreased rapidly below 10 cm (Figure 2).
At 20 — 40 cm, T. ivorensis RLD was higher than E. deglupta RL.D (p < 0.05). T. ivorensis
RLD for 10 — 20 cm in the fertilised position was higher than in the unfertilised position.
.For 20 — 40 cm, T. ivorensis RLD in the fertilised position was higher than in the
unfertilised and inter-row position (p < 0.05). When considering the whole soil profile (0 -
40 cm), 58 — 65% of coffee RLD, 80% of E. deglupta RL.D and 73% of T. ivorensis RLD
was found in the first 20 cm. E. deglupta and T ivorensis RLD for 0 — 10 cm were 55%
and 46% of the totals for 0 — 40 cm, respectively. Within any one depth, RLD did not differ

between (reatments.
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Coffee RLD for 0 — 10 cm (Figure 3) was higher during the dry than during the rainy season
(p <0.05). Tree RLD for 0 - 10 cm in the fertilised position was higher than in the inter-
row position (p = 0.0176). Tree RLD for 10 - 20 cm in the two positions close to the coffec

plants were higher than in inter-row position (p = 0.0030).

Between seasons, there were no differences between coffee RLD in the two systems and no
differences between RLD of the two tree species (Table 3). Tree RLD and sampling dates
had significant interactions (p = 0.0367 and p = 0.0032). In both 0 — 10 and 10 — 20 ¢m in
the main study, T. ivorensis RDW in the rainy season was higher than E. deglupta RDW
(respectively, p = 0.0007 and p = 0.0137) and tree RDW in the two positions close to the
coffee plants was higher than in the inter-row position (respectively, p = 0.0382 and p =
0.0045). On average, 7. ivorensis fine roots were heavier and thicker than those of
E. deglupta. Tree RDW interacted with sampling dates, respectively p = 0.0323 and p =
0.0006 for O — 10 and 10 — 20 cm. k. deglupta SRL for 10 — 20 cm was higher than
7. ivorensis SRL (p = 0.002) and tree SRL and sampling dates interacted (p = 0.0496)
(Table 3).

In the preliminary study, coffee / tree RLD ratios (Table 4) did not differ statistically within
depth layers. However, the coffee / E. deglupta RLD ratio was notably lower for 0 — 10 cm
than in the decper layers. Coffee roots dominated for all positions and depths, i.e., RLD
ratios always above 1. In the main study, no statistical differences were detected for coffee
/ tree RLD ratios in different positions in the same depth layers. Coffee / tree RLD ratios
for 10 — 20 cm interacted with sampling dates (p = 0.0376). For 0 — 10 c¢m, on two and four
~occasions RLD ratios were below 1 (i.e., dominance of the tree roots) in the associations

with E. deglupta and T. ivorensis, respectively.
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Table 3. Fine root length density (RLD), fine root dry weight (RDW) and specific {ine root

length (SRL) in 3 — 4-year-old associations of Coffea arabica with Eucalyptus

deglupta or Terminalia ivorensis in Southern Costa Rica.

Depth RSV ERS DS
O D — RLD (cm €m™) =o-mvemmmmmeae-
C. arabica under L. deglupta 0-10 117 024" 150 (0.33) 1.56 (0.26)
C. arabica under T. ivorensis 0-10 0.72 (0.106) 0.93 (0.18) 1.62 (0.50)
E. deglupta 0-10 071 (0.13) 1.52 (0.29) L.70 (0.22)
T. ivorensis 0-10 L.17 (0.35) 0.85 (0.12) 1.81 (0.21)
C. arabica under E. deglupta 10-20 1.21 (0.28) 1.10 (0.28) 1.15 (0.25)
C. arabica under T. ivorensis 10-20 0.89 (0.18) 0.88 (0.15) 1.28 (0.24)
E. deglupta 10--20 0.37 (0.08) 0.68 (0.08) 0.65 (0.16)
T. ivorensis 1020 0.69 (0.12) 043 (0.05) 095 (0.13)
--------------------- RDW (mg) -----cmmmmeammemaae
- E. deglupta 0-10 32 (7.6) 75 (18.3) 48 (13.2)
T. ivorensis 0-10 100 (26.9) 58 (9.8) 46 (10.0)
E. deglupta 10 20 13 (34 40 (8.6) 45 (8.0)
T. ivorensis 10-20 72 (13.4) 26 (5.0 38 (11.0)
-------------------- SRL (cm mg'l) mowmmmmmmammccaan
E. deglupia 0-10 5.63 (1.00) 492 (0.64) 3.60 (0.37)
T. ivorensis 0-10 2.53 (0.27) 297 (0.33) 1.88 (0.39)
E. deglupta 10-20 6.01 (145) 430 (0.70) 390 (1.00)
T. ivorensis 10-20 2.03 (0.29) 373 (0.37)y 3.64 (091)

"DRS= rainy season, ERS = end of rainy season, DS =dry season. % Standard error (n = 9).
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Tabic 4. Mean fine root length censity (#LD) reioe” in 2 and 3 — A-year-old sssociali
of Coffer arabica with Eucalvpius deglupta or Terminalia ivarensiz in Souther
Coata Rica. -
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12, Pseudo-chronosequence (i -—ep
\Gotfue RLD for 04 10 cea (Figure 48) wag | gher {p = 0.0009) in the 4 and 5-yesr-old then

0 e 2 and d-your-ald asscciztions, In the fertitised zone, colfee RI.D wes kigher than i
the unceriliped u:ﬁ.intﬁiiﬁw-pﬂsfﬁﬂﬂa- (0 - 30 cm; = 0.0002); A‘t':-iﬁfﬁ‘-fhwz. sampling
| positions and daiee interacted for ¢offes RLD (p = 0.0003), Coffee RED:n the fertilised
. posilion for 10 - 23 cm was higher ther it the unfertilsed position, whick ia'tem was
higher (p = 0.0004) than i the Eaterrow position.
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compared with the fatermowsposition (5= 0.026). Tkewise foriL0 - 20 o, the RLD ratio
‘was higher iz the 4- yﬁﬁu—h‘l sssociation than in the 2 and 3-yesrold associations (p =
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0= the RLD retio,
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A3 Soil nutrient status
Soil from the .ot earoples generslly swosented mediurt pH (Hy(h; low 20 g 0L

exchangeable 2cidity (betwees 0.13 and 1.8 cmo! |'') end high Pe contents with deficiercids
in K, P and Mo, Mithe experimentel site, for 0 - 10 and 10:=20 om, DR, a3d Ce and
Mg conients in the Inter-row. positicn weze lower than inthe two positions closer to "ui:
cafies planis. Theisoll exchatgeais widity i the rier-row positian was higher than 1= (e
pasitions closer to the coffee plants. X contents wese highes! in.the fertiliged 1:ﬂ.‘ﬂ:iﬂi'|$
followad oy K conten's in He unfentilised positior, which i Wi wese digner than
confents in tae iner-row position (¢ < 0.C5), Similer seasonal trends o7 soil paramelesg
occured i1 both deptn Tayen [r the expesincantsl siie; ¢ g, pH (H0) beirg higher at the)
era of the zaay season and K contents joing higher dunog the ralny season (p < €.04).

In e peetdu-chronogequsnce, soil sxchangeatle acidity was higlierumder the 2-yesr-0.d
associgtion (han uoder 5 and 4- year-o.d plantuiions. K contents inithe associations sgec
two and five yeass were higher than in those aged three and folr years, and P conteils wesg
the irighest i e d-yesr-ald sssociation. K contents cunng the ainy seascn wem I:ig:lru;
end P conlerts daning the rainy seasen were bigrer than those st the end of the i a

seasan, wiich in wm wore bigher then cuning e dry season (p < 0.05)

4, Discussion

J.1.  Experimentzl site .
Basged on 250 Tool studies covering 11 terxesirial biomes, Jackson el ¢l {1998) caleulaied:

thet geaeraliy 40% ol fine oot were it Le frst 10 om, end 66.6% in the first 20 cm
{congideri=g 0 « A0 cm depins unly), Toffee live rools are mostly fond i31he Erst 20 (o
30 om of soil depta (Ciscalré-Arrilaga end Gémes, 1946, 1942; France sad Inforzaigy
1946; Suares de Caatro, 1952, Gz, L978: and Cuence ¢f 20, 1983; Table 5% Moraled
and Beer (1998) roportedl SR% of B deplupta e rools (oot dizmees < 2 'inm) in'de n
layer & = 10-om and 21% 1t the following depth laye: 10'= 20 em eosidsring roc’s unti
60 cm Jeoth in thiee £ arabica=E deglupaa sites I the Costz Rikn Central Valley,
copth prefile O - 40 em, Schaller et al) (2003) found 59% of -Gu.‘fl:ﬂ:nhd 7% oI E deglupia
RLD i Gie St 20 ox, Bascd on rosl samples tsken on thieo cocasicns boowees March ar i

Degeraber 1999 inmed . Soyesrald colles-fL deplupia szociaiion in North-westorn Costd



75

Rica (continuously wet site). They also reported that tree fine roots between 0 — 10 cm

were more abundant in the fertilised position.

Table 5. Coffea arabica fine root distribution obtained in root coring studies in Latin

America.

Source Root study C. arabica fine root distribution

Guiscafré-Arrilaga 7 and 21-yr-old var. Puerto 94 — 95% of total fresh root weight,

and Gémez (1940, Rico (2.4 x 2.4 m) in good occurred in 0 — 30 cm soil depth.

1942) aerated Puerto Rican clay  For both plant ages, lateral roots
soil with high percentage  spread about 1.2 m from the coffee
of organic matter plant trunks

Franco and adult plants in the five 70% of fine roots (root diameter <

Inforzato (1946)

Suarez de Castro
(1953)

Garriz (1978)

- Cuenca et al.
(1983)

common soil types in the
state of Sfo Paulo, Brazil

20-yr-old plants in franco-
limy soils in Columbia
until 1.6 m depth

24-yr-old plants (cv
Bourbon, Typical and
Pluma Hidalgo), until
depth 1.1 m and distances
away from the trunk until
2.4 m in limy clay soils in
Veracruz, Mexico.

25-yr-old plants var.
Mundo Nuevo (< 50 cm
depth) in the state of
Miranda, Venezuela.

2.0 mm) in 0 - 30 cm soil depth

52% of fine roots (root diameter <
I mm) at 0 — 10 cm depth and an
additional 17% at 10 — 20 cm depth

Fine root weight (root diameter <
2.0 mm) in the first 20 cm: Bourbon
58%, Typical 54% and Pluma
Hidalgo 44%.

Horizontal distribution of functional
roots away from the trunk: Bourbon
2.4 m; Typical 1.8 m and Pluma
Hidalgo 1.8 m.

Fine roots (root diameter < I mm)
33% in the first 10 ¢cm and 73% in
the first 30 cm

Coffee fine root distribution was similar for the different positions in the preliminary study

but there were more tree fine roots close to the coffee trunk as compared to the inter-row

position (Figure 2). Thus competition between tree and coffee fine roots for nutrients is

more likely to occur in the positions close to the coffee trunk, and the root development

does appear to be increased in the fertilised position. The same trend was observed in the
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trunk:

The 2236 mm renfall ln e sty perod mainly occured up to Decemder, In & sap flow
oty on the same 5.to, Kanton van and Vasat (2003) measured a decline o sofl hunidity i
the first 30 ¢m deph from 30% it December 2001 10 70% in February eng ever. further "
13% in March 2002; (he authors concluded evideace of competition for water between
coffee:plasiis and (reea) | e, rool competition for water. Tn the present study, 1n bota depth
layers (0 - 1}"3 and 10 . 20 m:f-.},'quffm and *.:u::i‘I{I.D wzs highe dunng the dry season
suggesting that lower soil umidity stimulated fine root growih I¥ waler or matrienta ars in
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supoly and will incredse-in size relative o the shool or even In an abachite sense (Van
Noordwiix et 4], 19963,
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(F gare &) indicete highes protabiliy of comaeit! on in Uris doil horizon,
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Interaction between sampling dates and treatments for the coffee / tree RLD ratio at depth
10 — 20 cm (Table 4) indicates different growth / mortality periods of tree vs. coffee fine
roots during the study period. This can be explained by different phenological
characteristics of the coffee plant and the two tree species: vegetative and fruit growth of
C. arabica is faster in the rainy season; 7. ivorensis drops its leaves during the dry season
(January until March) but E. deglupta maintains foliage throughout the year even though
leaf fall is greater during the dry season. Apart from reacting to seasonal changes and
mineral nutrient conservation, fine roots are also affected by the strength of competing
sinks for carbon such as flowers and fruits, which differ amongst species (Eissenstat and
Yanai, 1997). Nutrient distribution in soil is locally variable (Jackson and Caldwell, 1993),
due to topography, vegetation, pedology, climate and site management (Robinson, 1996)
and roots of different species will respond differently. Fine root dynamics should be
related to other processes such as nutrient cycling, soil microbial activity and overall

plantation production (Idol et al., 2000).

