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Thc effects of shadc on thc physiology of opuntias havc received littk attention. 
notwithstanding chat slHnle rcgularly uccurs in borh \vild stands and cultivated 

popul<1tions. This research evalllates the eflects o!' shade un the physiology ot 

rladodes of Upu111i11 jlc11s-indic11, \Vllh and \vithout daughter cladodes. os thcy are 
exp11sed to progcessive drought. The stress caused by shade, drought ;:1nd 

daughter cladodes reduced photosynthcsis liy n1other cladodes <1nd \<\'<lS associ­
a1ed \Vith decreases in relative vvater content. porenchyn10 thickness and chlo­

rcphyl! content. Shadc exacerbated 1he physiologicol drought ol niot11l'T 
cladodes itnposed by doughter dadodes and by reduccd soil vvau:r ronten\. 
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lntroduction 

llo\v 1nuch g!obol photosynthesis occurs under light li1ni­

líllion is undeor (Osinond el al .. 1999). Moreover. 1he 
l'il'ects of shade lor plants in arid l'nviron1nen1s hove 

becn ncgleded bccause it is widely accqncd that light is 
on obundan1 resource 1here {Stnith et al., 1997). \Vhere 
\V<ller scarcity is considcrcd 10 be thc key cnviron1nt•ntol 

lortor controlling plant lunrtioning and produnivily 

(Chessun et al .. 2004). In lact sc1niorid ccosysten1s in 
México are choracteriscd by long·dry spring season, with 

high irradiance and little or no precipilation (Pin1ienta­

Barrios el al.. 2002). Nevcrtheless. shadc can all'cct plant 
functioning in arid ccosyste1ns (Nobel, 1982. 1988). Por 
instance. wild n101urc opuntias can develop closcd 
crowns with successive layers of opaque thick cladodes 

orientcd scn1ivcrtically {LÚpez et al .. 1977), whlch ltnvcrs 
the cfflcicncy of light pcnctration con1parcd with typical 
C1 plan1s (Nobel & Bobich. 2002). As a conscquence, 

shadc elfects are con1111011 for cladodes in 1he inncr pan 

i\r>11 i\ppl íl1ol 151 {?0071137 144 \9 ?007 Tt1e i\utliors 
lo1Jrr· .. 11 t(>rl1pilat,un ,,1 ?007 i\•,c,onat.on uf i\ppl1etl íl1olo¡:-~!·, 

ol tht· cnnv11 or 011 thl· t>Jl\Hl\ilc sitk trrn11 ihc ..,un'.., 

111oin lrajcnory (PitnÍL'll\<l-Barrios, 1990)_ Abt>, opuntia ... 
cuhivated lur young dadodes lor hun1an cun<>un1¡Hion 

{nopalitos) ore con1nnH1ly gnnvn under p!astic-coven·d 
tunnds. \Vhich greotly rl'duce 1igh1 availabili1y 
(Pirnienta-Banios, 1993). Net C01 upwke 1or opuntias can 

inrrea~e linearly \Vilh 1hc photosynthetil photon llux 
(PPP) (Nobel, 1982. 1988). The tllilisation of tTílS~Ul<l­

t.:L'<lll arid n1L'iílbolis111 (CAM) is niore expcn~ivc cncrgt'l­
lrally than is ( l photosynthesis becaUSl' of the greall'J 

quantuin costs o!" CAM (Llit1ge. 2004). In this rl'ganl. lhc 

interactive effccts ol druught. daughter rladodes and 
reduced light avai\ability on thc physiology of opuntias 

have not been studicd. Herc the con1bi11ed cífecb of low 
light and daughter cladodes l'or O. fia1s-ii1tiica exposed to 
a gradual reduction in soil water content during the 

sprlng dry period andan increasc at the beginning ol' thc 

\VL't period are considered with respect to nel (0 2 

uptake. Previous studies have Iound tha1 plant perfonn­
anre during drought is 111orc critic;:il in the shade thon in 
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Ecophysiology of Opuntia in light and shade 

tull sunlight (Valladares & Pearcy, 2002). Thcref'ore, thc 

photo.synthetic rcsponse ol O. ficus-indica to the physio­

logical drought causcd by its daughter cladode~ is 
hypothe~ised to be exacerbated by low light because all 

factors tend to aflect the adivity ol' pholosynthetic 

enzyn1es. 

