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... entonces, ¿por qué estas inmensidades áridas se han aferrado 
ta11fi1erten1ente a mi 1nemoria? 

(Charles Danvin) 
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Resumen. (l\10Rl'0LOGÍA FUNCIONAL DE < "ephu/ocereus columna-tnyani 
(CACTACEAE) EN UNA COMUNIDAD SEMIÁRIDA DEL TRÓPICO 
l\<1EXICANO). En esta tesis se aborda un planteamiento morf"ométrico para el estudio 
de aspectos de la biología de la cactácea columnar gigante ( 'ephaloccreus cu/11n1na
trcyúni (Karwinski ex. PfoilTer) Schumann y su entorno comunitario. La Tesis consta de 
tres artículos en los que se abordan igual número de aspectos del tema refi:rido. < ·. 
co/umna-trajani presenta un pscudocefalio que nonnalmcntc está orientado hacia el 
noroeste y e] tallo se inclina en la misma dirección. Este pseudoccfalio es una estructura 
lanosa de la cual emergen las flores de esta cactácea y la orientación observada parece 
tener como función el minimizar la radiación solar incidente sobre las flores .. con lo que 
s.c evita una evaporación excesiva. Por otra parte .. esta orientación también serviría para 
maximizar la superficie f"otosintética expuesta por esta planta. En el segundo capítulo de 
esta Tesis se presenta un muestreo de campo en el que se describe estadísticamente Ja 
orientación del pseudocefolio bajo diferentes condiciones (en sitios con obstrucciones 
topográficas en distintas laderas y sin obstrucciones). /\demás se analiza el valor 
adaptativo de la orientación e inclinación del tallo mediante experimentos de simulación 
por computadora en los que se estudia el régimen de radiación en cactos con diferentes 
orientaciones. inclinación del tallo y posición del pseudoeefalio_ El tercer capítulo 
presenta un trabajo en el que se estiman la tasa de crecimiento y la edad de individuos 
de una población de r· c.:o/11n11u.1-traja111. Con base en relaciones alométricas se anali:r..an 
las consecuencias ecológicas d~I proceso de reparación somática de esta especie luego 
de recibir un daño que implica la pérdida del meristemo apical. Se encontró 4ue los 
individuos reparados crecen más rápidamente y presentan una producción de flores más 
alta que aquellos que no sufrieron daño. Finalmente, se propone un modelo para estimar 
la edad a la que los individuos reparados sufrieron el daño, encontrándose que 
aparentemente no sobrevi-.en individuos dañados cuando no han rebasado los dos 
metros de altura ni aquellos que sobrepasan los 6 metros. f'sto parece indicar que el 
gasto en rcparacic'ln está directamente relacionado con las expectativas de reproducción 
futura. En el último capitulo se presenta una clasificación de formas de \'ida del valle de 
Lapotitlán basada en 30 características morfológicas de 107 especies de planta" 
perennes del lugar. La clasificación dc formas de vida se realizó mcdiantc un análisis de 
conglomerados y fue validada con un análisis discriminante múltiple y mcdianh: su 
comparación con un modelo nulo de clasificación aleatoria. Las formas de \'ida 
identificadas representan estrategias adaptativas 1ncdiante las cuales las plantas 
enfrentan las presiones de selección que impone el peculiar ambiente del desieno_ Oc 
Jos resultados obtenidos en esta Tesis se concluye que < 'ephalo<.:ereus '-·o/u1111u1-1rajun1 
pn:senta características morfológicas peculiares de las que se puede inferir una clara 
relación con su desempeño ecológico y por tanto es un sujeto idóneo para abordar 
estudios de di fcrentcs aspectos de morfología i-uncional. Es promisorio que estos 
estudios ayuden a rcsolvt.:r pruhlcn1as biológicos fundamentalcs mediante el análisis de 
la conducta de las plantas y sus consecuencias ecológicas y evolutivas. 
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Ahstruct. (FUNCTIONAL MORPHOLOGY 01' Ceplla/ocereus colunina-trajani 
(CACTACEAE) IN A SEl\llARID COMMUNITY OF TllE MEXICAN TROPIC). 
This Thesis follows a morphometric approach for thc study of hiological aspects of the 
giant colu1nnar cactus < .. epha/ocereu .... · L'olu11111a-1ru1ani ( Kan.vinski ex. Pfeifll:r) 
Schumann and its community scenario. Thc disscrtation is divided in threc papers whcre 
an equal numbcr of topics in the abovc-mentioncd theme are covcred. ( ·. c..:o/11111nu
truju111 bears a pseudocephalium showing a consistcntly North-wcstcrn orientation and a 
sten1 ti1ting tovvards thc sanH.! dircction. This pscudoccphalium is a hairy structurc from 
"vhich flo\vers raisc. ~rhc observed oricntation sccms to act n1inimising incidcnt Solar 
radiation on flowcrs~ so avoiding an exccssive evaporation. On the othcr hand. this 
oricntation maximises as \.'\.'Cll photosynthetic surfacc exposed to dircct Solar radiation. 
Chaptcr 11 of this Thcsis prcscnts a field survcy wherc pseudocephalium orientation 
under varying conditions (in sitcs with topographic obstructions in diffcrcnt slopes and 
without obstructions) is described statistically. 11.dditionally. adaptivc valuc of stem 
tilting and orientation is analyscd using computcr simulation experitncnts studying 
radiation regimes on cacti "vith varying stcm tilting and pscudoccphalium oricntat1on. 
Chapter 111 is a paper whcrc growth ratc and ag'-' of individuals in a population of < ·. 
coh1111na-tru_¡a11i are cstimatcd. Based on allometric rclationships~ ecolog1cal 
conscquenccs ofsomatic repair aftcr the loss of apicnl mcristetn causcd by a datnagc are 
analysed. Rcpaircd individua Is grO\V fastcr and produce more no\vers than thosc \Vithout 
damage. Finally. 111 this Chaptcr a modcl for thc cstimation of agc wh'-'n damage 
occurred is proposcd. fínding that individuals hclow ::! m whcn damagcd and thos<! 
abovc 6 m do not survivc. This seems to indicatc that rcpair cxpensc is directly rclated 
to future reproduction cxpectancy. In last Chaptcr 1 prcscnt a Zapotitlán"s plant hfc· 
forms classifícation bascd on 30 morphological charactcristics of 107 pcrcnnial plan! 
...;.p1..:c1cs Lifc-fonns classifícation \.vas pcrfonncd by mt:ans ofa cluster analysis and "·•as 
validatcd with a multiplc dis<:riminant analysis applicd on thc rcsulting classifí<:at1on 
and on a null modcl of random classificatiun. Lifc-fom1s reprcscnt adaptivc strai...:g1c ... 
alto·wing plunts tn COJ>C' thc sclcction pres.sures 1mposcd l"'~ thc pccul iar dcse11 
cuvironmcnt. A conclusion of this Thcsis is that < 'ephalocercus colun1nu-lrl1.JUl11 shov~.!'> 
peculiar mnrphological charactcristics clcarly relatcd \.VÍth its t.::cological peñormancc 
and so~ it is a suitable subjcct on \vhich diffcn.!nt aspects of functional morpholot:-'"Y can 
be approachcd. lt is promising that thcsc studies could assist 1n thc solution of rcle"ant 
biological problcms from the plant bchaviour analysis altogethcr "ith its ccological and 
cvolut1onary consequcnccs. 
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l. Introducción 

1\4oifo/ogíafancional de plantas 

••71,;_,.. u the mo.\I 111tcn: ... ·1i11>: dt!partrnent cif Natural History und rnu)' h1.: .w.zid te> ht.J i1 ... very• .\n11/"' 

Charles Danvin. The Origin of"Specics (1859. en \Vhitc 1984) 

Las forrnas vegetales son muy diversas e interesantes en cuanto a su 

significado para la biología. La morfología vegetal puede ser vista como uno 

de los principales factores que influencian la sobrevivcncia y. por tanto, es 

una de las piedras angulares de la ecología de poblaciones de plantas ( Bell 

1984 ). La morfología funcional es el estudio de la fomm de las plantas vista 

como una manera de enfrentar a su medio ambiente. incluyendo las ventajas 

y restricciones que aquella impone para el desempeño ecológico de éstas. 