Tree RLD interaction with sampling dates in both depth layers in the main study (Table 3)
indicated that over time, the proportion of coffee to tree fine roots was not consistently
higher in the associations with E. deglupta or T. ivorensis. In depth layer 10 — 20 cm,
E. deglupta presented lower RDW and higher SRL and therefore has fine roots with a
relatively smaller diameter than 7. ivorensis (Table 3). RDW interacted with the three
sampling periods which may also be related to different phenological characteristics for the
two tree species. Over the measurement periods, there was interaction for tree SRL
between treatments and sampling dates indicating no prevalence of tree fine root growth of
-one species over the other. Assuming constant root density, SRL can be considered a good
corrclate to root diameter (Fitter, 1994) being highest for young root systems and in soils of
low fertility (Fitter, 1985; Bakker, 1999).

4.2.  Pseudo-chronosequence

Greater coffee superficial (0 — 10 cm) fine root colonisation during the rainy season in the
older (four - five year) as compared to the younger (two - three year) associations (Figure
4a) indicatés progressive structural root colonisation over time. In the dry season, these
differences were not apparent. In the 0 — 10 cm soil horizon, the fertiliser strip had more

coffee fine roots; there was no difference between root colonisation in the unfertilised and
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the inter-row positions. These findings coincide with observations of Schaller et al. (2003)
who studied the same positions in 4 — 5-year-old coffee-FE. deglupta associations in Notth-

western Costa Rica, in three sampling sessions covering a dry and a wet period.

In the 10 — 20 cm soil horizon, root colonjsation in the fertilised and unfertilised position
was higher than in the inter-row position. Fine roots principally colonised the upper soil
and this might have masked differences between root densities close to and away from the
coffee trunks for depth 0 — 10 cm. Sudrez de Castro (1953) observed 2.5 tim_es more coffee
fine root weight (root diameter < 1.0 mm) in the first 40 cm at distance 15 — 45 ¢m
(1047 g m?) than at distance 105 — 135 cm (42.1 g m?). No differences between
E. deglupta RLD close to the coffee plants and in the inter-row position suggest complete
root colonisation by the trees in the differently aged associations (Figure 4). Nevertheless,
in the 0 — 10 cm depth layer, the coffee fertilisation zone had significantly more E. deglupta

fine roots than the unfertilised zone on the opposite side of the coffee rows.

Higher coffee / tree RLD ratios in both depth layers in the 4-year-old association as
compared to the 2 and 3-year-old associations indicate relatively more coffee roots in the
sampling positions of the older association. Proportionally larger amounts of coffee fine
roots in the older association suggests that, at least in the longer term, coffee roots are not
displaced by tree roots of this fast-growing timber species. Indeed, it is even possible that
the reverse occurs. In depth layer 0 — 10 ¢cm, the RLD ratio was higher in the unfertilised as
compated to the inter-row position. Therefore, E. deglupta fine roots were more abundant
in the inter-row position, which is in accordance with findings in two other studies on fine
root distribution in coffee—E. deglupta associations in Costa Rica; one of Morales and Beer
(1998) on 1, 4, 5, 6 and 7-year-old associations and the other of Schaller et al. (2003) on 4
and 5-year-old associations. Increasing tree RLIYs further away from the tree with
increasing age indicates partitioning of the tree and coffee root systems; a favourable

selection criterion for coffee shade trees.

5. Conclusions

In both associations (C. arabica with E. deglupta or T. ivorensis), tree fine roots tended to
be more predominant in O — 10 cm soil while coffee fine roots were evenly distributed in

the topsoil (0 — 20 cm). Growth of finc roots of both coffee and tree species were
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stimulated by the fertilisation zone, followed by the zone opposed but close to the plants
and were least present in the inter-rows. On average, 1. ivorensis fine roots were heavier
and thicker than those of E. deglupta and in the upper, 0 — 10 cm soil depth, T. ivorensis
appeared to be more competitive than E. deglupta. In older C. arabica-E. deglupta
associations, there is a trend of increased tree fine root length density in the inter-rows.
Coffee fine roots appear to be more abundant than tree fine roots and are not likely to be
displaced by the tree fine roots. The combined coffee and tree fine root length density
might increase with time and result in depletion of water and/or nutrients in the system.
Interactions between sampling dates and positions, sampling dates and treatments or
treatments and positions, indicate the variability in fine root presence and the necessity for

more detailed coring, with more positions, replications per position and sampling dates.
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Water uptake by Coffea arabica L. and Eucalyptus deglupta, Terminalia
ivorensis or Erythrina poeppigiana in agroforestry systems in Southern
Costa Rica.

R.E. van Kanten and P. Vaast

To be submitted to Tree Physiology

Summary

Sap flow was measured in coffee (Coffea arabica 1..) with DynagagcTM gauges in
full sun or under tree shade, during dry (January — March) and wet periods (April — July
2002). Simultaneously, sap flow was evalvated with “Granier” probes in timber trees
(Fucalyptus deglupta or Terminalia ivorensis) or a service tree (Erythrina poeppigiana) in
3 — 4-year-old coffee agroforestry systems. Daily coffee water uptake patterns were similar
in full sun or under shade but values were lower under timber trees. In the dry period, both
coffee and tree transpiration increased with increasing photosynthetic photon flux density
(PPFD in pmol m™? s') and air vapour pressure deficit (VPD in kPa) up until a VPD
threshold level of around 1.5 kPa above which transpiration was restricted. In the wet
period, coffee and tree transpiration followed the PPFD and VPD. In all treatments, coffee
transpiration was maximal in April as the result of a vegetative growth spurt that started in
March and culminated in April. Minimum and maximum daily water uptake varied
between: 0.38 and 1.73 litre day'] m? for coffec (spacing 1 x 2 m), 47 and 104 fitre day™
tree”! for Eucalyptus deglupta, 44 and 119 litre day‘l tree” for 7. ivorensis timber trees (6 x
6 m), and 13 and 90 litre day'] trec”' for Erythrina poeppigiana (8 x 8 m). PPFD always
exceeded the maximum photosynthetic radiation level required by coffee plants, except for
- two months under high shade level of T. ivorensis (81 —~ 84%). During the dry period, soil
moisture content in the first 30 cm was higher (p < 0.05) in the coffee-E. poeppigiana
association than in the coffee—timber tree associations. Water competition in the dry season
between trees and coffee was apparent in the associations with timber trees in February and

in the association with E. poeppigiana in March.

Key words: coffee, fast-growing timber trees, photosynthetic photon flux density, sap

flow, water competition
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2. Materials and methods

2.1.  Site description
The study was conducted on the commercial Verde Vigor S.A. coffee farm (9°15° N;

83°29" W; alt. 640 m a.s.1.) in Southern Costa Rica. The site has a tropical rainy climate
(Amw, Koppen classification), with an annual rainfall of 3516 mm (averaged over 1998 —
2002) and annual mean temperature of 25.7 °C. There is a pronounced dry season from
January unti} March, and a wet season from May until December. Rainfall totatled 1478
mm during the study period (December 2001 until July 2002). Soils were classified as
Ustic Palehumult (USDA classification).

2.2,  Study site

The study site formed part of a 4 ha on-farm experiment (established in May — July 1998)
with coffee cultivar “Costa Rica 95” rows in East-West direction (planted at 1 x 2 m),
associated with either E. deglupta or T. ivorensis (planted at 6 x 6 m) or E. poeppigiana
(planted at 8 x 8 m) positioned within rows. Average planting densities per hectare were
4723 + 37 (standard error) for coffee, 250 + 6 for E. deglupta or T. ivorensis and 146 + 6
for E. poeppigiana. The experimental design was a completely randomised split-plot with
four replications. With or without supplementary tree fertilisation formed the main
treatments and uniformly or locally distributed coffee fertilisation the sub-treatments. To
avoid loss of electrical signal due to lengthy cables, sap flow was measured in a part of the
site where three different associations with uniformly fertilised coffee were adjacent. To
simulate a full sun environment, a group of E. deglupra trees were removed in November
2001. The study area comprised 256 m* (16 x 16 m) for coffee under E. poeppigiana, and
144 m’ (12 x 12 m) for coffee under E. deglupta or T. ivorensis or in full sun, respectively.
‘Treatments were separated by one border row of the respective tree species and two
dataloggers and a micrometeorological station were placed in the centre.

2.3.  Species involved

The cultivar Costa Rica 95 was planted on the farm because of its resistance to coffee leaf
rust (Hemileia vastatrix Berk & Br). Compared with the most common Costa Rican
cultivars (Caturra and Catuai), Costa Rica 95 has lower height and shorter branches,
allowing cioser planting distances. This cultivar has a higher production and a more
precocious harvest but depends on intensive fertilisation to maintain high produclivity

(Aguilar 1998). Coffee forms its flower buds mainly on branches that are produced during
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the previous year. The production cycle from flowering until fruit maturation and
harvesting takes between 32 — 42 weeks (Carr 2001). In the present experiment, flowering

initiated in the beginning of March and the peak harvest occurred in November 2002.

Fucalyptus deglupta is a fast-growing, evergreen species originating from lowland tropical
humid forests in Papua New Guinea. The self-pruning tree has been reported to grow well
at altitudes below 1200 m a.s.l. and with annual rainfalls exceeding 1000 mm in Central
America. In its natural habit, the mean annual rainfall is between 2500 — 3500 mm (CATIE
1994, Eldridge et al. 1994). Growth rates on suitable sites can be between 25 -
40 m® ha yr'! during 15 years (Eldridge et al. 1994).

Terminalia ivorensis is a pioneer species of the transitional moist evergreen forest/moist
semi-deciduous forest, originally from West Africa, ranging from Guinea to West
Cameroon. The tree sheds its leaves during the dry season and is sensitive to water stress.
During the experiment, 7. ivorensis started shedding their leaves moderately at the end of
November and heavily at the end of February to fully restore its foliage in mid-April. The
fast-growing specics can withstand an annual rainfall of less than 1300 mm and a dry
season exceeding 4 — 5 months. It grows well at altitudes up to 1200 m a.s.l. and achieves

heights of 30 m in 20 — 30 years (Lamb and Ntima 1971, Dupuy and Mille 1993).

Enythrina poeppigiana, a fast-growing tree originating from the Andean foothills from
Venezuela to Bolivia, is one of the most predominant Costa Rican coffee shade trees (Neill
1993), present between 150 — 1900 m a.s.l. with average annual rainfall between 1000 -
3000 mm, and tolerating up to 6-month dry seasons. Regular pruning of this nitrogen-
fixing tree produces green manure; an interesting low-cost management option for coffee
farmers. In the experiment, E. poeppigiana was pruned twice a year, resulting in low tree
height and trunk bifurcation. The last pruning before sap flow measurement took place in
May 2001. Shortly before the rainy season in April, the tree shed its leaves entirely to
rapidly recover its foliage within three to four weeks.

2.4, Measurement procedures

Eight coffee plants, 3%2 — 4-year-old, were selected (two per association) with diameters at
sensor height (35 cm above soil surface) ranging from 20.5 — 27.5 mm and plant heights

from 149 — 196 cm. SGB25-ws (operating range of 24 — 32 mm diameter) and SGB19-ws
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(18 — 23 mm diameter) stem-flow sensors (Dynamax Inc., Houston, Texas) were used on
six and two coffee plants, respectively. For plants with several main (orthotropic) stems,
the one bearing the most voluminous crown was selected. (Gauges were connected to a
centrally positioned Campbell Scientific CR10X datalogger and input multiplexer reading
at 15 seconds intervals and storing 15-minute averages in a Campbell Scientific SM192
storage module. The system was powered by a 100 Ampere h™' car battery (connected to a
Solarex Solar Panel) and an AVRDC - Adjustable Dual Voltage Regulator — Controlled
Power Voltage regulated 3.5 — 4.0 mV output to the gauges.

For each of the coffee plants, leaf area (LA in m?) was determined for the main orthotropic
stem where the gauge was placed. For all left-side leaves on all the branches, measured
length and width (L and W in cm) were substituted in Eq. 1 (developed in the trial in
September 2001).

individual LA(cm?) = 0.6245x LxW (r* =0.98) [1]

If only the right leaf was present, this leaf was measured. Individual LA was duplicated
where leaves occurred in pairs, assuming leaf pair symmetry. Total LA (m?) per plant (the
sum of all individual leaf areas) determined in April (transition month to the wet season)

varied between 1.1 and 2.2 m>.

Prior to sensor installation, low branches were cleared, the stem was smoothed with fine
sandpaper and dust and grit were removed with a sponge soaked in water and detergent.
The dried stem was coated twice with a Teflon easy-release spray, to avoid adherence of
the heated strip to the stem, and silicone-based dielectric grease was applied to the heated
gauge strip to improve thermal contact. The gauge was placed on the stem, insulated with a
lower and upper foam collar o-ring (the latter tapped with plastic-tack sealer), and covered
by an aluminium weather and radiation shield, one plastic film, three aluminium foil layers

and a thin plastic sheet for protection against radiation and rain.