Materials and methods 

Study sites, plant n1aterial and 

expcrilnental <lcsign 

Measuren1ents vvere n1ade during the sprlng and eélrly 

su1n1ncr of 2005 atan experi1ncntal field of the Departa­

llll'nto de Ecología, Universidad de Guadalajara. The si te is 

in central J;llisco, México, al 20º5'N, 103º32'W, and 

1420 111 abovc sea leve l. Thc cli1nate is ten1pera1e subtrop­

ical. The average annual rainfall is 1104 n1n1, and the 

average annual ten1perature is l 9.5ºC (cli1natic data pro­

vided by the Fifth Military Base of the Mexican Air Force 

at 20°45' N, 103°27' W, and 1625 m above sea leve\). 

The photosynthetic photon flux (PPP) (\'lavelcngths of 

400-700 nn1) \Vas nu:asured \Veekly fro111 13 April to 15 

July 2005 on a horizontal plane; il \Vas recorded hourly 

1ro111 su nrisl' tu sunset \Vith an Ll-2 50 quantu tn sensor (LI­

COR. Lincoln, NE, USA) and then integrated to obtain the 

total daily PPF. On the dates of gas exchange 111easure-

111etH, air ¡e111peratu re was detcnnined hourly \'lith a n1cr­

cury thennon1eler and air relativc hu1nidity with a digital 

hunlidity gauge (HadioShack, Los Angcks. CA, USA). The 

lcngth ol daugh1er dadodes \Vas 1neasured \'.'eekly lro111 18 

April to 20 July 2005, using a rult·r \Vith the dadode base 

as a refl'rl'ncl'. 

Sixty ni<1ture 12-inonth-old dadodcs (lla11cned stein 

seg1ncn1s) ol O. jino·-india1 (L.) Millcr {Cactaccae) aver­

aging 35 cn1 long, 19 crn wide and 1.8 cn1 thick were 

harvested on 3 February 2005 fron1 a cultivated planta­

tion at Nextipac, Jalisco. México. These cladodes \Verc 
p!anted on 18 Fcbruary 2005 in plastic pots (19 L) fillcd 

vviLh a vcnniculite/sand rnixture (1 :l. v/v)_ One cladode 

\vas planu·d pcr por. To prun1olL' developn1ent of lle\V 

datlodcs. 1he planlcd dadodes \'len: \Vatered \Vilh 3 J. 

pl'r pot on t\vo dates: 7 and 11 April 2005. Alterward. 

\Vatering was suspended. al!owing the soil around tht· 

tnother dadode 10 dry al a rate detcr1nined by the 

condilions prevailing at the study sitc in the spring. No 

lcrtilisers or nutritive solutions were applied to the 

expL'rin1encal plants. 

Daughter cladodes wcrc allowed to dcvelop lrccly on 

thc n1ature dadodes; on 17 April 2005, daughter cladodcs 

vvere sc!ectivc!y re1noved, leaving only peripheral clad­

odes that developed around the apex of thc 1nature dad­
odes. T\vo groups \VCre forn1ed (each con1posed oI 30 
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1nature cladodes): (a) in onc group ai lcast l'our daughte1 

cladodes \verc alllnved to dcvclop and (b) in 1he 01lH·r 

group a!l the daughter cladodes werc elin1inated once 

1hey began to sprout (zcro daughter dadodes). llalt ot 

the plants in each group were exposed to full sunlight 

(FS) and half shaded (Sh). The Sh plants wert' covl·n·d 

\'lith tl plastic nt'! (open at tht· sides) placl'd ~.') 111 <JbOVl' 
ground leve] and 2.30 111 above tht· Jlltllllt'l' dadodc,, 

n:ducing the i1H.ident ligh1 by 45°/.1. Ead1 treaHnl·nt \VilS 

thus replica1ed 15 tin1es, wlth a con1pletely randotnised 

design. 