Históricamente la ecologia se ha ocupado del problema de interpretar 

las variaciones en la mortologia de las plantas : sin embargo. éste no es un 

problc1na resucito. Darwin se interesó en la morfología vegetal 

relacionándola con su función. Esto se aprecia en su serie de lioros sobre 

planta.• insectívoras. morfología floral y plantas trepadoras ( 1875. 1884 y 

1885 respectivamente. en Hcll 1984 ). 

Durante su crecimiento. una planta responde a su entorno y su forma 

refleja. al menos parcialmente, las circunstancias en que ha crecido. De 

hecho. se puede decir que el crecimiento ) forma de las plantas son 

con1ponentes de su conducta: i.e .• representan la respuesta vegetal a las 

presiones de su medio ambiente (Wallcr 1984). 
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Las plantas pueden ser vistas como ensamblajes de metáJneras 

(Harper y White 1974). cada una de las cuales consiste de una sección de 

tallo (internodo) con su hoja u hojas y sus meristemos laterales asociados El 

crecimiento vegetal resulta de la producción reiterada de metálneras por los 

meristemos formando módulos. Como la reiteración resulta de la 

diferenciación de los meristemos. una morfología vegetal particular es el 

producto de "decisiones" de desarrollo acerca del número y tipos de módulos 

y. por tanto. de ramas producidas (Watson y Casper 1984). 

La capacidad reproductiva de las plantas puede estar influenciada 

tanto por caracteres inherentes a su historia de vida como por aspectos de su 

morfología como son el tamaño. disponibilidad de meristemos y relaciones 

alométricas entre las estructuras reproductivas y vegetativas. Por ejemplo. la 

arquitectura de la copa de la planta en conjunto con caracteres fisiológicos 

pueden contribuir significativamente a la capacidad de la planta para 

asimilar carbono. cmnpetir efectivamente y. por tanto. para ser productiva. 

Así. la morfología de la planta puede tener implicaciones importantes para 

su adecuación por su capacidad de in fluir en las cantidades de recursos 

disponibles para la reproducción y el m.antenimicnto (Kohom 1994). 

Como sucede con la conducta animal. la forma de las plantas tiene 

que ver. entre otras cosas. con su capacidad de dispersión. protección contra 

depredadores y otros cm.:n1igos naturales y. fundamentalmente. con la 

adquisición de recursos (luz. agua. nutrientes. agentes polinizadores y 

dispersores). 



Desde los grandes exploradores del Siglo XIX (Humboldt 1805 .. 

Grisebaeh 1838. en Acot 1990). los botánicos han intentado interpretar la 

diversidad de formas vegetales en el planeta. Tal vez los primeros intentos 

sistemáticos de relacionar la forma vegetal con el clima son las 

clasificaciones de formas de vida de du Rietz y Raunkiaer ( 1931 y 1 934. 

respectivamente. en Boutin y Keddy 1993). Esta relación forma-clima 

deriva en una explicación adaptacionista de casi cualquier característica de 

las plantas. en tém1inos de algún con1ponente de la adecuación 

(maximización de producción primaria, escape de herbívoros. producción de 

semillas. etc.). 

Aunque casi nadie pone en duda que la morfología de las plantas tiene 

muchas implicaciones en cuanto a su conducta en un ambiente dado. no se 

debe perder de vista que determinadas características morfológicas pueden 

ser simplemente relictos del pasado o productos secundarios de la selección 

de alguna otra característica (Harper 1982). 

La adaptación ha sido un tópico de discusión durante mucho tiempo. 

Entre otras cosas. se ha dicho que es una idea no falsificable y conduce a la 

atomización de los organismos en componentes independientes e ignora 

alternativas no adaptativas (Losos y Miles 1994). 

Según Gould ~ Vrha ( 1982. en Losos y Miles 1994). adaptación es 

"cualquier caracteristu.:a que promueve la adecuación y que fi1e construida 

pnr selección natural sobre su función actual". Hay características que 



promueven la adecuación pero surgen por otra razón (como una adaptación 

para alguna otra cosa o por razones no adaptativas: Losos y Miles 1994). 

La interpretación de la correlación fenotipo-medio ambiente como 

resultado de la evolución de adaptaciones a un medio particular -opuesta a la 

selección de ambientes por fenotipos que surgen de mecanismos no 

adaptativos- se ha basado parcialmente en el fenómeno de convergencia. La 

convergencia de forma y función en ambientes similares de antecesores 

diferentes implica selección por factores ambientales, aunque no puede 

excluirse la selección de hábitat. La convergencia puede inferirse a partir de 

la similitud de organismos no relacionados en el mismo lugar (RicklctS y 

Miles 1994 ). Por ejcn1plo. la ocurrencia de semejanzas estructurales entre 

plantas del desierto. independientemente de sus relaciones filogenéticas y 

distribución p.cográfica. es bien conocida y hay una preponderancia de 

ciertas forn1as de crecunicnto en las floras del desierto que son raras en otros 

tipos de ecosistemas (Solbrig et al. 1977. Cody 1989). 

Plasticidadfe11otípica 

l.as plantas nom1almente no responden al mnbicntc 111oviendo sus cuerpos. 

sino variando su fisiología y crecimiento ( Wallcr 1984 ). 

Cuando hay heterogeneidad ambiental dentro del ámbito de tolerancia 

de una especie. es poco probable que un solo fenotipo 1naxin1ice la 

adecuación en todas las situaciones posibles. En tal caso. un cambio en el 
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fenotipo en función del ambiente (plasticidad ICnotipica) puede conferir 

mayor tolerancia al medio. La plasticidad fenotípica cs. por tanto, una 

solución al problema de adaptación a amhientcs heterogéneos (Via et 

al. 1995). 

La plasticidad fenotípica es la capacidad de un mdividuo para alterar 

su fisiología y/o morfología en respuesta a camhios de condiciones 

ambicnta1es. Algunos "jcmplos de plasticidad fenotipica son la producción 

de hojas de sol y sombra, respuestas a la herbivoria tales como la 

compensación fotosintética. cambios en la disposición "de las hojas y en 

·oiltura (Schlichting 1986). Aunque se puede suponer que la plasticidad 

lcnotipica cs. en muchos casos. adaptativa. la demostración de esto en la 

practica es mu) dilicil. Algunos problemas son la identificación de 

pohlaciones que difieren en sus respuestas plásticas. la selección de un 

conjunto apropiado de condiciones amhicntales para examinar la plasticidad 

y la selección d<-· medidas de la adecuación de la planta que pcm1itan un 

examen apropiado del significado adaptativo de las respuestas plásticas 

1'Johel ( 1980) dice que los cambios morfológ.i<.:us cn microclimas difcn:ntcs 

dehen verse sólo corno correlaciones mientras las ba. ... es fisiológicas no sean 

establecidas claramente. 

A pesar de la flexibilidad de las plantas para enfrentar an1bientes 

heterogéneos. ellas cst:in lunitadas en su cre..:in1iento y t(1rma por su genon1a. 

ª"'' como por rcstncc1ones 111ccúnicas. Asi por ejemplo. los tallos aéreos se 

enfrentan a la fuerLa de gravedad y al viento. Esto significa que una planta 
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debe asignar una fracción creciente de su biomasa total al soporte a medida 

que crece en altura. 