The scnsors operate according to the constant power stem heat balance method (Swanson
1994, Weibel and De Vos 1994, Smith and Allen 1996, Grime and Sinclair 1999, Van
Bavel et al. 2000) based on:
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P,=Q, +0Q, +0,, (allinwatts) [2]

where Py, = power input of the heater to the stem, @, = radial heat conducted through the
gauge to the ambient, 0, = vertical or axial heat conduction through the stem, and Qﬂ,,‘v =
sap flow heat to be calculated. The automatic power off mode option was activated from
9:00 p.m. to 4:00 a.m., assuming zero sap flow at night hours and eliminating power flow
to the heater elements, thus reducing damage to the stem (Grime and Sinclair 1999). Sap
flow (F7), originally measured in g s”!, was calculated on the coffee plant foliar area basis

IA (mz) to give a standardised Fsin mi h' m?,

One set of “Granier” probes (consisting of a heated and a reference probe) was installed in
each of four trees per species and connected to a second CR10X datalogger and input
multiplexer rcading every 15 seconds and storing 15 minute intervals in a second SM192‘
storage module. Each heated probe was connected to a 137 milli Ampere DC (continuous

current) potentiometer, receiving its energy froma 12 V/ 100 Ampere h! car battery.

Average difference between simultaneous readings at the two probes was registered by the
datalogger. The set of needle probes measures the sapwood heat dissipation capacity,
which increases with sap flow and resultant cooling of the heat source. Higher values
correspond to higher sap flow velocity. The exact value has to be substituted in Granier’s
(1987) empiric equation with a dimensional parameter K:

_dT'max—dT 3]
dar

K

where dTmax is the value of dT when there is no sap flow (zero set value) and dT is.
calculated from the differential voltage measured between the (upper) heated probe and the

(lower) reference probe. Sap flow velocity V (m s} is related to X

V =1.19%x107" x K'*! [4]

and was converted to sap flow rate Fin litre h'' for the whole tree:

Fo = A XV x3600(s-h™)x100(cm - m™") 5]

where A, = cross sectional area of the conducting sap wood (cm?).
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To expose sapwood, the tree’s outer and inner bark and cambium were removed over an
area of 16 cm® (4 x 4 cm), at 1.30 m for the reference probe and at 1.45 m trunk height,
slightly deviated in a vertical line to aveoid insertion in the same xylem vessel, for the
heated probe. The probes were inserted in 22 mm deep and 2.3 mm wide, electrically
drilled holes, always below the first branch bifurcation and positioned in South South-West
direction. Probes had to be installed at slightly lower positions in two E. poeppigiana trees
to insure positioning below the branch bifurcation. The installed probes were protected
with a half cylindrical Zinc shield, coated with an aluminium foam sheet from the inside,
tied to the tree and covered with a Zinc roof on the top. Water leaks between the roof and
tree trunk were avoided with plastic-tack sealer and the whole installation was protected

against rain infiltration with a transparent plastic sheet and sealed with tape.

Simultaneous readings were recorded from a Campbell Scientific micro-meteorological
station starting from February 2002. The micro-meteorological station consisted of: i) an
ARG 100 Tipping Bucket Rain-gauge (P registered in 0.2 mm intervals), ii) a 05103-5
Wind-monitor at 2 m height (wind velocity uz in m s™), iii) a HMP45C air temperature (T
in °C) and relative air humidity (RH in %) probe at 1.8 m height, iv) a SOLEMS PAR-CBE
80 (Palaiseau, France) photosynthetic photon flux density (PPFD in pmol m? s7) sensor
fixed on top of the HMP45C, and v) PAR-CBE 80 PPFD sensors, fixed on top of the

highest orthotropic stem of each of the eight coffee plants with gauges.

The same eight coffee plants and twelve trees (characterised at the beginning of the
experiment (Table 1)) were measured (Figure 1) during S5-day periods per month
(December 2001 — July 2002), except one of the coffee plants in full sun which had to be
replaced in January. Measuring dates were: 19 — 24 December 2001, 18 — 23 January, 19 —
24 February, 11 — 22 March, 16 -- 21 April, 13 — 18 May, 12 — 17 June, and 23 ~ 28 July
2002, respectively. Sensors were installed at the same position on the coffee stems and
new holes were drilled close to the previous ones in the tree trunks, each month. Two trees
were measured per treatment in December and January, and four ones for the remaining
months. Crown projections (Table 1) were assumed to be circular and calculated with a
mean diameter obtained from the projection of the widest branch range within and between

coffee lines (CP in m°).
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T = E. deglupta or T. ivorensis (planted at 6 x 6 m) with “Granier” probe

P = E. poeppigiana (planted at 8 x 8 m) with “Granier” probe

0 = C. arabica planted at 1 x 2 m

y = C. arabica plant with sap flow gauge closer to the tree (0.6 — 0.7 m)

X = (. arabica plant with sap flow gauge further away from the tree (2.0 — 2.9 m)

Figure 1 Sap flow plots of Coffea arabica associated with Eucalyptus deglupta or

Terminalia ivorensis [1a] or Erythrina poeppigiana [1b] in Southern Costa Rica.
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Table 1 Tree stem diameter at 1.45 m height (Diam), lowest branch height (CH), tree
height (H), crown projection (CP) and sap-wood area (A,) for a sap flow trial
(December 2001 — July 2002) in Southem Costa Rica.

Tree" Diam (em) CH (m)  H (m) CP? (%) A, (cm?)
Eucalyptus deglupta | 15.0 4.6 8.3 60.1 85.7
E. deglupta 2 17.8 4.2 9.8 679 105.1
E. deglupta 3 10.7 4.6 10.1 24.6 56.0
E. deglupta 4 9.6 472 3.0 30.2 48.4
Terminalia ivorensis 1 15.5 3.5 7.4 91.6 84.3
T. ivorensis 2 16.4 4.5 8.0 55.4 90.5
T. ivorensis 3 18.7 472 7.8 56.1 106.4
T. ivorensis 4 15.9 4.7 11.1 300 87.1
Erythrina poeppigiana 1 12.5 1.8 5.4 30.2 594
E. poeppigiana 2 153 1.6 5.7 28.7 78.8
E. poeppigiana 3 13.0 1.7 5.5 353 629
E. poeppigiana 4 15.7 1.4 53 304 81.6

Y Trees 1 and 2 used during the whole study and trees 3 and 4 starting from February 2002.
P At CP values higher than 28.3 m® E. deglupta or T ivorensis tiees spaced at 6 X 6 m
overlap.

For E. deglupta and T. ivorensis, conductive cross-sectional sap-wood area (Ag in cm®) was
estimated by cutting a fresh 2 cm high disk of a recently felled tree and emerging the lower
part of the disk in a film of a tryphan blue coloured solution. After three hours, the upper
part of the disk coloured in blue was identified as As. For both tree species, the procedure
was repeated with 11 felled trees (one disk per tree) and the Diam vs. A, relation was

estimated with a linear regression:
E. deglupta Ag(cm®) = 7.58x Diam(cm) ¥t =077 (6]

T. ivorensis Ag(cm®) =12.56 X Diam(cm) r*=081. [7]

For the service tree E. poeppigiana, Ag was estimated by cutting one 2 ¢m high disk from a

tree stem at 1.45 m height, repeating the tryphan blue coloured solution procedure. After
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Ag characterisation, the cross-sectional area at 1.45 m of another felled tree was measured

and Ag was estimated to be on average 81.5% of the total tree stem surface area at 1.45 m.

Soil moisture content (%) was determined with a Moisture-Point MP-917 iﬁStrument,
Environmental Sensors Inc. E.S.1, Canada, according to the Time Domain Reflectometry
(TDR) method, during each sap flow measurement period. Mobile probes (30 cm long)
were connected to the MP-917 instrument and inserted in a total of 16 positions, always

20 ¢cm away from the coffee trunks, in each of the four treatments.

Daily reference evapotranspiration (E7To in mm) was estimated with the FAO Penman-
Monteith equation (Allen et al. 1998) using an adaptation of an Excel spreadsheet
developed by the FAO (Food and Agriculture Organisation, United Nations), with inputs
u;, T, and RI{ obtained from the micro-meteorological station. The coffee canopy
resistance coefficient and crop height were considered to be 31 s m™ and 170 cm (the mean
height of the eight plants in the study), respectively, for all four treatments, without
differentiating for systems under different tree shade or in full sun. The number of sun

hours (n} was estimated with

e N xR, [8]
R,
Ry =k [Ty ~ T ) X R, 9]
combined into
n=Nxky Lo ~Tu) [10]

where N is the maximum possible duration of sunshine or daylight hours (hour), R; the

solar or short-wave radiation (MJ m? day'l), R, the extraterrestrial radiation (MJ m’> day'l),

kgs an adjustment coefficient for interior locations where land mass dominates and air

masses are not strongly influenced by a large water body (kp; = 0.16) and (Tax — Tri) the

difference between daily maximum and minimum temperature.

Air vapour pressure deficit (VPD in kPa) was calculated with the Penman equation:
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e, = 0.1xexp(54.88 — 5.03x In(T +273.15) —— 200 [11]
T+273.15

e, =e, XRH [12]

VPD=e, e, 13

where ¢, is the air saturation vapour pressure, e, the vapour pressure at air temperature T
(transformed from degree Celsius into degree Kelvin) and RH the relative air humidity.

2.5.  Analytical methods

Data were analysed with SAS release 8 (SAS Institute Inc., Cary, NC, USA, 1999). Coffee
F,in ml ' m™ of coffec leaf area and tree F; in litre h™' tree”! was related to PPFD and
VPD in a series of regression analyses for every month from February to July 2002. Mean

daily accumulated coffee and tree sap flow Facc (in litte day' m™

and
litre day‘l tree”!, respectively) based on measurements of four full consecutive days were
submitted to an analysis of variance (Anova) and a Student-Newman-Keuls (SNK) test for
every month from December 2001 to July 2002. Mean daily PPFD values from February
onwards were grouped into categories 7:00 — 9:00 a.m., 11:00 am. — 1:00 p.m. and 3:00 -
5:00 p.m., and submitted to an Anova and a SNK test. Mean daily coffee and tree Facc
values were used to estimate water consumption per hectare per treatment (in m’ day‘l ha't

and this estimated consumption submitted to an SNK test.

3. Resulits and discussion

3.1.  Daily coffee water uptake pattern in dry and wet periods
Rainfall totalled 208 mm in the dry period (January — March) and 1305 mm afterwards

(Figure 2). Average monthly temperatures varied between 23.2 — 24.8 °C between
February and July. The reference evapotranspiration (ETo) varied between 4.8 -
5.2 mm day™ (in the dry months and the transition month to the rainy season) and between

4.0 - 4.2 mm day’1 in the rainy months afterwards (May — July).
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the treatments (Figures 21 started o2 6:45 a.m with ‘he surrize. The coffee mnspiraiion refe
{Fy) resched ite peak at 9.15 and 16:15 am, under K. deglupta and T, ivorensic ohede,
respectively, o mm?m constant until about 12:30 . and o decrease aftenysrds. Cofies
Fopunder B posppigians shede onin-full sun reachied a firsi-and seccond/peck at 9015 2.m.,
and 12:20,p.m., espectively, and Cecreased afterwards;  PPFD started (o incremsc al
6:30.a.m. (Pigure 3), shorlly after a shirp inctease in air temperature and decreass 13 RH
could be cbservee (Higuse 4),  Alr tempemsinne dnereased untl rodeay end declined
thereater while RI followed the Hpposiie rend.
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Figure 3a + b. Mean coffee sap flow (Fs) vs. photosynthetic photon flux density (PPFD)
and air vapour pressure deficit (VPD; measured in full sun) based on four consecutive days
and two plants under shade of Eucalyptus deglupta or Terminalia ivorensisfor a dry month
(February) and wet month (June), in Southern Costa Rica. Values are averages over 15
minute-periods. VPD threshold level (when F starts o drop in the dry menth) indicated

with arrow,
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Figure 4. Mean relative air humidity (RH), air temperature (T) and air vapour pressure
deficit (VPD) based on four consecutive days for a dry month (February) and a wet month

(June) in Southern Costa Rica. Values are averages over of 15-minute-periods.

PPFD measured on top of the coffee plants was higher in the dry than in the wet period due
to higher luminosity and loss of leaves by shade trees during the dry months (Figure 6).
Using PPFD in full sun from 11:00 am. — 1:00 p.m. as a reference (100%}); the coffee
plants associated with E. deglupta, T. ivorensis or E. poeppigiana received imradiation
| ranging from 47 — 60; 63 — 69; and 78 — 82%, in the dry months (February and March) and
from 41 — 55; 18 — 54; and 69 — 95%, in the wet months (May until July). This resulted in

higher coffee Fsin full sun or under E. poeppigiana shade.