Chlorophyll detennination 

Ten sa1nples for dctcrn1ination or chlorophyll rontent 

\Vere ren1oved tro1n thc centre ni n1other cladodes using 

a cork borer 1 on in dianH.:ter for each trl'attncnt 011 the 

dates t'or gas exchange n1easu ren1en1. Chlorophy!l \Vas ex­

tracted by ho1nogenising frozen n1ateria! in cold acetone 

(80º/o, v/v). The hon1ogenatt·s wcrc cenniluged l'or 

lü 1nin at 12 000 9 al -4ºC; the insoluble n1aterial \vas 

re·extracted and re-centrit'uged. Chlorophyl! content 

ütg cn1- 2
) \Vas calculated fro1n spee1rophoto111e1rir 

1neasurcn1ents al 645 and 663 nn1 (Bruins1na. 1961 ). 

Soil water contcnt and ciadodc rc!ativc 

\Vater content 

Soil water content fro1n thC' fine root pro!ifcn11inn zone, 

\ocated fron1 3 to 12 cn1 lro111 the base o1111othcr cladodes 

(a depth ol 10-15 on) \va.s detennlncd l'\'L'TY :) 10 ú d,1ys 

tro111 7 April to 27 July 2005 lor 10 soil sa111ple~ ul 'ill g 

each 1ha1 \Vl'l'L' dried al 105"( to constant 1nass (gl'nl'rally 

within 72 h); díltn nre exprcssed as percentage \'l<lll'r con­

tent: l(fresh 111as.s - dry 1nas.s)/frc.sh 1nassJ x 100 (Torres, 

1984). (Soil ol sinlilar \'later content \Vas re1un1ed 10 the 

experirncnta! pols.) 

The relative \Vater contl'IH (RWC) \Vas dctennined tor 

fivc scg111ents (l.l x 3.0 on) ol' 11101ht·r dadodes fron1 

10:00 to 11:00 h on tht· dates ol gas exchange llH'asurc­

incnt. Thc segn1ents \Vl'H' lnunediately \Vl'lght·d tu t\('ll'f-

1nint' their lresh n1ass and tht·n oven dricd al 80''C to 

constant 1nass. Saturated n1ass \Vas obtained alter expus­

ing stcn1 sections (obtained \Vith a cork borl'r 11 111111 in 

dia1neter) and equilibrated \Vilh \VJlcr-sat11ra1L·d 11\tl'r 

paper at 30ºC for 1 h. The HWC (º/o) \vas cakulated as 

(frcsh 1nass - dry 1nass)/(saturatcd 1nass - dry 1nass) 

(Kuide el al.. 2000). 

Gas exchange 1neasure1nents 

The ra1es of' instantancous net C0 2 uptake \Vl'lT ineas­

ured for six 1nother cladodes every 2 h uver 24 h ¡wriods 

Ann Appl B1nl 151 ¡?007) 137 \44 (.;l ?007 The i\utl1(Jr'> 
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on 22-23 April, 26-27 M.1y, 15-16 June and 15-16 July 

2005 \Vith a ponable Ll-6200 photosynthesis systen1 

(LI-COR). A 0.25-L leaf chan1ber was n1odified by replac­

ing thc distal hall-cylinder with a narnnv opening 

(2 x 4 cn1) lined \Vith a closed-pore foan1 gasket that 

\Vas finnly prcssed against an approxi1nately southwest­

lacing surfact' ol tht· cladodes. 