Individuos, poblaciones y comunidades 

La ecología vegetal incluye el estudio de procesos que operan a diferentes 

niveles de escala y complejidad y que van desde las plantas individuales 

hasta interacciones entre y dentro de poblaciones y en comunidades. A pesar 

de este ámbito de escala y complejidad. estos procesos están estrechamente 

relacionados y muchos procesos estudiados a nivel de poblaciones o de 

con1unidad se pueden considerar como una consecuencia directa del 

crecimiento de plantas individuales (Clark 1990). Wainwright ( 1994) discute 

las vias por las que la variación fenotípica (morfológica) influye en la 

adecuación individual y en la ecología de poblaciones y comunidades. El 

diseño del organismo (el fenotipo) limita la capacidad del individuo para 

llevar a cabo sus actividades cotidianas. Esta capacidad interactúa con el 

medio ambiente para restringir y moldear los patrones de uso de recursos. El 

uso de recursos es el factor interno que detern1ina dos con1ponentes de la 

adecuación: reproducción y sobrevivencia. Además. Jos patrones de uso de 

re1.:ursos juegan un papel central en la detern1inación de patrones de la 

ecología del individuo. 1 t'S patrones individuales interactúan para producir 

e::.tructura en la dinámica de poblaciones y comunidades. 

"\Vainwnght ( 1994) sostiene que la morfologi::i funcional provee la 

posibilidad para explicar las relaciones causales entre el lcnotipo y la 
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función y, por lo tanto. puede jugar un papel muy importante en el 

planteamiento de explicaciones mecánicas para preguntas ecológicas clásicas 

corno las referentes al autoaclareo en poblaciones de plantas (Wellcr 1987) o 

la regulación de la diversidad en comunidades vegetales (Chesson y 

Pantastico-Caldas 1994 ). 

Schoener ( 1986) defiende una jerarquía ecológica donde los patrones 

y procesos observados a un nivel tienen bases mecánicas en los niveles 

inferiores. Este autor enfatiza una jerarquía de ecología del individuo. 

ecología de poblaciones y ecología de comunidades Así. para entender 

patrones al nivel de la comunidad se requiere de la identificación de 

mecanismos que determinan patrones al nivel de la ecología del individuo. 

De esta manera. la utilidad de la morfología ecológica para el entendimiento 

de los mecanisn1os que forjan los patrones a los niveles poblacionales } 

comunitarios dependerá en parte del éxito que se tenga en el trabajo al nivel 

de los individuos. 

Objeto de estudio 

En esta tesis se presentan tres trabajos que representan un igual número de 

maneras de abordar la pregunta general sobre las implicaciones funcionales 

de características morfológicas en plantas. F.stos trabajos siguen un enfoque 

esencialmente 1norlométrico. esto cs. la caracterización de formas 

biológicamenh.: relevantes de manera que puedan ser manejadas 

cuantitativamente (sensu Oxnard 1978). 
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El objeto de estudio es la cactácea columnar gigante Cephalocereus 

columna-tra_jani (Karwinski ex. Pfeiffer) Schumann y su entorno 

comunitario. Esta cactácea es endémica de la región semiárida poblano

oaxaqueña y es particularmente abundante en el valle de Zapotitlán. donde 

es el elemento fisonómicamente dominante de la unidad de vegetación 

denominada cardonal (Zavala Hurtado J 982). 

( · columna-trq¡ani es conocida localmente como cardón blanco o 

viejito. Los individuos de esta especie son plantas columnares que alcanzan 

hasta 1 O m de altura y ramifican sólo cuando sufren lesiones severas. El tallo 

es verde grisáceo claro y se encuentra inclinudo consistentemente hacia una 

dirección NNW. En esta misma dirección. al alcanzar la n13durez. se 

produce un pseudocefalio longitudinal lateral. que es una estructura lanosa 

de la cual emergen las llores. 

El cardona!. además del vie_iito. se caracteriza por la presencia 

principal de /'vlimosa luisana, AJascagnia s<'leriana. 6"chinopte1:ix 

eg/andulosa. Agat·e kerchovei. Pedilanthus aphylus. Euplwrhia 

nnfls1phyllitica. Bursera arida. Lippia graveo/ens y Calliandrops1s 

111.'rvosus. 1 ósta unidad de vegetación domina el paisaje de los cerros que 

conforn1un la sierra de Miahuatcpec. en el límite oriental del valle de 

/.apotitlán. Se encuentra en terrenos muy accidentados con una pendiente 

media de 1O.7" 1.a superficie del sucio es mu:y pedregosa y éste es poco 

profundo ) con una relativamente alta cantidad de materia organica. fósforo. 

sodio y magnesio 1 a textura es moderadamente fina. del tipo migajón 

arcilloso-limoso tZavala-1 lurtado 1982). 
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Area de estudio 

El valle de Zapotitlán es una cuenca local que conf"orrna el limite suroeste del 

valle de Tehuacán, en el Estado de Puebla. Esta zona ( 18° 20' N, 97º 28' O) 

f"orma parte de la región semiárida Poblano-oa.xaqueña (Vite et al. 1992), 

situada en la sombra de lluvia de la Sierra Madre Oriental. El clima es 

semiárido del tipo BSohw"(w)(e)(g) (García 1981). La precipitación 

promedio anual es de 380 mm y la temperatura media anual de 21ºC. Los 

suelos son litosoles calcáreos rocosos y poco profundos y derivan 

primordialmente de rocas sedimentarias y metamórficas. La vegetación 

corresponde al matorral xerófilo (Rzedowski 1 978) y su flora tiene 

afinidades neotropicalcs. El valle de Tehuacán posee una de las floras más 

diversas de ecosistemas scmiáridos en el hemisf"erio occidental con cerca de 

630 géneros y 1400 especies de fanerógamas de las cuales alrededor del 

30o/o son endémicas (Smith 1965; Villaseñor, Dávila y Chiang 1991 ). Este 

nivel de endemismo es poco usual para una región contenida en un gran 

continente y se acerca al grado de endcrnismo encontrado en algunas islas 

oceánicas (Smith 1965). Dentro de esta flora destacan las cactáceas con 53 

especies. de las cual.:s 12 son endémicas (Meyrán 1973 ). Finalmente, esta es 

la región con mayor diversidad de cactáceas columnares en el mundo. 
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Ob.fetivos y sinopsis del contenido 

El objetivo general de este trabajo es contribuir al conocimiento de la 

ecología de Cephalocereus columna-tra.fani en el valle semiárido de 

Zapotitlán. Puebla. Esta contribución se basa en un en foque morfométrico 

que implica el análisis de diversos aspectos de las interacciones de 

individuos y poblaciones de esta especie con su medio ambiente. Estos 

aspectos abarcan los niveles individual. y comunitario y quedan 

comprendidos dentro de los siguientes 01:>.ietivos particulares: 

i) Al nivel individual. se pretende analizar el valor funcional de la 

inclinación del tallo y orientación del pseudocefalio en términos de 

intercepción de radiación solar directa para individuos de Cepha/ocereus 

columna-trajani en el valle de Zapotitlán. 

ii) También en el nivel individual. se pretende evaluar las consecuencias. en 

términos de tasas de crecimiento y producción de flores. de la reparación 

somática en individuos de una población de Cepha/ocereus columna-trajani 

en el valle de Zapotitlán. 

iii) Finalmente. en el nivel comunitario. se intenta generar una clasificación 

de formas de vida vegetales en las comunidades que habita Ccphalocereus 

•. :o/umna-trajani en el valle de Zapotitlán con hase en características 

morfológicas con implicaciones funcionales. 

Estos ohjetivos fueron ahordados mediante tres trabajos 

independientes que confom1an el cuerpo de esta tesis: 
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En el Capitulo 11 se presenta un análisis funcional de la morfología de 

C. columna-trajani. En este trabajo, que fue enviado a la revista Ecology. se 

analizan los conflictos funcionales que implica la presencia de una superficie 

no fotosintética (el pseudocefalio) y la inclinación del tallo. El estudio 

involucra (a) observaciones de campo con base en las cuales se describen 

cuantitativamente los patrones de orientación del pseudocefalio e inclinación 

del tallo. así corno la morfología promedio de los individuos muestreados de 

C. columna-trajani y (b) simulaciones por computadora en las que se 

compara la eficiencia de captación de radiación solar directa de cactus con 

diferentes morfologías (pseudocefalio orientado en diferentes direcciones. en 

cactus erectos e inclinados). 