Lower RH values and higher T resulted in higher VPD values, which induce stomatal
closure (Maestri and Barros 1977, Fanjul et al. 1985, Meinzer 1993, Gutiérrez and Meinzer
1994a, Gutiérrez et al. 1994). 1n the present experiment, weather data collected in the full
sun treatment were used to compute air VPD values. These VPD values were plotted

against coffee F for all treatments, although the microenvironment created by the presence
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of trees certainly resulted in air temperature, RH and hence VPD values different from
those measured in full sun by the weather station. It can be seen graphically that in all
treatments in the dry month, an increase in VPD above a threshold level (1.48 kPa for
coffee under E. deglupta or in full sun, 1.57 kPa for coffee under E. poeppigiana, and
2.19 kPa for coffee under 7. ivorensis) coincided with a drop in coffee Fy, despite
increasing PPFD and VPD. Before reaching the threshold level, coffee transpiration was
following the PPFD and VPD patterns. It should also be pointed out that leaves of the
coftee canopy probably do not behave uniformly and the coffee crown can be subdivided in
numerous microenvironments subjected to different amounts of light and VPD levels, such
as emphasized by Dauzat et al. (2001) in a simulation study of coffee transpiration and sap

flow applied to a Costa Rican plantation.

Coffee transpiration can decline while PPFD and VPD are still increasing, as demonstrated
by Gutiérrez et al. (1994) measuring maximum stomatal and crown conductance values at
11:00 am. on 1 — 5-ycar-old hedgerow coffee plants in Hawaii (lat. 21°54” S; alt. 98 m
as.l.). Co-variation between PPFD, VPD and wind speed made it difficult to determine
stomatal response to these variables individually, but after normalization to PPFD, these
authors demonstrated that stomatal conductance was strongly correlated with VPD (/2 >

0.80).

In the present experiment and during the dry month of February when Fg dropped despite
increasing PPFD and VPD, a regression analysis between Fy vs. PPFD and VPD resulted
in separated equations for the coffee under timber trees (Figure 5a) and the coffee under

E. poeppigiana or in full sun (Figure 5b).
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nad coropleialy shed it folings in the expe-menl.
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3.2, Mean daily coffee water consumption
Daily coffee water consumption (Facc in litre day™ m” of coffee leaf area) tended to be

lower under timber trees than under E. poeppigiana or in full sun. In the association with
E. deglupta, coffee Facc was at its lowest in February (Table 2). Likewise, cotfee Fs in
February was low under T. ivorensis, which is an indication of water competition by the
timber irees. Coffee sap flow is expressed per square meter of coffee leaf area determined
during the Aprl measurements. Before this period, coffee plants had smaller leave area
since coffee shed part of its leaves in the dry period and started to increase its leaf area with
a vegetative growth spurt which started in March after 87 mm rainfall in the first half of
this month and culminated in April. Consequently, water consumption in the earlier
months expressed per leaf area as measured in April implics an underestimation of the
actual water consumption. Nevertheless, a simulation of values based on a 10% lower
coffee leaf area for the period December - March did not result in differences. Coffee
water consumption was increased by the vegetative growth spurt in March (for the plants in
full sun and to a lesser extent the ones under timber tree shade) and in April coffee water
use reached its maximum in all of the four systems (Table 2). In April, the rainy season
was well established (Figure 2) and soil moisture was well replenished (Figure 7). The

vegetative flush at the onset of the rainy season demands high water (Maestri and Barros
19717, Carr 2001).

Coffee water consumption patterns were not differcnt between the timber tree treatments,
except for December, January and July when transpiration was lower under T. ivorensis, the
tree species with a denser shade pattern during the wet season (in the dry season, the tree
had dropped a large part of its leaves). Under the shade of the legume tree, E. poeppigiana,
coffee water uptake was even higher than in full sun (p < 0.05) in January, February and
July. During these months, the proportion of coffee Facc was around 39 — 44% of the
association (Table 4), indicating low water competition between E. poeppigiana and coffee,

and suggesting exploration of deeper soil zones for water by tree roots than by coffee roots.
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Table 2 Mean daily accumulated sap flow (Facc) based on two coffee plants over four

consecutive days of every month (litre day’l m'z) in Southern Costa Rica.

--------------------- Coffea arabica with -=-e---=--seememeo-

Eucalyptus Terminalia Erythrina C. arabica

deglupta ivorensis poeppigiana in Full Sun
Month = —-meeecrmecmaees Face (litre day™ m™ coffee leaf area)---------=szzzzeaccmmn-
December’ .61 (0.017)bc™ 0.48 (0.010)c  0.69 (0.038)c 0.73 (0.021)c
January 0.77 (0.022)b 0.56 (0.028)bc  0.97 (0.026)b 0.76 (0.019)c
February 0.38 (0.023)c 0.45 (0.028)c 1.07 (0.079)b 0.86 (0.066)c
March 0.66 (0.057)b 0.67 (0.067)b 0.63 (0.063)c 1.11 (0.124)b
April 1.33 (0.103)a 0.90 (0.086)a 1.73 (0.074)a 1.50 (0.113)a
May 0.61 (0.062)bc  0.44 (0.051)c 0.64 (0.083)c 0.75 (0.066)c
June 0.67 (0.110)b 0.39 (0.068)c 0.75 (0.111)c 0.73 (0.100)c
July 0.62 (0.043)bc  0.39 (0.014)c 1.01 (0.059)b 0.79 (0.036)c

" December 2001 - July 2002. “ mean (standard error).  different letters within the same
column indicate differences (p < 0.05) according to the Student-Newman-Keuls test.

Soil water stress influences coffee leaf water potential, reducing their stomatal aperture and
hence, their transpiration rate (Meinzer 1993). However, except for the coffec plants under
E. poeppigiana, there was no evidence in the present study of lower coffee water
consumption in March (Table 2), when volumeltric soil moisture content (%) was minimal
(Figure 7). Water stress in this period of fruit expansion (Carr 2001) reduces coffee fruit
size and hence production (Cannell 1975, Nunes 1976, Vaast et al. 2002) and might result
in deficient K and P absorption. K and P were found to be at critically low levels in the
experimenta] site (Kanten van et al. 2003a, b). Coftee photosynthesis and stomatal closure
in response to water supply and coffee water status are not fully explained by soil moisture
(Meinzer, 1993). Identical soil moisture levels, but different air and leaf temperature as

well as R might lead to different coffee leaf water potentials (Kumar and Tieszen 1976).

In the first 30-cm soil depth over the period December 2001 — June 2002, moisture content
varied between 13.9 and 35.3, 13.2 and 35.0, 17.2 and 37.1 and 10.9 and 34.0%, in the
associations between coffee and E. deglupta, T. ivorensis or E. poeppigiana and coffee in
full sun, respectively (Figure 7). Soil moisture content was highest (p < 0.05) in the coffee-

E. poeppigiana association between December 2001 — June 2002. This coincides with
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Figure 8. Shade tree sap flow (I7s) based on four trees per species (Eucalyptus deglupta,
Terminalia ivorensis or Erythrina poeppigiana) vs. photosynthetic photon flux density
(PPFD) or air vapour pressure deficit (VPD) in full sun, for a dry (February) and a wet

month (June) in Southern Costa Rica. Values are averages over 15-minute-periods.



1G7

3.3.  Mean daily tree water uptake pattern in a dry and a wet month
In the dry month as compared to the wet month, tree transpiration was not different for

E. deglupra, lower for T. ivorensis and higher for E. poeppigiana (Figure 8).

In the dry month, February, transpiration was not different among tree species. Trees
started to (transpire at 6:30 a.m., shortly after the sharp increase in PPFD and air
temperature (Figure 4 and 8). Both timber tree (E. deglupta and T. ivorensis) I followed
the trend of PPFD and VPD carly during the day, but levelled of around 9:45 a.m., at a
threshold value of air VPD above 1.76 kPa, despite tising PPFD and VPD. E. poeppigiana
transpiration was notably high in the first hours of the morning and reached its first peak at
8:30 a.m. and its second at 10:00 a.m. to decline sharply until 11:45 am., and gradually
afterwards. E. poeppigiana transpiration seemed to be restricted by a threshold value of air

VPD above 2.02 kPa after the second peak at 10:00 a.m.

During the wet month June, transpiration of all the three tree species followed the PPFD
and air temperature pattern and was not restricted by VPD. All three species reached their
peak Fs around 9:30 a.m. (Figure 8) which coincided with the highest measured PPFD.
E. deglupta Fs remained constant until 11:45 a.m. to decrease sharply until 1:00 p.m. and
gradually afterwards. Water consumption of 7. ivorensis which had fully re-established its
dense foliage was notably higher than that of the two other species and reduced gradually
after its peak. E. poeppigiana Fsreduced after its peak reading at 9:30 a.m. following a
similar pattem as the one of E. deglupta from 1:00 p.m. onwards.

3.4.  Mean daily tree water consumption

Minimum and maximum daily tree water consumption (Facc) occurred in different months
for the three tree species which presented different phenological characteristics. Eucalyptus
deglupta Facc was at its highest in December and January (103 and 104 litre day tree”,
respectively; Table 3) and lowered in February to remain around 50 — 60 litre day' tree”
during the following months. Terminalia ivorensis water use was high until January,
lowered to a minimum in March and increased with the wet months to its highest values in
June and July when rainfall was abundant with 270 and 335 mm, respectively (Figure 2)
and the tree had fully regained its dense foliage. Although not statistically different,
E. poeppigiana water use tended to be higher in the dry months (70 — 90 litre day™ tree™),

especially in March, than in the wet months (60 — 70 litre day tree™t).
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Table 3 Mean daily accumulated sap flow (Facc) based on four trees over four consecutive

days (litre day'I tree’!) in a trial (2001 - 2002) in Southern Costa Rica.

Eucalyptus deglupta Terminalia ivorensis Erythrina poeppigiana
Month = ceemmmem e (11 L F i 0 R —
December’ 103 (3.00a”” 86 (4.da 52 (5.7)a
January" 104 (3.1)a 107 (10.9)a 87 (9.4)a
February 63 (7.9)ab 75 (6.0)a 70 (6.0)a
March 56 (3.6)b 44  (7.8)b 9 (7.3)a
April 62 (4.6)ab 57 (3.2)a 13 (L.7)b
May 49 (6.4)b 69 (3.8)a 64 (7.0a
June 47 (7.2)b 117 (17.2)a 57 (7.7Da
July 52 (7.6)b 119 (12.8)a 73 (4.3)a

Y Z)

means of two instead of four trees. ~ mean (standard error). » different letters within
the same column indicate differences (p < 0.05) according to the Student-Newman-Keuls
test.

The lowest and highest mean Facc based on 4-day-period, except for March on a 3-day-
period, varied between 47 and 104; 44 and 119; and 13 and 90 litre day’1 tree'l, respectively
for Eucalyptus deglupta, T. ivorensis, and Erythrina poeppigiana (Table 3). In a
calibration test of “Granier” probes, Clearwater et al. (1999) obtained sap flow velocities up
to 0.6 mm s in 2-year-old E. deglupta with stem diameters at breast height (DBH) of 6.1
and 6.7 cm, and sap wood depth of 9 and 12 mm, respectively. In the current experiment,
sap flow velocities in E. deglupta (m st [Eq. 4]) were not greater than 0.3 mm st which
can be explained by the fact that younger trees within a species, such as those studied by

Clearwater et al. (1999), tend to have greater sap flow velocities.

Olbrich (1991) measured sap flow in four 3-year-old and one 16-year-old E. grandis trees
using the heat pulse velocity and the cut-tree methods in South Africa (lat. 25°03" S; alt.
1100 m a.s.l; mean T 18.1 °C and average rainfall 1230 mm yr'l). Three-year-old trees
with heights between 17.9 -- 19.5 m and A; between 62.7 — 97.1 em? consumed 6 litre h™ on
average at their peak at around 12:30 p.m. The 16-year-old tree with 56 m of height and
371.1 em?® of A; consumed about 45 litre h”' at its peak from 11:30 a.m. — 1:30 p.m. The
four 3% — 4-year-old E. deglupta in the current experiment, with A; between 48.4 —
105.1 cm?, reached an average consumption of 6.7 litre h™' at their peak around 11:15 a.m.

in the wet month June (Figure 8).
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Kalma et al. (1998) using deuterium-tracing techniques in 5-year-old £. grandis planted at
500 trees ha' in South-eastern Queensland, Australia (lat. 26° S; average rainfall
1340 mm yr'l) obtained daily water consumption values of 13.8 and 12.9 litre day™ for
trees with heights of 13.2 and 12.3 m and DBH of 12.8 and 12.0 cm, respectively. For
another set of seven 5-year-old E. grandis varying between 11.9 — 13.5 m height and 10.6 -
13.4 cm DBH, the same authors obtained daily water consumption values between 10.0 -
21.6 litre day " estimated with the heat pulse method. These water consumption values for
trees of the same genus, Eucalyptus, are substantially lower than those of E. deglupta in the
present experiment, which varied between 47 and 104 litre day™ (Table 3).