Sta1istical analysis 

Data \Vere an<ilysed ti:.ing a hierarchical a:1alysis of' vari· 

anee (Zar, 1999); n1ean:. \Vcrc separa1ed by a leas! sig­

nifican! diffcrcnce test (Little & Hills, 1975). Data are 

presented as nu.'ans ±SE (11 = nurnber of n1easurc1nents). 

Results 

Microclin1a1ic condilions and cladodc grow!h 

No rainla!l occurred frotn Febniary to April 2005. Sub· 

stantial raintall occurred durlng the third vveek of May 

and in lJte June; bo1h increased the soil \'Va ter content to 

30'1'1 (Pig. l A Jnd Fig. 1 B). The .soil \Vater Cllllll'Ht \Vas 

lurther incrcased by considerabh_· rainfJ\l in Jl:l~1 • 

although the daughter cladodes oi O. fiau-i11tlica showed 
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no lurthl'r e\011gatio11 then ¡rig. 1 C). The elong;;nion ra1c 

ol' dJughtcr cladodl's \vas sí1nilar in full sunlight (PS) and 

\vhcn shadcd by 45°/o (Sh). For the four dales ul n1ea­

sure1nent ol nct C0 1 uptake (Fig. IC). the total daily PPF 

ranged fro1n 44 nnil 111-
2 day-- 1 un 22-23 April to 

47 n1ol rn- 2 day- 1 on 15-l(i July 2005 in FS; ln Sh, the 
1u1al tfaily PPr ranged tron1 22 1nul n1 ·1 lt.y 1 on 2(, 

i\.-iuy to 26 1110! 111- 2 day 1 on 15 July 2005_ Avc1agl' llay1 

11ight air teinperatures \all ±2°C) \Vert' si1nilar on 22-2 1 

Aprll (25/19ºC), 26-27 Muy (25/20ºC), 15-16 June 

(25/20ºC) and l 5-16 July (24/20ºC) in rs and Sh. The 

average day/night relative huinidities (ali ±4º/o) \Vere 

27/56o/o on 22-23 ApriL 31/48°!.1 on 26-27 May, 

40/69'\lo on l 5-16 June and 55/93°/o 011 15-16 July 2005 

in both PS and Sh. 

GJs cxchangc 1ncasure1ncnts 

Most ol' the total daily C0 2 assin1ilntio11 and the hight·st 

instantaneous rates uf ne¡ C0 2 uplakc occurred al night 

for n1uther cladodes \Víth and without daughtcr dadodt·s 

illld Wl.'fl' Jiigher \Vithlllll daughtcf cladodl'S in buth PS 

and Sh {average daily C0 1 assiinila!ion ol 505 1111110! 

111-
1 day- 1 \Vlthout tlílughier cladodes und 286 1nnuil 

rn- 1 day- 1 \Vi!h the1n, P < 0.01; Flg. 2). The daily C0 2 

assi1nila1ion \\'ilS higher under rs Lhan Sh (4(13 lll\1101 

111- 2 d<ly·-l VS 329 !lllllOl 111- 2 d;iy- 1, /' < 0.05; f<ig. 2) 

Assi1ni!atio11 oI C0 2 in the ]Jtl' ahen10011 (phuse \\' ut 

CAM; Ostnond, 1978) and car)y nHnning (plwst' 11¡ \\lfl\ 

obscrved 1or nHllher d<idudt•s \VÍthuuL d<iughtt•r d<idodt·~ 

on ali n1easlHc1nt·111 ddlt·s. r~ur inothcr cl;idodt'' \vi:li 

daughter r!Jdodt·s. C0 2 uptakt· ln phil\L' \\'\Vas ubstT\"L'd 

in 1\\ay in rs only ¡ind in .July in lioth FS and Sh (Fig. 2í­

<lnd f<ig. 211), and C0 1 assin1iluti1)!l in pliast· 11 \V<l\ 

observcd on all lour dates L'XCept July in Sh. With d1l' 
cxception of rs in Mdy. daughter c!adodl'S (clldt·d lo 

decrease dayti1ne CO 2 uptake by 111other cladodcs in 

phusl· IV JS soil water ctHl\l'!ll dccreased. Thc internqi· 

tion of drought by rains in July alltnved 1no1her cl<ldildcs 

with daughtcr cladodl'S to rerover day1i111t' C0 2 uptakl' 

in ph;ise IV (f.lg. 211). 