1-01 articulo presentado en el Capítulo 111 fue publicado en el Journa/ qf 

Arid F:nvironments (Zavala-Hurtado y Diaz-Solis 1995). En este l!studio se 

aborda la pregunta: ;.cuáles son los costos del proceso de reparación 

somática después de un daño que ocasiona la fractura del tallo con la 

consiguiente pérdidu del meristemo apical. en tém1inos de sobrevivencia. 

crecimiento y reproducción en Cepha/ocereus columna-rrajani? A partir de 

una estratificación de la población en individuos no dallados e individuos 

reparados. se realizó un análisis comparativo entre ambas subpoblaciones en 

lo referente a sus tasas de crecimiento. edad de la primera reproducción y 

producción de flores. Finalmente. a partir de una relación alométrica simple 

entre el diáinetro del tallo y la altura (relacionada con la edad l se hizo una 

estimación de la altura que tenían los individuos daiiados cuando sufrieron la 

fractura del tallo : a partir de esta estimación. se calculó la probabilidad de 
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una rep·aración exitosa (sobrevivcncia después del daño) dependiendo de la 

altura del cactus al momento de ser dañado. 

Finalmente, el Capítulo IV está constituido por un artículo 

publicado en la Revista de Biología Tropical (.Zavala-Hurtado et al. 1996). 

Este es un trabajo a nivel comunitario basado en la suposición de que las 

características morfológicas de las plantas representan estrategias 

conductuales para enfrentar las presiones ambientales particulares del 

desierto. En dicho articulo se describe una clasificación muhivariada de las 

formas de vida de plantas perennes en el valle de Zapotitlán basada en 

características morfológicas relacionadas con la efici.::ncia fotosintética, la 

conservación y almacenamiento de agua y la regulación térmica. Además, en 

una escala local ( 1 km2
). se exploró la relación entre los patrones espaciales 

de los ensamblajes de formas de vida y algunas variables ambientales 

(.geomorfologia. humedad y pH del suelo) mediante un análisis multivariado 

de ordenación. Finalmente. se presentan las curvas de respuesta de fon11as de 

vida selectas a lo largo de los gradientes an1bientaks interpretados con base 

en et análisis de ordenación. 
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11. STEM TILTING AND PSEUDOCEPHALIUM ORIENTATION IN 

Cephalocereus columna-trajani (CACTACEAE): A FUNCTIONAL 

INTERPRETATION. 



Here comes the Sun. 
here comes the S1111. 

and I say: 
it ·s ali rixht. 

(George Harrison) 



Stem tilting and pseudocephalium orientation in 
Cephalocereus columna-trajani (Cactaceae): a functional 

interpretation§. 

José Alejandro Zavala-Hurtado"'. Femando Vite"' & Exequiel Ezcurra"' 

"'Departamento de Biología. Universidad Autónoma Afetropo/itana
l=tapalapa. Apartado Postal 55-535, 093-10-flvféxico, D.F.; 1\Iéxico 
"'Centro de Ecología, Un;versidad Nacional Autónoma de México, 

Apartado Postal 70-275, 04510-México, D.F.; México 

Ahstruct. This paper analyzes the functional implications of stem tilting and 
pseudocephalium orientation m the giant columnar cactus Cephulocer<!u., 
'-·olumna-trujani. ·rhis species shows a consistent nort.hem orientation of 1ts 
pseudocephalium (a non-photosynthetic hairy structure whcre flowcrs ano 
produced) and stem tilting in the same direction. Analysis ot· pseudocephalium 
orientation was made on field data gathercd from subpopulations of < •• 
<.:o/umnu-trujaní from slopes with different exposures. Additionalh. from 
morphometric characteristics measured in the field. a modcl cactus was 
constructed with the purpose of simulating radiation interception by diffcrcnt 
morphologies. Variations of this model cactus allowcd the simulation of 
irradiancc on crect and tilted cacti, as well as on plants with varying 
pseudocephalium orientation. Results of irradiance interception by different 
morphologics wcre related to actual data of gro•wth ratcs. flowering period and 
rainfall and ternperaturc pattems on the study zonc. Sarnplcd individuals of < ·. 
'-·o/11n111a-tr4¡u111 sho"'ed a significant NNW pseudoccphalium oricntat1on 
(angular mean 339~±22~). Sirnulations showcd that tilted cacti wllh 
pscudoccphalii facmg north"ards increase yearly intcrception of dircct solar 
radiation by th.: wholc plant cornparcd to erect .:acll with or without a 
pseudocephalium 12~·ó and 7% incrcase respectively). and "ith tilted cacti with 
the pscudoc.ephalium facing away from the North (9 to 1 O~·ó incrcasc) 
Additionally. th<: obscrv.:d rnorphology decreases radiation intcrception during 
thc hottcst and driest pcriod of the ycar. From our results. pscudocephalium 
orientation and stcm tilting in < · co/1111111u-trtyan1 appcars to be a morphological 
adaptation that allows thc lin.:-tuning of a columnar rnorpholo¡,>y to its therrnal 
and radiation environtncnt. Ho\.vcvcr~ thc cost of tilting in this giant columnar · 
cactus is that branching ( which incrcascs photosynthctic arca and reproductive 
output) appcars to be alrnost impossiblc without serious risk ofstem breakagc. 
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Key Words: Adaptation; scmiarid lands; functional morphology; growth 
rate; irradiance; PAR; pseudocephalium; tilting; thermal regulation; 
Zapotitlán, Mexico. 

Introduction 

Cepha/ocereus co/umna-trajani (Karwinski ex Pfeiffer) Schumann is a 

giant, usually unbranched, colurnnar cactus which forms dense populations 

on hills of the semiarid region of Puebla and Oaxaca in intertropical Mexico 

(Bravo-Hollis 1978). This spectacular plant (Fig. 1 ). known locally as 

cardón, reachcs a height of 10-12 m and characterizcs a vegctation unit 

named cardonal in the xerophytic scrub of the Valley of Zapotitlán (Zavala

Hurtado 1982). 

An eye-catching feature of thesc populations is the marked stem tilting 

of thc upper shoot of the cactus, which bends northwards with a similar 

oricntation in almost all plants. In the concave side ofthc bent stem. and also 

facing approximately North. a pseudocephalium is found in ali adult plants 

(Fig. 1: Grecnwood 1964). The pseudocephalium is a cluster of densely 

pubescent. flower-bearing aceoles that are forrned along the sidcs or at the 

top of a cactus stem, not including the shoot apcx ( Gibson and Nobel 1 986 ). 

C. columna-trajani individuals initiate the production of the 

pseudoccphalium when they attain an average hcight of 3.35 m and become 

reproductive (Zavala-Hurtado & Díaz-Solís 1995). The developing flower 

buds are embedded. and hence protected. in thc p¡-cviously-formed 

pseudoccphalium hairs. To our knowledge. this unique morphological 

adaptatíon is not found in other columnar cacti. 
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The surface ofthe pseudocephalium is not photosynthetic. On the one 

hand. the woolly covcr impcdes the arrival of light to the epidermis. On the 

other. the tissue surface under the hairy mat of the pscudocephaliurn is 

subcrose and docs not contain chloroplasts. Thus. this cactus species may 

lose a significant proportion (9 to J 0%) of its potentially photosynthetic 

tissues with the developrnent of the pseudocephalium. Because of their 

stcm-succulcnt naturc and their extrernely Jow surfacc-volume relationship. 

giant columnar cacti maintain a large proportion of non-photosynthetic 

parenchyma. which lives at the expense of the relatively scarce 

chlorenchyma that is only found in the epidermis of thc stem. Thus. on a 

'Whole-plant basis the compensation leve! for nct photosynthesis is high 

(Nobel J 988). and the functionality of the stem epidermis as a Jight

capturing structurc is extremely important. In this contcxt. the cvolution ofa 

rnorphological trait such as the pseudocephalium. that has evolved at the 

cost of losing a significant arnount ofthe photosynthetic epidermis. necds to 

be explorcd in terms ofits functional morphology. 