3.5. Water uptake per system

Estimated combined daily water uptake per hectare by both coffee and trees in either one of
the three associations was higher than that of coffee plants alone grown in full sun (p <
0.05). In full sun, coffee water uptake per hectare was rather constant over most of the
months (between 6.0 — 6.5 m° day' ha™), except at the onset of the rainy season when
estimated water uptake per hectare increased from 9.2 (March) to its maximum of
12.4 m® day” ha' (April).

In the association of coffee with E. deglupta, the lowest estimated water uptake per hectare

* day' ha') and the highest in January

occurred in May and June (173 m
(324 m’ day™! ha'). The contribution of coffee plants in total water uptake of the
association varied between 16 - 41%. Corresponding values for lowest and highest
estimated water uptake per hectare and the proportion of coffee water uptake for the coffee-
T. ivorensis association were 16.6 — 32.9 m’ day'1 ha' and 10 — 34%, and for the coffee—

E. poeppigiana association 13.3 —20.8 m’ day™ ha' and 29 — 88% (Table 4).
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Table 4 Estimation of mean daily water uptake per hectare (m® day ! ha) of coffee alone
in full sun or coffee and shade trees (based on 4-day periods every month), and the

percentage of water used by the coffee plants (C/S) in Southern Costa Rica (2001 -

2002).

Coffee Coffee and Coffee and Coffee and

in Full Eucalyptus Terminalia Erythrina

Sun” C/S  deglupta® CIS  ivorensis® CIS paeppigianaa) C/S
Y (1)1 11 1 R daily water uptake (m® day'1 (7 ) P —
December 6.1 100% 30.8 163%  25.5 15.6% 133 42.8%
January 6.3 100% 324 19.7% 314 14.8% 20.8 38.8%
February 7.1 100% 18.9 16.5% 22.5 16.6% 19.1 46.4%
March 9.2 100% 19.4 27.9% 16.6 33.6% 18.4 28.5%
April 12.4 100% 26.5 41.4% 21.7 34.4% 16.2 88.3%
May 6.2 100% 17.3 29.1% 209 17.5% 14.7 36.2%
June 6.0 100% 17.3 32.0% 32.5 9.9% 14.5 42.6%
July 0.5 100% 18.1 28.3% 329 9.7% 19.0 43.9%

D" 4723 + 37 (mean + standard error) coffee plants ha”' in full sun or in association.

2 250 + 6 E. deglupta or T. ivorensis trees ha™. V146 + 6 E. poeppigiana trees ha™'.

Due to the higher weight of the associated tree water consumption than that of coffee in the
total consumption per hectare for the three associations, daily water use patterns over the
months had strong similarity with the tree water consumption pattems in their respective

treatments.

4. Conclusion

Daily coffee water uptake patterns were similar in full sun or under shade. However,
values were lower under timber trees (E. deglupta or T. ivorensis) since the coffee
transpiration was mainly determined by the PPFD intensity which was lower under the
shade of timber trees than under . poeppigiana or in full sun. During the rainy season,
cotfee transpiration followed the daily patterns of PPFD and VPD. During the dry scason,
coffee Fs followed the patterns of PPFD and VPD in the morning hours until a VPD
threshold level (between 1.48 and 2.19 kPa) above which transpiration decreased despite
increasing PPFD and VPD. Air temperature was also well above 24 °C (the critical value

above which coffee leaf stomatal closure is generally observed) and can be considered a
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limiting factor for optimal coffee growth, especially in the dry season when soil water
availability was at its lowest. Therefore, monitoring of changes in micro-climate conditions
below shade trees, especially VPD, as well as coffee water status and stomatal conductance
seems worth to be undertaking to further improve our understanding of coffee transpiration

depression observed around mid-morning at higher VPD values.

Coffee transpiration was higher under regularly pruned E. poeppigiana spaced at 8 x 8 m
than under the denser spaced timber trees (6 x 6 m). Within the timber tree treatments,
coffee water uptake was higher under E. deglupta with conical, uniform crowns with open
foliage than under 7. ivorensis with larger crown projection and denser foliage in the rainy

months and hence lower light availability for the coffee plants.

Coffee water uptake started to increase in the full sun treatment and to a lesser extent under
timber trees in March and was highest in all four treatments in April, due to a vegetative
growth spurt which was initiated by early rainfall in the first half of March and culminated
in April.

The tree transpiration rate followed the PPFD and VPD patterns in the morning up until a
VPD threshold level (between 1.76 and 2.02 kPa) in the dry season, while in the rainy
season tree transpiration was driven by PPFD and VPD. The highest and lowest water
uptakes of the three tree species occurred in different months due to very different
phonological characteristics. These seasonal phenological differences should be taken into

account and the selection of the associated tree species done accordingly.

The estimated water uptake per hectare of the three simultaneously established, 3% - 4-
year-old coffee coffee agroforestry systems was higher than that of coffee plants in full sun.
Decreases in coffee and tree transpiration (Eucalyptus deglupta and T. ivorensis) in
February-March despite abundant PPFD as well as a decrease in coffee transpiration in
March while that of Erythrina poeppigiana is increasing, are indicative of probable
competition for water between the two associated plants during the critical time of low soil

water availability.
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6 RESULTS, DISCUSSION, CONCLUSIONS AND
RECOMMENDATIONS

6.1. Timber tree and coffee performance

6.1.1. Timber tree performance
Terminalia ivorensis crown projection (CP in m?) and DBH were higher than those

of E. deglupta (p < 0.05; Paper I, Figure 4) but there was no height difference for the
measurement period between September 1999 and March 2002. Terminalia ivorensis
crowns started overlapping at age 29 months, 6 — 9 months before E. deglupta, indicating
the need of T. ivorensis thinning not later than 30 months and E. deglupta around
36 months, with avoidance of the dry season (January -- March) when the trees are
susceptible to water stress. Mean heights and DBH obtained for 26-month-old T. ivorensis
were respectively lower and higher than those reported by Castafieda (1981) who concluded
that 7. ivorensis in Turrialba (North-western Costa Rica) was responding to crop
fertilisations in agroforestry systems. Height and DBH of 32-month-old T. iverensis in the
experiment were, respectively similar and higher than those obtained by Delaunay (1977)

for 30-month-old trees in an unfertilised trial in lvory Coast (Paper I, Table 2).

Besides larger crown projections, T. ivorensis (Photo 7) had a denser crown than
E. deglupta (Phdto 8) and therefore more shade for the understorey (except for November —
March when the tree was gradually shedding its leaves) which was confirmed by
photosynthetic photon flux density (PPFD) values for the period April — July 2002 (Paper
11, Figure 6). Higher shade under T. ivorensis resulted in a higher proportion of non-
productive coffee branches compared with coffee plants below lesser E. deglupta shade or
in full sun (Aguilar et al. 2001, Angrand et al. 2003). Furthermore, higher fluctuations in
shade expected to be occurring when T. ivorensis sheds its leaves will increase heat stress

on the coffee plants.

According to a 1998 survey of 30 farmers on preferences for 14 coffee shade timber tree
species conducted in the same “Pérez Zeledon” region (Tavares et al. 1999), E. deglupta
was preferred above T. ivorensis because the latter requires pruning labour costs for lateral
branches in its first years to avoid excessive shading of the coffee crop. In the experiment

T. ivorensis also required phytosanitary pruning to control the Nectria spp. fungal disease.









120

6.1.2. Coffee growth and production
Plant height, basal diameter (b4 in mm) 15 cm above soil surface and coffee yield

for the 2001 harvest (RY) were higher in the uniformly fertilised coffee plots (p < 0.05) than
in the locally fertilised ones (Paper I, Figure 5). Coffee plant growth (height and bd) was -
consistently higher in the two associations with E. deglupta (with and without
supplementary tree fertilisation until tree age 27 months) than in the other three treatments
and coffee growth in the two T. ivorensis associations was also consistently higher than in
the E. poeppigiana (control) treatment (p < 0.05). Better coffee growth under E. deglupta
can be attributed to a better micro-environment for the coffee plants in terms of temperature
and vapour pressure deficit and at the same time a less intense complex of competition

factors for water, light and/or soil nutrients.

Neither coffee nor timber tree growth was different in the plots with or without
supplementary (ree fertilisation. This indicates no effect of more intense interspecies
competition when tree fine root systems were expected to expand (and therefore compete}
more in the plots which received no additional tree fertilisation on the one hand, and no

effect on the coffee plants of the additional fertilisation used for the trees on the other hand.

Coffee growth under E. poeppigiana was negatively biased because two blocks were
susceptible to soil erosion and several plants were diagnosed with deformed main roots,
probably a result of inadequate nursery — transplantation practices. Furthermore, the wider
spaced E. poeppigiana (8 x 8 m; Photo 9) which was submitted to two pruning events per
year had a reduced effect on improvement of the micro-environment for the coffee plants
which has certainly been in detriment of coffee growth and production under

E. poeppigiana.
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RY and PY for the three treatments did not differ significantly when submitted to a t-test,
respectively for coffee under Eucalyptus deglupta (p < 0.0922), T. ivorensis (p < 0.3669)
and Erythrina poeppigiana (p <0.2537).

PY was not different for locally fertilised coffee under the two timber tree species without
additional fertilisation or under E. poeppigiana. Contrary to predictions, actual coffee yield

(RY) resulted higher under E. deglupta (p < 0.05) than under the two other tree species.

6.2. Fine root dynamics

6.2.1. Experimental site
Roots were sampled during and at the end of the rainy season and in the dry season

(Appendix 1, Figure 1). Tree fine roots sharply decreased below 10 cm horizon, while
coffee fine roots were more evenly distributed over 0 — 20 cm (Paper /I, Figure 2). Coffee
fine roots are mostly found in the first 20 to 30 cm of soil depth (Appendix 1, Table 1;.
Paper 71, Table 5). In the experimental site, coffee and tree RLD tended to be lower in the
inter-row position than in the two positions close to the coffee plants. The combination of
lower coffee / tree RLD ratios for O — 10 cm (Paper /I, Table 4) and simultaneously higher
coffee and tree RLD values (Paper /I, Figures 2 and 3) indicates higher probability of
competition for nutrients and / or water in this strata. Competition between tree and coffee
fine roots for nutrients was more likely to occur in the positions close to the coffee trunk,
especially in the fertilised position. This might have been due to an as yet underdeveloped
fine root mat of the immature coffee bushes and trees (2 — 4 years old), and to lower Ca and
Mg concentrations and lower pH (H30) in the inter-row position, such as measured in the
main study. The farm practice of taking topsoil from the coffee inter-rows to form ridges
along coffee rows, shortly after the preliminary sampling (plant age 26 months) and
10 months prior to the sampling in the main study, reduced fine root presence of both
species in the inter-rows and probably promoted fine root concentration (of both species)

close to the coffee plants, possibly increasing future competition.

in both depth layers (0 — 10 and 10 — 20 cm) coffee and tree RLD was higher during the dry
season suggesting that lower soil humidity stimulated fine root growth. Tree RLD

interaction with sampling dates in both depth layers in the main study (Paper /I, Table 3)
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indicated that neither E. deglupta nor T. ivorensis fine tree root growth prevailed.
Interaction for coffee / tree RLD ratios along the seasons at depth 10 — 20 cm (Paper /I,
Table 4) might be explained by different phenological characteristics of the species
involved: fine roots are affected by the strength of competing sinks for carbon such as

flowers and fruits, which differ amongst species (Eissenstat and Yanai 1997).

6.2.2. Pseudo-chronosequence
Greater coffee fine root colonisation in the older (4 and 5 years) compared with the

younger (2 and 3 years) associations (Paper I/, Figure 4a) indicates increasing RLD over
time. The fertiliser strip had more coffee fine roots; there was no difference between root
colonisation in the unfertilised and the inter-row positions for 0 — 10 cm. These findings
coincide with observations of Schaller et al. (2003b) using identical positions in 4 — 5-year-
old coffee—E. deglupta associations in North-western Costa Rica, in three sampling

sessions covering a dry and a wet period.

In depth layer 10 - 20 cm (Paper I, Figure 4b), root colonisation in the fertilised and
unfertilised position was higher than in the inter-row position. In the 0 - 10 cm depth layer,
the coffee fertilisation zone had significantly more E. deglupta fine roots than the
unfertilised zone on the opposite side of the coffeec rows. Similar to findings of Morales
and Beer (1998) who studied 1, 4, 5, 6 and 7-year-old E. deglupta fine root distribution in
coffee associations, and findings of Schaller et al. (2003b), tree RLD in the present study
did increase further away from the tree with increasing age comparing the 4-year-old
association with the 2 and 3-year-old associations. This indicates horizontal partitioning of

the tree and coffee root systems; a favourite selection criterion for coffee shade trees.