Changcs in relativc water contenl 

During the dry period (April to Junc), the l{WC ol' n1othL1 

cladodes \VithOUt daughlcr d<ldodes dl'Cfl'<lSl'd 6°/., in PS 

and 12°/o in Sh (Fig. 3A), whcreas 1or n1other cladodcs 

With daughtl'T cladodCS, the dcCTl'aSCS \Vl'rt' 31 º/c1 in f.$ 

and 24º/o in Sh (P <O.OS; Pig. 3R). The RWC of 1nother 

cladodes without daughter cladodes continued \u 

decrease fron1 Ju ne to the 1niddle ol' July (Pig. ~A); how­

ever, the RWC of niother dadodes with daughter dad­

odes lncrl'<lSl'd in July ror both rs anti Sh (15°/.1 and )'Y,,, 
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Figure 2 Ne: CO, up~ake rates over 2'1-h penod~ lor mo:her rladode~ of Opuntio licus 1nd1co witholll (A 0) ;ind w1:h tour or rn,ire dau~h:t'f rbd:1dp~ 

:e Hi 1n full ~unli~h~ lf'S) and sh<1de (Shl nn 22-- 23 April. 26--27 May, 1 s- 16 JunP <1nrl l:, 16 July 200'1 ü<Jt,1 are me;ins 1 SI:: In ó plan:sl 

rt'S\lL'l1ivcly; Pig. 3B). Chlorcnchytna thicknc.s.s ol 

n1other cladodes incrcased in FS lron1 3.6 111n1 in April 

to 5.8 111111 in July vvithout daughtcr dadodes and to 

4. 7 111111 with daughter cladodcs (P <O.OS; Pig. 4A), 

\Vhile littll' change occurred in Sh (f<ig. 4B). ror 11101her 

cladodes \Vithout daughter cladodes in hoth PS and Sh. 

lit11L· llL'l cli<tngl' occurrcd in parcnchy1na thirknl'ss lroin 

1nid-April lo thl' cnd o! July, averaging 17.l nHn (Pig. 4C 

and Fig. 4D). Ilovvcvcr, the prescnce of daughter clad­

odes led to a 72%, dccrease in parenchyina thickncss by 

the end ol' June for n101her cladodes in rs (l'ig. 4C) and 

a 45'\lo decrease for Sh ones (Pig. 4D), lollowed by 

a recovery in thickness in July, espedally under rs. 

Changcs in chlorophyll contcnt 

rron1 nlid-J une until the end of July, liH' chlorophy\1 con· 

ten¡ ste<idily increased for rnother cladolll's \Vithout 
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daughter cladude.s in FS and 5h (T\~;. 5A). ror 1nothe1 

cladodes with daughter cladodcs, dilorophyll content 

tended to decrease as soil \Vílll'r co1HL'lll tkcreasl'd but 

increased frrnn 1nld-June to tnid-July (Fig. 5B). 

Discussion 

Slladc can a1nclior;:11e drought l'll°l'cts by reduring ll'at and 

air te1npcrat11rcs, the vaponr prcssurc dcficiL and pho10-

i11hibition (Quero et 11/., 2006). The phys\ologiral slH'SS 

caused by the co1nbined cflccts of shade, lowl'red soil 

water content and daughter cladodes indecd rcduced the 

photosynthetic ability of n1other cladodes of O. /i(11s-i11dica, 
siinilar 10 dfects on lfeteron1e/es arhutlfoli11 (Valladares & 