In this paper. wc advance the hypothesis that pscudocephalium 

orientation and stem tilting in Cepha/ocereus co/umna-trajani actually has 

functional advantagcs in terrns of radiation interception compared with 

unhranched crcct cacti with no pseudocephalium and tilted cacti with 

pscudocephalium orientations difTerent from the observed one. 

/\dditionally. we hypothcsizcd tlwt the northwestcm orientation of the 

pseudoccphalium and stem tilting protect the flowers from direct solar 

radiation. This hypothcsis is explored by mcans of: (a) a statistical 
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description of the orientation of the pseudocephalium in Cephalocereus 

co/umna-trajani in plain terrain. and in north. south, east. and west slopes; 

(b) simulations of irradiance received by a model cactus with the 

pseudocephalium at different azimuths, and with and without tilting of the 

trunk, and (e) analysis of radiation interception curves in terms of their 

relationship with growth rate, flowering, rainlall and temperature curves. 

Fig. 1. Individual plant of" Cepha/ocereus columna-trajani in Zapotitlán. Mexico; the 
photograph was taken from the West of the plan t. The stem is tilted towards the NNW 
(as is the rest of"the population visible in the background). The black arrow shows the 
pseudocephalium. 
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Metbods 

Study site.- Field data were gathered from a cardonal in a hill at the semiarid 

Valley of"Zapotitlán (18º 20' N. 97º 28' W. 1550 m elevation), a local basin 

of"the Tehuacán Valley in the Pueblan-Oaxacan Region in the Mexican State 

of" Puebla (Vite ~ al. 1992). Climate in this zone is semiarid with summer 

rains. Annual mean temperature is l 8-22ºC and precipitation is around 400 

mm/year. The soils are shallow. stony, and halomorphic (Byers 1967). 

Semiarid conditions are imposed by the rain shadow of" the Sierra Madre 

Oriental which intercepts humid winds from the Gulf" of" Mexico. The 

vegetation has been classified as a xerophytic scrub (matorral xerófílo; 

Rzedowski 1978). 

Orienta/ion ofthe pseudocephalii in thefie/d 

Five samplcs of 50 individuals of" C. columna-trqjani each were drnwn from 

five dif"f"erent conditions: eastem. western, northem. and southern slopes and 

an unobstructed plain. Azimuth of" pseudocephalium for each individual was 

measured using a Brunton compass corrected f"or tnie north. J\ngular mean 

and circular deviation of pseudocephalium azimuth f"or each sample '\Verc 

calculated using circular statistics (Zar 1974). 

Afodeling plant morphology 

The irradiance receivcd by a Cepha/ocereus columna-tra_jani individual was 

estimated from that computed f"or a three-dimensional figure made-up of 209 
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interccpting planes. or facets. each with specific dimcnsions. azimuth, tilting 

angle. and suppressed photosynthetic area due to thc pseudocephalium. The 

data for the construction of thc geometric model cactus wcre gathercd from 

ten randomly-selected adult individuals ·with a mean height of 5.63 m (min. 

4.91 m: max. 6.82 m: sd = 0.63 m) growing in an unobstructcd plain. We 

measured cactus heights to the nearest centimeter using a 1 O m extendible 

pole gauge. Shoot diameter was measurcd to the ncarest millimeter using a 

caliper. Measurements were talcen every meter starting from the cactus base. 

Additionally, we recorded pseudocephalium length, and width evcry 0.5 m 

using a measuring tape. Tilting angle of the cactus shoot '\Vas mcasured for 

each of three two-meter-high segments from a vertical reference on printed 

photographs takcn from a sample of 35 randomly-selected adult individuals 

growing in the same plain, with a mean hcight of6.74 m (rnin. 5.80 m: max. 

7.80 m: sd = 0.52 m: we uscd a larger sample for this measurement in ordcr 

to obtain accurate regression estimations of tilting). With these data. a 

gcometric model cactus was constructed as described in the Appendix. 

The simulations wcre run for six theoretieal morphologics: (a) crcct 

plants '\Vithout pscudocephalium (tilting angle = O and no. of faccts coven.:d 

hy the pseudocephaliurn = O for ali segments): (b) crcct plants with NN\~/ 

pseudocephalii (tilting anglc = O for ali segrncnts): (c) tilted plants with 

NNW pseudoccphalii: (d) tilted. East-orientcd pscudocephalii (azimuth of 

facets rotatcd 1 1 1 º): (e) tiltcd. West-orientcd pscudocephalii (azimuth of 

faccts rotated -69"): and (f) tiltcd. South-orientcd pscudoccphalii (azimuth of 

facets rotatcd -159º). Model cacti with no pscudocephaliun1 have a 
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photosynthetic surface of 5.70 m 2
• In model cacti with a pseudocephalium 

thc photosynthetic surface becomes reduced in 9.4º/o (although the total 

surface area is the same). 

Simulation ana(vses 

A computer program simulating direct solar radiation (Ezcurra et al. 1991 ) 

was supplied with data describing the azimuth. inclination and area of the 

209 intercepting planes. plus the latitude and thc date to be simulated. Using 

standard astronomical cquations (Mccus 1988) the program calculates the 

apparent position of the sun from sunrise to sunset at l 0-min intervals. and 

estimates thc interception efficiency of each individual plane at each time. 

Based on thc fact that thc pathway of thc solar beam through the 

atmosphcre bccon1es shorter as lhe sun approaches lhc zenith. thc proportion 

of dircct solar radiation that is dampened by thc air mass was calculated as a 

function of the angular elevation of thc sun ·abovc the celestial horizon 

( Rt,ss. 1981 l Thc cstimations werc done follo,., ing <.iatcs' t 1980) method. 

wh1ch calculatcs direct solar radiation (W rn"2
) intcrccptcd by a given bod) 

'vith a kn~nvn surfacc at a givcn hour of thc day undcr a givcn air 

transminancc (which rangcs bct,veen 0.5 and 0.8 in mosl descrt arcas). The 

simulations "<!re run for thrce different dates: thc cquinox: thc sun1n1er 

solstice. and the wintcr solstice. using an air transmittance value of O. 7 for 

cach date /\n cxtcnsion of this program integrales thc daily direct solar 

radiation (.1 111·
2 d" 1 

). allowing the estimation for a wholc ycar. Resulting 

figures of irradiance were muhiplied by the photosynthetic arca of thc model 
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cactus in order to estimate total irradiance rcceivcd by the photosynthetic 

surface ofthc simulated plant. 

As in most giant colun1nar cacti. the stcm of r. columna-1rqjan1 is 

ribbed. and its total stem surface is around 5% larger than m the facct

projection we used for our simulations. The simulated radiation interception 

per unit photosynthetic surface may be reforred either to the "true" ( i.e. 

ribbed) surface. or to the un-ribbed geometric projection of thc stem For 

simplicity. we referred our results to the un-ribbed projection. 1 f the rcsults 

are rcforred to ribbed plants. then the intcrceptcd radiation per unil arca 1s 

proportionally less. but thc relative difforcnces between morphologies do nol 

change. 

The simulation data were supplemented wilh climatic information and 

with data on gro\vth and flowcr production. Mean tcmperature and rainf'all 

data ( 1990-1991) were provided by the climatological station of Zapotitlán 

Salinas (Servicio Meteorológico Nacional. Mexico). Average number of 

flowers per individual pcr month for 75 individuals of C ·. co/umna-trcyani in 

1990-1991 were drawn rrom our own unpublishcd data. Finally. mean 

monthly growth rates for the san1e two years werc cstimated fron1 data uf 

/.avala-Hurtado and D1az-Solís ( 1995). 
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Results 

Orienta/ion ofthe pseudocephalii in thefield 

The five populations showed a significant mean direction ([! < .001) 

according to a Raleigh test (Zar 1974). The mean azimuth and circular 

standard deviation of' the pseudocephalium in plants from the unobstructed 

plain was 339º ± 2 J .8º. This orientation (hereafter called NNW) was 

considered as the typical natural orientation. and hence, the one to be 

evaluated in terms of' ef'ficiency in light interception. 