Higher coffee / tree RLD ratios (Appendix 1, Table 2) in both depth layers in the 4-year-old
association compared with the 2 and 3-year-old associations indicate relatively more coffee
roots in the sampling positions and presumably, relatively less competition from the tree
fine roots in the older association. In depth layer 0 — 10 ¢m the ratio was higher in the
unfertilised compared with the inter-row position which can be related to a higher tree root

presence in this latter position.
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6.3. Plant and soil water status

6.3.1. Soil nutrient and water status
Soil from the root samples (Appendix 1, Tables 3, 4 and 5) generally presented

medium pH’s (H20), low to high soil exchangeable acidity (between 0.13 and 1.8 cmol 'y
and high Fe contents with deficiencies in K, P and Mn, referring to criteria established by
Bertsch 1995. Critically low K and P levels might result in deficient coffee fruit formation
which could be aggravated if the coffee plants would suffer water stress during fruit
formation, such as might have been the case for the coffee under timber trees (Paper 1)
which presented low water uptake in the dry month of February. In the experimental site,
for 0 — 10 and 10 - 20 ¢m, pH (H,0), and Ca and Mg contents in the inter-rows were lower
and soil exchangeable acidity higher than close to the coffee trunks (p < 0.05). During the
root study in the experimental site, in both depth layers, pH (H;0) were higher at the end of
than during the rainy season (p < 0.05). Soil exchangeable acidity was higher in the 2-year-

old than in the 3 and 4-year-old plantations (p < 0.05) in the pseudo-chronosequence.

Soil moisture content (0 — 30 ¢m) varied between 10.9 and 37.1 % in the treatments with
coffee in full sun or under tree shade (Paper II1, Figure 7) and was higher in E. poeppigiana
(p < 0.05) than in the three other treatments for December 2001 — June 2002. Jiménez and
Alfaro (1999) also measured higher soil moisture contents (0 — 60 cm) in coffee associated
with E. poeppigiana or in full sun than coffee associated with E. degluptain a dry period in
the Costa Rican Central Valley. Higher soil moisture under E. poeppigiana as compared to
under the timber trees indicates the benefit and may be comparative advantage of this tree

species in preserving soil humidity.

6.3.2. Air temperature, air vapour pressure deficit and light environment
Mean daily reference evapotranspiration (E70) varied between 4.8 and

5.2 mm day" in February and March (dry months) and April (the transition month to the
rainy season) and between 4.0 and 4.2 mm day’ in the months afterwards (Paper I,
Figure 2). Mean air temperatures in the dry and wet months were similar but maximum
temperature in the dry months (February and March) was higher and consequently relative
air humidity (RH) lower. Therefore, air vapour pressure deficit (VPD in kPa) calculated

with the meteorological parameters measured in the full sun environment and serving as a
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basis for comparisons with coffee transpiration, was higher in the dry than in the wet
months {Paper I/, Figures 3 and 6). Light in fall and VPD did not solely influence coffee
and tree transpiration. Coffee transpiration, for example, was also influenced by
physiological plant reactions such as higher plant water demand as consequence of the
vegetative growth spurt which started in March, when coffee transpiration increased in full
sun and under timber trees, and culminated in April when coffee water use reached its peak
in all of the four treatments. In these periods the notable increase in coffee water uptake
can be attributed to high water demand for vegetative growth (Maestri and Barros 1977,
Carr 2001). Likewise tree transpiration was influenced by the magnitude of the leaf area
such as for I. poeppigiana in April when the tree with virtually no leaves nearly did not
consume water and for 7. ivorensis when the tree with its dense crown recovered consumed

high amounts of water in June and July.

The highest values of PPFD (Paper 111, Figure 3) occurred between 11:00 a.m. ~ 1:00 p.m.
Using PPFD in full sun as reference, i.e., 100% irradiation, between 11:00 a.m.
— 1:00 p.m., the associations with E. deglupta, T. ivorensis or E. poeppigiana received
irradiation in the ranges of 47 — 60; 63 — 69; and 78 — 82%, respectively in the dry, and 41 -
55; 18 — 54; and 69 ~ 95%, respectively in the wet period (Paper /], Figure 6). Average
T. ivorensis leaf area (LA) in the experiment was 2.9 times bigger than average E. deglupta
LA (189 +22.2 vs. 65 + 11.6 m” tree™"; n = 15; Anzola (unpublished data). In the sap flow
study, the four T. ivorensis trees (paper I, Table 1) presented large crown projections
which overlapped with the ones of their neighbouring trees, whereas two of the four
measured E. deglupta trees had their values below and closely above 28.3 m® (when crowns
- of trees spaced at 6 x 6 m start to overlap), respectively. Terminalia ivorensis competed
more for light with the coffee plants than E. deglupta, especially after April when the tree
had fully re-established its foliage.

Mean PPFD values in the morning hours (paper /I, Figure 6) were higher than optimal
conditions for coffee photosynthesis (300 — 500 and 600 — 800 pumol m™® s, respectively in
shade or in full sun (Kumar and Tieszen 1980)), except for the coffee plants under
T. ivorensis with 16 and 19% of the PPFD values in full sun in May and June, respectively.
Air temperature during the day was always above values of 24 — 25°C which are considered

to be the limiting values below which optimal coffee photosynthesis occurs according to
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Maestri and Barros (1977) and Mosquiera et al. (1999), respectively. Tree shade buffers
diurnal air temperature variations (Barradas and Fanjul 1986) and more importantly leaf
temperature (Willey 1975), such as measured in the experiment by Siles and Vaast (2003).
Lower air temperature implicating lower VPD, lower leaf temperature and less light in fall
under timber tree shade, explain lower coffee transpiration under trees as compared to the
coffee in full sun or in the E. poeppigiana association, especially when this tree had

completely shed its foliage in April.

6.3.3. Coffee water consumption
Coffee water consumption presented a different pattern in the dry (February) and

wet month (June) (Paper /17, Figure 3; Appendix 3). In both months coffee transpiration
was driven by increasing PPFD and VPD in the moming hours. The differenee was that
coffee transpiration was restricted by values above a VPD threshold level in the dry month,
while it followed the PPFD and VPD pattern in the wet month. The magnitude of the VPD
threshold level, which was based on VPD calculated in full sun, must have been less preeise
for the tree treatments, especially the timber trees which presented more shade than
E. poeppigiana. It must also be considered that coffee crowns can be subdivided in a
mosaic of different micro-environments which influence the VPD at leaf level (Dauzat et al.

2001) which is even differing within the same leaf.

In the experiment, coffee transpiration under E. poeppigiana was lower than the one
measured by Rapidel (1985) in 11-year-old plants under the same species, and higher than
the one measured by Fahl et al. (2000} in 3-year-old coffee plants in full sun and under four
different percentages of artificial shade. Coffee water consumption under timber trees
presented a similar pattern but was lower under 7. ivorensis in several months, which might
be explained by the earlier mentioned lower light entrance in this system. Coffee water
uptake under E. poeppigiana was even higher than in full sun (»p < 0.05) in January,
February, and July. In these months, the proportion of coffee Facc was around 0.39 — 0.44
(paper /11, Table 4), indicating low competition for water between E. poeppigiana and the
coffee plants and suggesting exploration of deeper zones for water by the tree roots than by
coffee roots. Water competition was evident in February for the coffee-timber tree

associations when coffee water uptake was low, when PPFD and VPD were high and soil
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moisture contents low. The flattened coffee Fs curve under E. deglupta in this dry month
might indicate higher water competition from this tree species as compared to 7. ivorensis
(Paper III; Figure 3a and b). Under E. poeppigiana there was no evidence of waier
competition by the trees in February, but in the following dry month, March, coffee Fgin
this treatment was considerably lower than the one in full sun (Paper IiI; Table 2) probably

due to the effect of water competition by the trees.

In several cases in the experiment, after the first coffee sap flow (Fs) peak, coffee plants
reduced their water uptake as a result of high VPD levels but presented another less
accentuated peak, probably induced by an increase in PPFD during the typical unclouded
conditions, shortly after midday, when air temperature reached its peak (Paper Il
Figure 3). Stomatal closure is certainly responsible for declining coffee water consumption
despite rising air temperature in the morning as shown by Siles and Vaast (2003) in the
study site. Studying transpiration and stomatal regulation of hedgerow coffee (aged 1 -
5% years) in Hawaii (lat. 21°54° S; alt. 98 m a.s.l.), Gutiérrez et al. (1994) measured
maximum stomatal and crown conductance values at 11:00 a.m. with a decline thereafter,
while PPFD and VPD were still increasing. The relationship between coffee Fs vs. PPFD
and VPD for the typical dry month in the experiment (Paper III, Figure 5) shows the same

phenomenon for the plants in the experiment.

Soil water stress influences coffee leal water potential, reducing the stomatal aperture and
hence, transpiration (Wormer 1965, Bierhuizen et al. 1969, Meinzer 1993), which might
have occurred in the dry months February and March, when soil moisture (%) was low
(Paper 111, Figure 7). Water stress in this period of fruit expansion (Carr 2001) reduces
coffee fruit size and hence production (Cannell 1975, Nunes 1976, Vaast et al. 2002).
Apart from soil moisture, factors such as air and leaf temperature, VPD, and the ability of
the root systems to absorb water, influence upon the coffee leaf water potential (Dagg 1971,

Kumar and Tieszen 1976, Meinzer 1993).

6.3.4. Tree water consumption
In the dry month (February) transpiration of the three tree species followed the trend

of PPFD and VPD in the early morning hours to be restricted by values above a VPD

threshold level (Paper III, Figure 4). On the contrary, in the wet month (June) trees
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followed the PPFD and VPD during the whole day. Tree species with similar Ag might
reach their maximum Fy at different hours of the day due to differences in water storage
capacity, leaf and crown shape and photosynthetic requirements (Meinzer 1993, Méinzer et

al. 2001).

Maximum and minimum monthly water consumption occurred in different periods for the
tree species (Paper J11, Table 3) due to different phenological characteristics. There was no
information in the literature regarding T. ivorensis or E. poeppigiana sap flow. Clearwater
ct al. (1999) obtained sap flow velocities up to 0.6 mm s for 2-year-old E. deglupta with
DBH of 6.1 and 6.7 cm, and sap wood depth of 9 and 12 mm, respectively. Sap flow
velocities for the 3 to 4-year-old E. deglupta (m s} in the experiment (Paper [1I, Equation
4) were not greater than 0.3 mm s™' which coincides with the fact that younger trees within
a species tend to have greater sap flow velocities. Kalma et al. (1998) working with S-year-
old E. grandis planted at 500 trees ha' in South-Eastem Queensland, Australia (lat. 26° S; -
average rainfall 1340 mm yr") using deuterium-tracing techniques and obtained daily water
consumption values of 13.8 and 12.9 litre day’ for two trees, with heights of 13.2 and
12.3 m and DBH of 12.8 and 12.0 cm, respectively. For another set of seven 5-year-old
E. grandis trees varying between 11.9 and 13.5 m height and 10.6 and 13.4 cm DB, the
same authors obtained daily water consumption values between 10.0 — 21.6 litre day™
estimated with the heat pulse method. These values are substantially lower than those of
E. deglupta in the experiment which varied between 47 and 104 litre day’ (Paper I11,
Table 3). However, in the experiment conditions were much wetter and tree densities

lower at around 250 trees ha™.