Pearcy, 2002). In southern Texas, Op1111tia lindheinu•rii 
docs not occur be111..·a1h the canopies of 1nature Prosopis 

but can forrn solid stands where the plaols cxperience 

full sunlight aher land cle<iring. Additionally, pl<ints ol 

Ann Appl f11ol 151 ¡;>007) 1-17- 144 (el ?007 ;¡,., /\1¡ti.(ir•, 

lrnm1,ol fom111l<1tior1 '.el ?007 /\<,•;ori<1f1(H1 of f\pp11pd íl10'"1~1·:h 
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Figure 3 llel<1~ive wacer canten~ o! mother cladodes withow (Al and 

w1th daughter cladode~ (1::1) in lull sunligh: jf-5; open bars) and sh<1ded 
hy lle,/; (Sh. harched bMs) Da:a are means 1 SE (n - 10 rl;rnts) 

O. li11dhci1n('rii tl'nd Lo dlL' in a non-irrig<iled la\Vll as 
a nearby Pn1so1Jis OVL'rtnpped il and shadl'd i1 (P. l'dker. 

pl'rsonal co1n1nu1iication). The \ower soil \Villl'r cnnten\ 

lron1 April to June roincided \Vith a lo\Vl'r RWC in 

1ntllhl'r cladudl's and a grl'a!ly redun:d thirknl'ss uf the 

\Valer storage parenchyrna. Daughter cladodes also hind­

ered the photosynthctic recovery in July following sub­

sta11tia I rainlall. In any casL'. succulcnct' al!ovvcd thl' 

111other cladodcs, cspecially those without daughtcr clad­

odes, to havl· substantial curbon gain during the dry 

period, \vhid1 is enhanced by 111orpholugical adap1ations 

surh as 1hirk cu ti eles and lu\v s1tnnatal lrt'quenly (Nobel & 

Bubich, 2002). Previous \vork showed that young 

rladodes exhibit C 3 photosynthesis with day1in1e sto1na­

tal opcning (Osn1ond, 1978), lcading to water ilnpon 

lron1 the n1othcr cladodes (Wang et al., I 997). The devcl­

up1nent ol daughter cladodes unde·r dry conditions in­

creases water loss tu the environn1ent, thereby Tt'ducing 

the t:cological advantages ol' surrulence in such plants 

{Pir11ienta-Uarrios et al., 2005). 

Metabolic in1pairn1cnt rnay cause a large decline in daily 

carbon gain by 1nother dadodes \Vith dauglner cladodes at 

ArHI Appl Riol 151 (2007) 137-144 11.1 7007 Tl1e Autl1ors 

10.,rq.11 C(ir11pil,1t1on (<) ?007 A~~rni~t1on o! Appl1~tl R1olor,istc, 
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the end of the dry sprlng by aflcc1ing photophosphoryla­

tion, presun1ably leading toan inadequale supply uf ATP 

(Lawlor, 2002). The reduction ol ATP n1ay bl' panicu­

larly critica] for CAM plants such as opuntias bccause 

CAM metabolis1n is cnergetically n1on· cxpensive 1ha11 is 

C 3 photosynthesis {Lüttge, 2004). Interestlngly, the rain­

lall 1ha1 lnterruptcd drought just betore the /\.1ay 1neas­
uren1ent augnicnted C0 2 uptakL· in lull sunligll\. 

suggesling that the drought t'ndured by 111other ~-ladodes 

early in the spring did not ilnpair rheir photosynthetil" 

biochernistry and photochen1istry (Cornic, 2000; Souza 

et al., 2004). Ac1ually, the rap~d reülvery oI photosynthetil 

activity observed for n1other cladudes of O. jh"us-indiü1, 

particularly those with daughter cladodes, is co1n1no11!y 

observed for perennial p!an1s in arid and St'rniarid envir­

onn1ents (llansco1n & Ting. 1978; 1-Iulingren et 111., 2006; 

Potts et al., 2006). The sink strength <ipparently contrib­

utcd to the 1narked increase in carbon assi1nilation abili1y 

fron1 April to May because <1t this tin1e dauglner cladocks 

are actlvely growing. Indeed. \Vhen sink activity is high 

during rapid growth, photosyn1hesis rates can also be hlgh 

(Paul & Driscoll. 1997). 