~:!:::=/ ~·~' ~";:=.;::·.~,:;;~::::· 1 

u ~: 1 - 1 ::·::: :·::· ¡ 

. :~'~~=-~~·~·~=:~:=:::=:=~~·¡ 
:,: !::=/ ~·~==-======:!! 
~: t ,,. "" ... , .. w ••• "'º"J 

•Zlm Uth (•I 

Fig. 2. Frequency distrihutions ofpscudoccphalium azimuth of fifty individuals of 
( ºep/Ju/ucereu.< c:olumnu-tru¡u111 from diffcrcnt slope-aspects in thc valley of Zapotitlán. 
Mcxico. Angular means (el>) and circular standard deviations ofpseudocephalium 
azimuth are shown for each slof><!. 
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Two-sample tests using thc method of Watson and Williams ( 1956 in 

Zar 1974) revcaled that there were non-significant differenccs ( n > .1) in 

pseudocephalium orientation benveen cacti from the nonhern and southern 

slopcs and the unobstructed plain. Cacti from the eastern slope showcd 

significantly different (R < .001) pscudocephalium azimuth from cacti of all 

the other four sites. The same occurred with cacti from the western slopc. 

which showcd significantly different (g < .001) pseudocephalium azimuth 

from cacti of ali the other sites. excepting the nonhcrn slope (Fig. 2). 

Simulation ana/yses 

In our model. an erect cactus with no pseudocephalium intcrccpts 1 1652 MJ 

y· 1 of direct solar radiation (Table 1 ). The prescnce of a pscudoccphalium in 

erect plants rcduccd light intcrception in values ranging from 1 l .6o/o vvhen 

the structure faced cast. to 3.1 % in northern orientations. An crect cactus 

bearing a pseudoccphalium with north-northwestcrn azimuth would reduce 

its light intcrception by 5. 1 %. compared with an crcct cactus with no 

pseudocephalium. 

Bcnding of the shoot in plants with a pscudoccphalium increased 

drarnatically light interception (Table 1 ). A tiltcd cactus with a north-facing 

pseudocephalium intcrcepts more (4.0o/o) light than an <:rect one without a 

pseudocephalium. In tilted cacti. mínimum light-intcn:eption would occur 

f"or a plant with a pscudocephalium facing south. Thc average obscrvcd 

cactus morphology (tilted. with a NNW pseudocephalium) intcrcepts 1. 7u/o 
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more light than thal received by an crect individual with no 

pseudocephalium. 

Table 1. Total annual direcl solar radialion (MJ d· 1
) intercepled by eleven simulaled 

planls dilTcring in localion uf pscudocephalium and tilling (sec Appendix for details of 
model cacti). Percentages are relative to an erect cactus with no pseudocephalium. 

Erect o/o Tihed o/o 

No pseudocephalium 11652 100 

Pseudocephalium NNW 11062 94.9 11853 101.7 

Pseudnccphalium N 11285 96.9 12113 104.0 

Pseudocephalium L'. 10303 88.4 10825 92.9 

Pseudoccphalium S 10324 88.6 10615 91.1 

Pseudoccphalium W 10303 88.4 108'.!5 92.9 

-------- ---
l.ookmg at the yearly paltern of light intcrccption (Fig. 3a). il can be 

secn that thc average obscrvcd cactus morpholog) shows thc highcst light 

mtcrcepuon during fall and winter when relativcly low tcmpcraturcs prcvail 

in thc rcgion ( l· 1g. ~h J. This cstimatcd radiation-interccption paucrn 

contrasts with thc thcoretical pattcms or crcct cacti 'l.Vithout 

pscudoccphahum. and cspccially of south-tiltcd cacti. which 'l.vould 

maximizc light 1ntcrccp11on during the rclativcly hot summcr n1onths. 

'\.dditionally. thc ks,.. cffic1cnt cast- and wcst-tiltcd cacti. would show lm.vcr 

mtcrccption "alues throughout the year. lt also can he scen that tilting 

improves light intcrccptinn frmn Scptcmber to March in cacti 'l.Vilh NNW-
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azimuths in relation to the interccption pattern of cacti showing the sarne 

orientation of the pseudocephalium but no shoot bending. 

M A M A S O o 

Fig. 3. (al Simulated interccpted ~olar radiation hy fivc diíforcnt model cacti (continuous 
linc. crect cactus vvith no pseudoccphaliutn; º?'!" circlc!".: crcct cactus \.\"ith 
pseudocephalium focing NNW: sol id circlcs: tilted cactus with pscudocephalium íacing 
NNW; linc with triangles: tiltcd cactus" ith pseudocephalium facing E or \V; and 
dashed line: tilted cactus with pscudo,·c•¡ihalium íacing S). (h) A\cragc rainíall (sol id 
circles) and mean monthly tcmJl<!ralurc 1 sol id squarcs) írom thc Zapotitlán Salinas 
climatological station during 1990-91. (e) Mean !,'T0"1h ratc (solid circlcs) and mean 
number oí flowcrs produccú Jl<!r indi\ iúual (sol id squarcs) from a population oí75 
C'ep/u.J/oc:ereu . .,,· c.:olu1111u1-tr~/an1 individuals during J 990-9 J. 



Maximization of" light interception during f"aJI in the average cactus 

morphology (Fig. 3a) coincides with the peak in growth rate of" 

Cepha/ocereus columna-trqjani (Fig. 3c) and with the Septembcr rainíall 

period in the study site (Fig. 3b) for the analyzed years. Flower-blooming 

presents a peak in March (Fig. 3c), during a period ofhigh incident radiatwn 

(Fig. 3a) and relatively low temperatures. beforc the onset of the rainy 

season (Fig. 3b). 

The simulations ofthe daily patterns oflight intcrception are prcscnted 

only f"or the three most ef"ficicnt morphologies: (a) erect plants with no 

pscudocephalium: (b) crcct plants with a NNW-pseudoccphalium; and (c) 

NNW-tiltcd plants with a pseudocephalium (Fig. 4). Simulations werc 

perfonned f"or thc cquinox (Fig. 4a), the summer solsticc (Fig. 4b). and thc 

winter solstice (Fig. 4c). 

Although thc thrce typcs of" cacti showed sin1ilar trcnds in thcir daily 

pattcrns of direct solar radiation interception. some n:lc\<ant diffcrcnccs must 

be highlightcd: (a) erect cacti with no pseudocephalium showcd a symmetric 

pattcrn around noon; (b) cacti bearing a NNW-psi:udocephalium (hoth i:rect 

and tilted) interceptcd more radiation before noon in thc summer solsticc and 

in the equinox. compared to the radiation interceptcd alier midday: (e) tilted 

cacti with pseudocephahum showed the highcst direct solar radiation 

mtcrception of ali morphologies during the cquinox l~3. 7 MJ d- 1
) and the 

wmter solsticc (34.1 M.I d- 1
). and presentan int~·rrncdiatc value during the 

summcr solsticc (29 5 MJ d- 1
): <d) ercct cacti with pscudocephalium showed 

thc lowest radiation interception of aJI morphologii:s in the three simulations 
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(31. 1 MJ d" 1 on the equinox, 28. 1 MJ d" 1 on thc summer solstice, and 32.2 

MJ d" 1 in thc winter solstice); (e) erecl cacli with no pscudocephalium 

showed intermediate values of radiation intcrccption in lhe cquinox and 

winter solstice (32.5MJd-1
• and 32.3 MJ d" 1 respcctively). and the maximum 

value ofall morphologies during the summer solstice (31.8 MJ d" 1
). 

local aolar lune (hr) 

Fig. 4. Sirnulatcd daily interceptinn uf direct solar radiat10n ( \\' m.;) íor cactus models 
of diffcrcnt morpholoh'Y (continuous fine [ --- J: crcct cactus with no 
pseudocephalium: doncd fine [· · · · · ·]: crcct cactus with p~.::udoccphalium facing 
NNW: and dashcd fine [- - - - - -]: uhc·d cactlls with NN\\'-facing pscudoc.::phalium). 
Graphs show inten:epted radiatinn during (a) autumn equino" (thc samc simulation 
curve is obtained for March 21. thc spring equinox): (b) summer solstice: and (c) winter 
solstice. 
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Discussion 

Oricntation in the tlowering structures of columnar cacti is wcll-known. For 

examplc, in Carnegiea gigantea it has long becn reponed that flowers are 

primarily produced on the East-Southeast side of the top of the plant 

(MacDougall & Spaulding. 1910, cited in Nobel. 1981; Johnson. 1924). i.e. 

cxactly on thc opposite side from that for C. columna-trcljani. For this 

northern spccics (C. gigantea). flower devclopment sccms to be cnhanccd by 

high surface tcmperatures achicved on the southem sidc of stem. 