6.3.5. Water consumption per system
The estimated daily water uptake per hectare (Paper II7, Table 4) was higher in the coffee—

tree combinations than in coffee in full sun (p < 0.05). Coffee water uptake in full sun
oscillated around 6.0 - 6.5 m® day™ ha™', except for March and April when it reached values
of 9.2 and 124 m’ day’ hal, respectively. Minimum and maximum mean daily water
uptake for the coffee~tree associations varied between 17.3 — 32.4, 16.6 — 32.9 and 13.3 -
20.8 m® day ' ha™, respectively for the associations with Eucalyptus deglupta, T. ivorensis

and Erythrina poeppigiana. The percentage of the contribution of coffee plants in water
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uptake under Lucalyptus deglupta, T. ivorensis and Erythrina poeppigiana varied between
16 — 44, 10 — 34 and 29 — 88%), respectively. There was a notable drop in proportion of the
coffee plants in water uptake of the coffee-T. ivorensis combination that was reduced to
about 10% in June and July, also due to higher tree water uptake (Paper II, Table 3). The
total consumption per hectare, especially in the two associations with timber trees was
mainly determined by the tree water consumption. This resulted in a strong decrease of the
contribution of coffee water uptake in the total water consumption per hectare under

T. ivorensis when tree transpiration increased in June and July.

6.4. Conclusions
Terminalia ivorensis crown projection and DBH were higher than those of

E. deglupta (aged 1 — 4 years) but there was no height difference. The timber species may
have benefited from the coffee fertilisation but there was no evidence that they responded
to supplementary tree fertilisation. Early height and DBH growth was lower for
E. deglupta and equal if not greater for T. ivorensis compared with other studies. Coffee
plant height and bd was higher in the uniformly than in the locally fertilised plots, highest
under Eucalyptus deglupta and lowest under Erythrina poeppigiana. There were no effects
of proximity of timber shade trees on coffee growth. Estimated coffee berry yield, based
on an evaluation of eight branches per plant, matched the actual harvested berry yield (#* =
0.9474; p < 0.001) but at least two years of data are needed to calibrate coffee berry yield
predictions. Actually harvested coffee under Eucalyptus deglupta was higher than under
T. ivorensis or Erythrina poeppigiana. Coffee plants performed best under E. deglupta
shade and were restricted under 7. ivorensis which require extra labour for lateral branch
pruning in their first two to three years of establishment and present larger fluctuations in
shade levels since the tree drops its leaves during the end of the rainy season and the dry
season. Low coffee plant performance under E. poeppigiana might have been due to
insufficient shade of the tree, which was wider spaced, pruned twice a year and shed its

leaves during one month at the end of the dry season.

Tree fine roots tended to prevail in 0 — 10 cm soil while coffee fine roots were generally
distributed in the 20 cm topsoil. Coffee and tree fine roots were most present in the

fertilisation zone and least present in the inter-rows. Coffee and tree fine roots were more
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abundant during the dry season when soil moisture was low. On average, T. .ivorensis fine
roots were heavier and thicker than those of E. deglupta and in the upper 10 cm soil depth
T. ivorensis appeared to be more competitive than E. deglupta. In older C. arabica-
E. deglupta associations tree RLD tended to increase in the inter-rows. Coffee fine roots
appeared to be more abundant than tree fine roots and were not likely to be displaced by the
tree fine roots. Contrary to expectations, coffee fine roots seemed to be displacing tree fine
roots. Combined coffee and tree RLD might increase over time and result in elevated
nutrient competition in the system, especially if farm management will reduce the fertiliser

application in view of continuing low world market coffee prices.

Coffee water uptake was similar in full sun or under tree shade, although with lower
amplitudes under timber trees. Both coffee and tree water uptake followed PPFD and VPD
in the early moming hours in the dry season, before being restricted after exceeding a VPD
threshold level (roughly above 1.5 kPa). In the wet season both coffee and tree '.
transpiration were determined by the PPFD and VPD pattern. PPFD values above coffee
crowns in full sun or under E. poeppigiana were higher than the ones under timber trees
and values always exceeded the saturating level needed by coffee plants to photosynthesise
optimally, except when shade provided by T. ivorensis was above 80% in the rainy season
(May and June). Air temperature, well above the critical 24 — 25 °C (when stomatal closure
of coffee leaves is generally observed), can be considered a limiting factor for optimal
coffee transpiration. Minimum and maximum daily tree water consumption occurred in
different months for the three tree species since they presented different phenological
characteristics. Water uptake of 3% to 4-year-old coffee-shade tree systems was higher
than that of evenly old coffee in full sun during eight months of observation. Soil moisture

content (0 —- 30 cm depth) was higher in the coffee—E. poeppigiana association.

Coffee water uptake under E. deglupta was higher than under 7. ivorensis, a tree with larger
crown projection and dense foliage in the rainy season. This, together with higher coffee
plant growth and production under E. deglupta, more uniform and less dense shade than
T. ivorensis during the year, hardly no necessity for tree pruning for shade regulation or

phytosanity, lower coffee / E. deglupta RLD ratios in the top soil (0 — 10 ¢m) and lower
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E. deglupta water consumption point to this species as the less competitive one with coffee

and therefore a more promising coffee shade timber tree than T. ivorensis.

6.5. Recommendations

Research should be continued in the complex interactions between coffee plants and
shade trees in terms of light environment, VPD, and the availability of water and nutrients
to better understand the effects on coffee growth, bean quantity and quality, as well as the
tree growth and timber production. This, in order to determine more accurately, which of
the two coffee—timber tree associations is more promising and what are the recommended
cultural practices. Other fast-growing timber species can be incorporated in the research
given the fact that timber shade trees are an attractive alternative for coffee farmers in the
Pérez Zeleddn region in the light of continuing low coffee prices without better prospects in

the near future which have negatively influenced the regional economy.

In on-farm research, coordination between researchers and farm management should be
focussing continuously on streamlining farm management practices with the research
methodology and research activities with farm production. As a result of the experiment
the farm management adopted uniformly coffee fertilisation and improved tree

management practices.

Despite the obvious necessity, timber trees were not thinned. Given the relatively new
experience for farmers of coffee cultivation under fast-growing timber trees, more emphasis
should be given to make farm managers become acquainted with the pruning, thinning and
stand density principles. Emphasis should be given on formation pruning for both species
and additionally phytosanitary pruning and shade regulation of T. ivorensis. In the
experiment a 50% selective thinning could be recommended for 30-month-old T. ivorensis

and 36-month-old E. deglupta, finally reducing harvestable stands to about 70 -
100 trees ha™'.

Regularly pruned E. poeppigiana should be spaced at 6 x 6 m instead of 8 x 8 m to increase
the shade intensity for the coffee plants and to create a micro-environment with less light in
fall and lower VPD. Terminalia ivorensis with its fast-growth and attractive timber might

be an interesting economic option for association with coffee (provided that the timber
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market develops) but aforementioned pruning activities (formation, shade regulation and

disease control) need to be closely monitored.

The fine root studies require additional quantitative information on nutrient pres;.ence and
soil moisture as well as more coring positions, replications and sampling frequency, to
obtain a detailed picture of fine root presence over time. This is directly related to the
processing capacity of the core samples; root washing and especially the availability of

labourers trained in fine root separation.

Measurements must be intensified on sap flow (in coffee stems, coffee branches, tree
trunks, several positions within the same tree trunk, and tree branches), PPFFD and VPD at
plant level, stomatal conductance, plant water status, leaf’ and air temperature of the micro-
environment, and soil moisture, in order to establish closer relationships between
transpiration and the complex of micro-environmental factors. Tree sap flow can be related
to leaf area calculated with models developed by the CASCA project for the tree species at
the site in a study on analysis and modelling of light interception by coffee shade trees. -
More intensive measurements are directly related to the availability of more equipment as
well as the processing capacity of dataloggers and multiplexers. Given the large quantity of
cables and the necessity of close protection of the equipment, an on-station trial might be
preferred above an on-farm trial, especially because activities like coffee harvest executed

by eventual labourers will coincide with the year-on measurements.
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Figure 1 Monthly rainfall during root sampling periods in associations of Coffea arabica

with Eucalyptus deglupta or Terminalia ivorensis in Southern Costa Rica.

Table 1. Fine root length (%) distributed over a 0 — 40 cm profile in two-year-old Coffea

arabica—shade tree associations in Southern Costa Rica.

Depth C. arabica fine roots in association with Tree fine roots
{cm) Eucalyptus deglupta Terminalia ivorensis | E. deglupta  T. ivorensis
- --- (T )<umemmmmmmmmmmmmmmmmnmanan | mmmccommusmennns [ e —
0-10 27 34 55 46
10-20 31 31 25 27
20 -40 42 35 20 27
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Table 2. Coffea arabica and Eucalyptus deglupta fine root length density (RLD) ratios for

different seasons in Southern Costa Rica.

Position Year  Depth RS" ERS DS
(cm) e RLD ratio -=swveeeer-mcomuaeeaeen
Fertitised™ 1996 0-10 4.0 (1.3)" 4.0 (0.9) 1.7 (0.6)
1997 0-~10 4.6 (0.9) 6.1 (1.2) 12.6 (6.1)
1998 0-10 1.0 (0.3) 1.1 (0.5) 0.8 (0.1)
1999  0-10 1.5(0.2) 1.5(0.4) 49 (1.3)
Fertilised 1996 1020 3.6(0.5) 4.3 (0.4) 2.6 (0.5)
1997 10-20 3.7 (1.0) 4.2 (2.0) 109 (5.3)
1998 10-20 1.6 (0.3) 1.6 (0.6) 2.1(0.8)
1999 10-20 2.9 (2.0) 1.0 (0.2) 3.5(0.8)
Unfertilised 1996 0-10 23 (1.1 7.8 (4.4) 2.4 (0.5)
1997 0-10 6.2(2.9) 8.5(1.9) 83 4.3)
1998 0-10 1.7(0.4) 1.7 (0.5) 1.2(0.4)
1999 0-10 5.6(4.9) 2.2 (0.6) 5.52.4)
Unfertilised 1996 10-20 3.7(1.6) 1.2 (0.4} 1.9 (0.4)
1997 10-20 5.8(2.3) 1.2 (0.1} 32(14)
1998 10-20 3.6 (1.5) 1.4 (0.9) 2.2 (0.4)
1999 10-20 3.5 (1.6} 0.5 (0.2) 4.1 (0.2)
Inter-row 1996 0-10 4.6 (2.1) 3.0(0.8) 0.5 (0.1)
1997 0-10 2.3(0.5) 4.1 (2.3) 1.0 (0.5)
1998 0-10 2.7(0.4) 0.8 (0.1) 1.0 (0.7)
1999  0-10 0.6 (0.1) 1.3 (0.6) 04 (0.1)
Inter-row 1996 10-20 4.5 (1.0) 5.3(1.8) 1.3 (0.4)
1997 10-20 0.5(0.1) 3.6 (1.8) 1.7 (0.2)
1998 10-20 2.1(1.6) 2.7 (2.3) 1.4 (0.5)
1999 10-20 2.5(0.9) 0.9 (0.2) 0.8 (0.3}

D'RS = rainy season; ERS = end rainy season; DS = dry season. * “Fertilised” = close to
coffee bush, fertilised band; “Unfertilised” = close to coffee bush, unfertilised area; “Inter-
row” = equidistant coffee rows, unfertilised area. ) Mean (standard error) n = 9.
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Table 3. Soil processing procedures.

Component Procedure

pH (H,0) Extracted from 10 g of soil (air dried and sieved at 2 mm) diluted
with 25 ml distilled water. Readings on a “Hanna” pH-meter
calibrated at pH 7.0 and 4.0.

Exchangeable Acidity Extracted with 1M KCl, diluted with distilled water to a soil
solution ratio of 1:1 and valorised with 0.01 N NaOH.

Ca and Mg Extracted with 1M KCI with “Hunter” equipment. Readings on a

K, Zn, Cu, Mn and Fe

“Shimadzu AA680” spectrophotometer.

Extracted with the Olson modified method by “Hunter”
equipment. Readings on a “Shimadzu AA680” spectrophotometer
using “Perkin Elmer” certified patterns.

Extracted with the Olson modified method and measured with a
colorimeter by the ammonium molybdate method with readings at
660 nm (Spectronic 21).

Source: Icafé Chemical Laboratory — Pérez Zeledén, Costa Rica.
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Table 4. Mean soil nutrient parameters (s.e., n = 9} in cores of three root sampling sessions

in Coffea arabica—timber-tree associations, simultaneously established in May

1998, in Southern Costa Rica,

Root sampling July 01 November 01  IFebruary 02
Depth layers (cm) 0-10 10-20  0-10 10-20 0-10  10-20
C. arabica-Eucalyptus deglupta association
pH (H,0) 5.7 53 6.3 5.6 6.1 5.5
02) ©2 (@O @©n (@© (©bD
Exchangeable Acidity cmot litre™ 0.19 029 011 034 012 0.32
(0.08) (0.05) (0.02) (0.08) (0.02) (0.06)
K cmol litre™ 023 016 017 010 015 011
(0.04) (0.03) (0.02) (0.01) (0.02) (0.0D
P mg litre™ 667 711 511 978 311 400
(1.00) (1.72) (0.86) (1.75) (048) (0.75)
Mn mg litre™ 060 078 1.56 1.56  1.04 0.88
(0.11) (0.12) (©0.44) (044) (0.13) (0.09)
Fe mg litre’! 265 342 374 745 430 348
(30) 54)  (60) (103) (214) D
C. arabica-Terminalia ivorensis association
pH (H>0) 5.7 5.0 6.4 5.4 6.1 54
0.1 (© (@®2y (@©O0 @O (O
Exchangeable Acidity cmol litre™ 0.17 051 013 020 014 0.48
(0.05) (0.08) (0.03) (0.05) (©.04 (0.10)
K cmol litre™ 021 046 0.1 008 010 008
(0.05) (0.04) (©0.01) (0.02) (001 (0.02)
P mg litre”! 422 500 356 778 558 433
(0.81) (0.88) (0.29) (1.87) (1.08) (0.50)
Mn mg litre™ 064 067 066 102 117 134
(0.11) (0.08) (0.14) (0.15) ©09 (019
Fe mg litre’ 213 358 286 577 256 440
(43) (46) (58) (113)  (40) (76)
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Table 5. Mean soil nutrient parameters (s.e., n = 9) in cores of three root sampling sessions
for 2, 3, 4 and 5-year-old Coffea arabica-Eucalyptus deglupta plots in Southern

Costa Rica.