Drought and high irradiances gl'nerally reduce chloro­
phyll conrentrations, \Vhiie shade tends tu inue<1s1..:.1hL·111 

(Raveh et al., 1998; Duan et al .. 2005; lvanov el al., 2006; 

Mohsenzadch et al., 2006)_ Unexpectedly. 111othcr rlad­

odcs \vithout daughter cladodes that \VL·re exposl·d 10 

a progressive rcduction in soil \Vater co111en1 slunvcd 

a gradual increase in chlorophyll contl'tlt; llL'Vcnhdcs'>. 

ch!orophyll COllll'lll deLTl'ilSl'd \VIH'll thl' lllO!hl'r clad­

odcs had devl'loping daughtl'r cl<1dodl',~, sug~l'~ting 1ha1 

thL' phy:.iulogical dnn1gh1 rauscd by d,n1ghtl'r d,1dcuJc, 

\Vas i111pona111. \Vhirh niay lil' rclail'd to thl' rl'dt1r1io11 in 

Cilrbon gain during thL· dry period. 

The an1oun1 o1 ligh1 n'Ceived by CAJ\\ planls during 

thr dayti1ne detrnnincs the degrcc of dark lixation of 

C01 al night (phasc !; Nobel & Hansock, 1984; Kelll·r fr 

Lüttge, 2006). 1-Iere, C0 2 uptake in phase 1\Vas1101 dil­
ferent be1ween l'u\1 sunlight .and :-hading by 4'i'X, for 

n1othcr dadodes with and vvithou\ d<nighter dadodl's 

during 1hc dry pt'riod. NL·venhell'sS, C0 2 up1<1kc al 

nlght \Vas allected, particularly in April and fV\ay. il 

r11other cladodes developed daughtl'r cladudes, 1vhich 

also lesscn thc pho1osyn1hc1ic recovery \Vht'n plants 

reccived substantial rainfall in July. i:sperially in tl11: 

shade. 

The water-storage parenchy1na greatly dccrcased in 

thickness as drought progressed. parücularly in lul! sun­

light for nHHher cladodes \Víth daughtcr cladodes. 1-Iow­

ever, the chlorenchy1na thickness of n1other cladodt'S 

showed liule changes during the dry and the wct periods. 

suggesiing water n1ovcn1enl fro111 the parenchyn1a tu 1he 

chlorcnchy1na (Nobel, 2006). Therd'ore, thc Sl'Vl'rl' 
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n·duction of C02 uplake in June and ;.he slow recovery 

ln July suggests that the chlorenchy1na experienced an 

increased osmotic pressure, causing osmotic stress, 

liecause the redistriliution or water fro1n parenchy111a tu 

the chlurenchy1na as drought progresses general\y is 

accon1panied by sol u te uptake (Goldstein et al., 199 i ). 

Shading n1other cladodes reduced daily net C02 uptake 

under bo1h wet and dry conditions, and the etl'ect was 
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aug1nented when 1nother dndodes developed daughter 

dadodes that \ed to increased tissue dehydralion. There­

fore, soil water stress pcr se is not the n1ain cause of the 

reduction in photosynthesis. The i1npairn1ent ol pho10-

synthctic activity f'or rnuther cladodes in June vvas asso­

ciated \Vilh the physiological drougln causcd by the 

co1nbined cffecl oI reduccd soil water avallability and 

reduction in lile rhluruphyll content. 

Ann /\ppl Riol 151 (?007) 137- \44 (,1 ?007 Ti1'~ /\1,tt1nr•, 

lourn¡¡I rnmp1lilt1011 (,1 ?007 N,,;on,1t1on ol /\ppl't'd l\'(>'q~·;!·, 
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