Convcrsely. Trichocereus chilensis and T. litoralis. two spccics of columnar 

cacti from the southern hemisphcre. produce flowers mainly in the warmer. 

nonhern side ofthe stcm (Rundel. 1974). 

Stem tilting. hm.vcver. has only becn studicd in barre! cacti. a life-fon11 

'111.'Íth relatively shon stcms. Nobel ( 1988) argucd that giant columnar cacti do 

not tilt becausc gravity would excn a considerable bending moment on their 

massivc stems. causing thcir brcakage. lndeed. from the many giant 

columnar specics in thc rchuacán Vallcy. C. columna-rra;ani is thc only one 

that cxhibits stcm tiltmg. and is also onc of thc only two specics that do not 

usually branch. Additionally. stcm brcakage is a 'Cí) frequent cause of 

physical injuí) on thcse plants (Zavala-Hurtado & Dia?-Solís 1995). Sorne 

barre! cactus spccies (c.g.. l·l-rocactus spp. in North /\merica and Copiapoa 

spp. in South Amcrica) cxposc thcir apical rcgion (in 'vhich tlowcrs are 

produced) to thc South and Nonh. rcspcctivcly. ( i.c. to'l.vard thc equator) b) 

means of a sto..:m tilting. l"hc nnrthern azimuth and tilting in thrcc species of 

e ·opiapoa was explained by Ehlcringer et al. ( 1980) as a mean of incrcasing 



apical ternperatures by enhancing meristematic activity during the winter 

and spring rnonths. The equatorwards tilting of barre) cacti <loes not irnprove 

PAR interception and C02 uptakc for the whole plant. On the contrary. the 

bending of thc longitudinal stem axis towards the sun's trajcctories in fact 

leads to less P /\R annually incident on the stem <Nobel 1988). The 

functional advantages of tilting, hencc, are possibly more related to 

temperature control than to a maxirnization ofintercepted PAR. 

The behavior of C. co/umna-trajani contrasts with previous reports on 

this problern in various aspects. First, C. columna-trqiani is thc only giant 

colurnnar species known to show a conspicuous stem tilting. Second. the 

species tilts away frorn the equator. and not towards it. Third. the flowers. 

which are ernbedded in the pscudocephalium. are also orientcd ª"ay frurn 

the equator. in contrast with other columnar specics that produce their 

flo'INers on the wam1er side of the colwnnar stcm facing the cquator. And 

fourth. th1s cactus species is endcmic to thc intertropical zone. while ali thc 

pn.:vious repons of non-randorn orientation in colun1nar or barre! cacti are 

for subtropical plants gro,,;ing either Nonh of thc rropic of Canccr or South 

ofthe Tropic ofCapricorn. 

The importance of photosynthetically active radiation (PAR) as a 

limiting factor f"or cacti has bccn prcviously documcntcd (Nobd 1980. l ')8 1. 

1982. Gellcr & Nobel 1986. 1987). PAR limitation uccurs bccausc or thc 

opacity. rigidity. and vertical oricmation of thc phutosynthctic surfaccs of 

most cacti and of other CAl\tl plants such as cactoid Euphorbiaccae. Thc 

capture or light in these dcscn succulcnts implics nccessaril) the risk of 
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overheating their photosynthetic tissues. Many perennial dcsert plants -

including succulent and non-succulent evcrgrccn species - prescnt their 

chlorenchyma vertically-oriented (c.g. Woodhouse et al. 1980. Nobel 1982. 

1986. Cano-Santana et al. 1992. Ezcurra et al. 1991. 1992. Valverd..: et al. 

1993). As a general rule. a vertically-oriented structurc will intercept more 

light in the morning and aftemoon. and less light al midday. when the sun is 

ncar the zcnith. Thus. thc vertical orientation helps to solve thc compromise 

between capturing light and avoiding overhcating during thc warrner hours 

of the day. In the Tehuacán Valley. opuntioid. barre!. and columnar cacti 

establish under the shadc ofnurse plants. and their scedlings do not survivc a 

df"'.I. season if thcy are exposed to direct solar radiation (Valiente-Banuet et 

al. 1991, Valiente-Banuet & Ezcurra 1991 ). Adult plants manage to survivc 

direct exposure to thc sun becausc of their vertical orientation. Fclled 

indtviduals or ( ·. columna-trajani. exposed horizontally to direct solar 

radiation. attain midday tempcratures in their chlorenchyma above 55ºC. 

while the nonnal erect plants are only slightly ahovc air temperature. and 

around 35ºC tunpublishcd data). In Opuntia pilifera thc horizontal cxposurc 

or the usually vertical cladodcs increases thcir midday tempcraturc from 

35"C to 47ºC (Cano-Santana et al. 1992). Most cacti will show an abrupt 

increase in chlorophyll fluorcsccncc (an indicator of dccreasing clcctron llow 

in Photosystcm 1 during photosynthesis) betwcen 50 and 56ºC. Furthcm1orc. 

thc electron transpon involved in Photosystcm 11 starts to dccreasc in cacti 

n'hcn the photosynthctic tissucs rcach tcmpcratures bctwecn 40 and 50ºC 

(Nobel 19881. Thus. cven ifthe plant survives high midday temperatures. tts 

photosynthetic system ma) lose much of its functional capacity if the 
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chlorenchyma reaches temperaturcs abovc 45-50ºC. Thc columnar life-form 

allows cacti to avoid the potentially harmful cffects of high temperatures by 

ma.ximizing PAR interccption in thc early rnoming and late alicrnoon. The 

strategy, however. has a cost, as PAR interception bccomcs suhoptimal. For 

example, whilc horizontal cladodes of Opuntia pi/(fera in Zapotitlán 

intercept in one day as rnuch as 41 mol photons per m 2 of cladodc arca. 

vertical cladodes facing East and Wcst will interccpt 23 mol m-2
, and vertical 

cladodes facing North and South will interccpt only 5 mol 111-
2 (Cano

Santana et al. 1992). In tJ1e case of" C. colum11a-1rajani, an approximate 

convcrsion of" our modcl's prcdictions from dircct solar radiation into Pl\R 

indicates that the plants in the field interccpt around 12 mol photons m-:?day· 
1

• Although this value is well ahove the co111pensatio11 leve! reportcd for 

cacti, which is around 3 mol 111-2 day- 1
, it is also below the daily PAR lcvcl 

that results in rna.xi111um net uptakc of C02 • which is around 30 mol m-2 day· 1 

(Nobel. 1988). and it is also wcll below thc maxi111um mcasurcd PAR 

interception for a piune surface in the region (41 mol 111- 2 day- 1
). 

In this framcwork. tilting appears to be a morphological adaptation 

that allows thc finc-tuning of a colurnnar morphology to its thcnnal und 

radiation environmcnt. By tilting north-north\\1cst\\ards with an anglc that is 

grcater than the northem dcclination of" the sun during thc su111111cr solsticc. 

thc plant achil-'vcs u series of chungcs in its radiatinn-intcrception pattern. lt 

mtercepts less radiation at mid<lay and during thc aftcrnoon thun a vertical 

columna.- plant during the hottcr months ofthc year (Figs. 4 and 5). ·111is is 

especially important as it is frequently thc case that summcr ruins rnay arri"c 
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as late a<; July. Thc tiltcd stcm intcrccpts more light tlmn an crcct structurc 

during the Scptcmbcr equinox, thc time of thc year when thc summcr rains 

have co1nrnenced and thc soils are moistcr. and also when the plant shows 

greatest growth (Fig. 3). By tilting thc stcm. thc non-photosynthctic 

pseudoccphalium can dcvclop without signifícantly losing PAR intcrception. 