August 2001 December 2001 March 2002

Depth layer (incm) 0-10 10-20 0-10 10-20 0-10 10-20

pH (H;O) S-yr-old 6.0 4.8 6.5 54 5.5 52
(0.2) (0.1) 0.1) (0.1) 0.1) 0.1)
pH (H,0) 4-yr-old 6.1 52 5.9 5.3 6.0 5.7
0.1) (0.1) 0.1) (0.1) (0.1) (0.2)
pH (H,0) 3-yr-old 5.7 5.3 6.3 5.6 6.14 5.5
0.2) 0.2) 0.1) (0.1) 0.1) (0.1)
pH (H20) 2-yr-old 5.2 4.8 5.6 5.2 5.7 59

(0.3) (0.2) (0.2) (0.1) (0.2) {0.2)

Exchangeable acidity 5-yr-old ~ 0.12 0.90 0.09 0.68 0.79 1.37
(in cmol litre™) (0.02) (0.12) (0.01) (0.11) (0.21) (0.22)
Exchangeable acidity 4-yr-old 0.14 044 038 0.51 0.22 0.48
(0.02) (0.10) (0.10) (0.13) (0.09) (0.10)
Exchangeable acidity 3-yr-old 0.19 0.29 0.11 0.34 0.12 0.32
0.08) (0.05 (0.02) (008 (0.02) (0.06)
Exchangeable acidity 2-yr-old 0.99 1.81 0.54 1.64 0.49 0.33
(0.38) (046) (019 (0.24) (0.12) (0.10)

K 5-yr-old 042 022 030 017 028 0.6
(in cmol litre™) (0.03) (0.03) (0.04) (0.02) (0.03) (0.02)
K 4-yr-old 023 015 014 007 015 0.4
0.02) (0.02) (0.02) (0.01) (0.02) (0.03)
K 3-yr-old 023 016 017 010 015 0.1
0.04) (0.03) (002) (0.01) (0.02) (0.01)
K 2-yr-old 040 019 036 020 016 021
(0.07) (0.03) (0.08) (0.03) (0.03) (0.04)
P 5-yr-old 456 511 167 289 422 589
(in mg litre™) 073)  (0.72) (024) (0.81) (0.52) (0.61)
P 4-yr-old 867 1167 699 68 522 667
(131) (215 (1.12) (©81) (0.66) (1.31)
P 3-yr-old 667 711 511 978 311 4.00
(1.00) (L72) (0.86) (1.75) (0.48) (0.75)
P 2-yr-old 689 533 467 311 390  3.89

(132) (054 (054 (070) (1.19) (0.48)
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Appendix 2

Spreadsheet input and formulae for the Penman-Monteith reference
evapotranspiration (ETo in mm day’') calculations

Excel version Office 2000. Source. Adapted from the FAO (Food and Agriculture

Organisation, United Nations).

Table 1. Input for the Penman-Monteith spreadsheet (Cells in increasing row order; from

row 21 onwards, for each day, information is entered in a different column).

Cell | Input

D3 | Location name

D4 | Latitude coordinates

D5 | Altitude (m)

F13 | Height of the Anemometer (cm}

G13 | Height of the Thermometer (cm)

H13 | Crop height (cm)

B21 | Date

B23 | Maximum temperature

B24 | Minimum temperature

B25 | Average relative humidity

B27 | Average wind velocity (km day™)

B52 | Julian day
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Table 2. Formulea for the Penman-Monteith spreadsheet (Cells in increasing row order;

from row 21 onwards, for each day, information is entered in a different column).

Cell | Formula

B4 | =(D4-TRUNC(D4))*5/3+TRUNC(D4)

F4 | =E4*PI()/(180)

E13 | =LN(($F13-0.667*H13)/(0.123*$H13))*LN(($G13-
0.667*$H13)/(0.0123*$H13))/0.41/2

El15 | =200/(0.24*H15)

F15 | =200/(1.5*LN(H15)-1.4)

B19 | =0.622*3.486*86400/E13/1.01

C19 | =E$15/E13

D19 | =F$15/E13

B26 | =B39/B36*100

B28 | =B60*(0.16*SQRT(B23-B24))

B30 | =B76

B32 | =(B23+B24)/2

B33 | =B28/B60

B34 | =B27/86.4

B36 | =0.6108*EXP((17.27*B23)/(B23+237.3))

B37 | =0.6108*EXP((17.27*B24)/(B24+237.3))

B38 | =(B36+B37)/2

B39 | =B25/(50/B37+50/B36)

B40 | =B39/B36/2+B3%/B37/2
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Cell | Formula

B41 | =2049*B36/(B23+237.3)"242049¥B37/(B24+237.3)"2
B42 | =101.3%((293-0.0065%$D3$5)/293)25.253

B43 | =2.501-(0.002361*(B32))

B44 | =0.0016286*B42/B43

B45 | =$E$15

B46 | =$E$13/B34

B47 | =B44*(1+B45/B46)

B48 | =B41/(B41+B47)

B49 | =B44/(B41+B47)

B350 | =(B49)*($B$19)/(B32+4273)*B34*(B38-B39)

B53 | =SIN(2*PI()/365*B52-1.39)*0.4093

B54 =SIN(B53)*SIN ($F$4)

B55 | =COS(B53y*COS($F$4)

B56 | =ACOS(-TAN(B53)*TAN($F$4))

B57 | =(1+0.033*COS((2*P1()/365)*B52))

BS8 | =37.586*B57*(B56*B54+SIN(B56)*B55)

BS59 | =24/P1()*B56

B60 | =(1-$SE$8)*B58*($E7+$G7*B33)

B62 | =($G9+$E9*B33)

B63 | =0.00000000245*((B23+273.16)"+(B244+273.16)"4)
B64 | =($E$10+3G$10*SQRT(B39))

B65 | =0.00000000245*($E$10+$G$10*SQRT(B39))*(((B23+273) )+((B24+273)"4))




153

Cell | Formula

B66 | =0.00000000245*($E10+3G10*SQRT(B39)*($GI+$ES*B33)*(((B234273.16)*4)
+((B244273.16)"4))

B68 | =B60-B66

B69 | =0.14*(B32-H32)

B70 | =B68-B69

B71 | =B48*B68/B43

B72 | =B48*B70/B43

B74 | =B71+B50

B75 | =(B74-B76)/B74

B76 | =B72+B50




A B | C D | E F G H
1 |PENMAN-MONTEITH CALCULATIONS
2 ———_ e e e e i
3 |Give Location name Verde Vigoxr
4 Latitude 9.16 9.27 0.16 rad
5 Altitude 640 m.
6 ______________________________________________________________________________
7 |Parameters Short Wave Rad a = 0.25 b = 0.50
8 Albedo alpha = 0.23
9 Lcng Wave Rad. a = 0.90 L = 0.10
10 al = 0.34 bl = -0.139
11
12 Instrument height wind temp Crop height
13 AerDyn Resistance zxra * U = 30 200 180 170
14 Crop Coffee
15 Cancpy resistance rc = 5 32 170
16
17 Crop Ccffee
18 AeroT Cff Gamma*Cff Gamma*Cff
19 6092 0.16 1.04
20— —— - e e e e e e
21 18feb 19feb 20feb 21feb 22feb 23feb 24feb
2 e e e e e e
23 Tmax 32 34 33 34 33 30 33
24 Tmin 18 15 16 15 16 20 ie
25 RHmean 78 73 73 69 79 86 79
26 RHmin 46 37 37 33 43 61 46
27 Wind (km/d) 7 16 17 17 13 13 20
28 Sunhcurs 7.16 8.06 7.95 8.30 7.66 5.95 7.25
29 [ e e e e e e
30 |ET fao 4.15 5.13 5.18 5.40 4.71 3.94 5.05
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A I B | C D E 3 G H

32 {Avg Temp 25.05 24.57 24.45 24.69 24.69 24.57 25.97
33 |n/N 61% 69% 68% 71% 65% 51% 62%
34 |Wind (m/s) 0.08 0.19 0.20 0.20 0.16 0.15 0.23
35

36 |Ea (Tmax) 4.84 5.25 5.14 5.44 5.02 4.14 5.14
37 {Ea(Tmin) 2.03 1.75 1.76 1.70 1.886 2.28 2.14
38 |[Ea{Tx)}-Ea (Tn) 3.44 3.50 3.45 3.57 3.44 3.21 3.64
39 [Edew 2.24 1.93 1.92 1.80 2.15 2.53 2.38
40 |RE (max-min) 78% 73% 73% 69% 79% 86% 79%
41 |D1t {ETx%-ETn) 0.20 0.20 0.20 0.21 0.20 0.19 0.21
42 |P-atm. 94.0 94.0 94.0 94.0 94.0 94.0 94.0
43 |lambda 2.44 2.44 2.44 2.44 2.44 2.44 2.44
44 |gamma 0.06 0.06 0.06 0.06 0.06 0.06 0.06
45 {rc 5 5 5 5 5 5 5
46 |ra 363 164 152 153 195 200 132
47 |gamma* 0.06 0.06 0.06 0.06 0.06 0.06 0.07
48 |dl/dl+gm* 0.76 0.76 0.76 0.76 0.76 0.75 0.76
49 jgm/d1l+gm* 0.24 0.23 0.24 0.23 0.24 0.25 0.23
50 |Aeroterm 0.49 1.40 1.49 1.67 0.98 0.53 1.35
51

52 |dayno 49 50 51 52 53 54 55
53 |soldeclin -0.213 -0.207 -0.201 -0.194 -0.194 -0.187 -0.181
54 |xx -0.034 -0.033 -0.032 -0.031 -0.031 -0.030 ~-0.029
55 |yy 0.965 0.966 0.967 0.968 0.869 0.970 0.9871
56 Jomega 1.54 1.54 1.54 1.54 1.54 1.54 1.54
57 |dr 1.02 1.02 1.02 1.02 1.02 1.02 1.02
58 |Ra 35.03 35.12 35.20 35.29 35.29 35.38 35.46
59 N 11.73 11.74 11.75 11.75 11.76 11.76 11.77
60 |Rns 15.0 16.0 16.0 16.4 15.6 13.7 15.2
61

62 |£{n/) 0.65 0.72 0.71 0.74 0.68 0.56 0.65
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A | B c D E F G | H

63 |sigma (Tx_Tn) 38.89 38.72 38.65 38.81 38.74 38.57 39.37
64 |emissivity 0.13 0.15 0.15 0.15 0.14 0.12 0.13
65 |Rbo 5.11 5.68 5.68 5.94 5.26 4.58 4.94
66 |LWR 3.33 4.09 4.04 4.38 3.62 2.55 3.24
67

68 |Rn (Rns-R1) 11.65 11.95 11.91 12.01 12.03 11.15 12.00
69 IG -0.13 ~0.07 -0.02 0.03 0.00 -0.02 0.20
70 |Rn-G 11.78 12.02 11.93 11.97 12.03 11.17 11.81
71 |[Rad Term 3.62 3.71 3.69 3.74 3.73 3.41 3.76
72 |Rad Term(-G) 3.66 3.73 3.69 3.73 3.73 3.42 3.70
73

74 |ETcomb 4.11 5.11 5.17 5.41 4.71 3.94 5.11
75 -1.0% -0.4% -0.1% 0.2% 0.0% -0.1% 1.2%
76 |[ET (-G) 4.15 5.13 5.18 5.40 4.71 3.94 5.05

77
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Appendix 3
Coffee sap flow (Fs in ml h"' m?) vs. photosynthetic photon flux density

(PPFD in umol m? s') and air vapour pressure deficit (VPD in kPa; measured
in full sun) per individual coffee plant, per month,

Measurements presented for a period of four consecutive days for eight plants (Table 1),

i.e., two plants per treatment (averages for 30-minute-periods).

Table 1. Specification for coffee plants in a sap flow study in Southern Costa Rica.

Plant Location

SG1 0.5 m from the Eucalyptus deglupta tree
SG7 2.7 m from the E. deglupta tree

SG2 0.5 m from the Terminalia ivorensis tree
SG8 29 m from the T. ivorensis tree

SG4 2.0 m from the Erythrina poeppigiana tree
SG5 0.5 m from the E. poeppigiana tree

S5G3 Full sun

S5G6 Full sun

Note: For the month of June, Fy scaling (0 — 300 mt h™ m™) was expanded to 0 — 600 and 0

— 400 ml h™ m™ for the coffee plants under E. poeppigiana or in full sun, respectively.
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