In fact, tilting actually irnprovcs global PAR interccption by about 2%, and it 

panicularly in1provcs PAR interccption during favorable seasons and dunng 

thc most f"avorahle hours of the day. Thc spiny pscudoccphalium. in turn. 

protects thc tlowers from potential nectar rohbcrs. and also kceps the night

blooming tlowcrs shaded during the day. Finally. thc simulation shows that 

by shitling the pseudoccphalium NN\\' instcad of dircctly North, the plant 

mercases light intcrccption during thc cooh:r hours or thc mon1ing (when thc 

apparcnt position of thc sun is in thc East). and dccreases interccption in the 

atlemoon ( when the sun is in the West). 

Thus. tilting has a direct bearing on thc plant's rcproductive systen1. 

and ultimntcl) on its lccundity. as a mechanism that allows thc protection of 

thc llowers (that bloom in thc dry scason) from cxcessivc cvaporativc 

dcmand and from potential predators. Additionally. lllting does not hindcr 

P/\R intcrccption which is fundruncntal for succcssful plant gro,vth. In 

short. our simulations suggcst that tilting may ha,·c a positivc cffcct on plant 

rcproduction ( an important con1poncnt of fitncss) without con1pron1ising 

plant growth (a sccond fundamental componcnt or fitncss). Thc obvious cost 

or tilting in a giant columnar cactus such as nur study spccies is that 

hranching becomcs almost impossiblc without scrious risk of" stcm breakagc. 
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Thus. C. columna-tra_jani faces a trade-off compared with other columnar 

species in thc region. such as Neobuxbaumia tetet=o: while tilting may 

increase its capacity to intercept PAR and at the same time to passivcly 

regulate stem temperature. the species cannot benefit from thc increascd 

PAR interception and CO~ uptakc (Geller & Nobel 1986. 1987), as wcll as 

the increased rcproductive potential (Yeaton et al. 1980). that derive from 

stem branching. 
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Fig. 5. Angle of incidcncc of dircct solar radiation at midday for an crcct unbranched 
columnar cactus comparcd \Vith an a\crage ( ·. co/1111111e1-trc~fc1111~ for the summt.:r and 
winter solstices. and for the equinox. 



41 

This interpretation of thc results of our modcl can be tested with field 

data on the ol"ientation of thc pseudocephalii. In open plain habitats. thc 

azimuth of the pseudocephaJium is NNW (angulal" mean = 339°), hut in 

plants growing on steep slopes. which obstruct part of the incoming 

radiation. the angula!" location of the pseudocephalium is shifted towards the 

slopc. i.c. both tilting and the development of the pseudocephalium shift in 

the direction where the plant receives less direct solal" radiation and Jess 

PAR. 

lt is interesting to note that the geographic rangc of this species is 

c:-..trcmely restricted in terms of Iatitude. C. columna-trajani is only found in 

thc Tehuacán Valley betwcen Zapotitlán and Zinacatepec; ranging from 

97°13' to 97°30' W. and from 18°18' to 18º21' N {Rravo-Hollis 1978). That 

is. the spec1cs transverses the Tehuacán Valley occupying sorne 40 km from 

East to West. but less than 10 km from Nonh to South. The dcvclopmcnt of 

a tilting stem may he adaptive in this narrow al"ea. hut could he non-adaptivc 

at othcr latitudes. as the success of the tilting strategy is strongly dependent 

on the apparcnt position of the sun during thc grov. ing scason. an<l hcncc on 

the latitude of the site. The extreme degree of architecnll"aJ specialization of 

this specics may be at thc srune time the cause of its local succcss and also of 

1ts gcographic rarcness. 

The northcrn orientauon of thc flowers in C. columna-trajani and the 

tiltmg a·way from thc equator. in contrast with the equatorwards tilting and 
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flower production in other cacti dcserve sorne attcntion. The diffcrcncc 

benveen our study species and other reportcd cactus species with stem 

directionality Hes in thc fact that C. co/umna-trajam grows in a frost-frec 

intertropical zone. whcre a vcrtically-oricnted columnar plant receives light 

on both its southem and northem face at different times of thc year (Peters 

1993). By tilting slightly to the North, this species intcrcepts less radiation 

during the hotter months of the year. Tilting thus allows the passive 

regulation by the plant of its thennal and radiation environment. Extra

tropical cacti. on the othcr hand. are often limitcd both by low tempcratures 

in winter and high temperatures in summer. Thc apparent position ofthc sun 

for these plants is always towards the equinox. Tilting. towards the equator 

rnay help to regulate radiation interccption during thc hot summ.crs. while 

still allowing thc intcrccption of significant amounts of radiation during the 

cold rnonths of the ycar. Thc interaction between thc ycarly radiation pattern, 

the radiation intcrception by tilted stems. and the growth season, remains to 

be studied in more dctail for thcse plants. 
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Appendix. Characteristics ofthe model cactus and their variations, used in this study for 
estimating the irradiance received by an actual or hypothetical Cepha/ocereus columna
trujani individual with similar characteristics. 

Total heights and stem diameters were used for obtaining the overall shape of a 
cactus by means ofthe following regression equation: 

where 

Q(!:D = [ 0.03844 + 0.09673 tllI - o. 1080 Q:V.D2 JI 

Q(!:D = Stem diameter (cm) at any height (!:!) ofthe stem (cm), 

I =Total height ofan individual (cm). 

(1) 

This equation was obtained by polynomial regression on field data from 1 O plants 
growing in open plain areas {B.2 = .75; .E.i.59 = 86.5; ~ < .00001 ). 

With the tilting angles mcasured for the plant segments. a data set was 
constructed for statistical analyses. As tilting ofthe upper part ofthc plant may bend thc 
lower part of the stem in thc opposite direction. negativc signs were assigned to the 
angles of sectors that were bent away from the azimuth of the pseudocephalium. The 
tilting angles for the midpoint of these three categories was fitted to an arbitrary 
cxponential function (.r = .72 on a semi-log scale; !! = 105; .(! < .05) which allowed us to 
interpolate the mean angle of deviation from the basal point for any height of the stem. 
The function obtained was 

13 = [ 3.8798. exp( 1.2777 !D] - 7.0 (2). 

Where 13 is the angle of deviation and !1 is the height of a standardized plant 6 m high. 
This function allowed us in tum to model the tilting angle ofany specific stem segrnent. 

For a plant with a total height of 600 cm. Equation ( 1) was used in the 
computation of diameters at cvcry 50 cm from O to 550 m high. and at 595 cm high. 
With these data. each of the twelve stem stretches was approximated as a truncatcd 
pyramid composed by 16 cqual trapezoidal sides. or facets. The calculatcd diametcrs at 
each height wcre ascribed to the maximum width of thc bottom and thc top or thc 
truncatcd pyramids. Finally. the plant apex was simulatcd by a 5-cm-high truncakd 
pyramid with 16 lateral sidcs and a 8.45-cm-wide flat top. Equation (2) was used to 
calculate the expected tilting anglc of the stcm axis for each of the twelve segments. 
Standard trigonometric equations werc used for assigning an azimuth and a vertical 
angle to each truncated pyramid with respect to thc main axis of the stem. Spherical 
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trigonometry was used to calculate the azirnuth and the inchnation of each faeet with 
respect to the local horizontal coordinates. knowing their azimuth and inclination with 
respect to the main axis ofthe stem. and the inclination and azimuth oleach stem sector. 

Thus. the basic characteristics ofthe rnodel plant (whieh are similar to thc mean 
characteristics ofactual plants in the field) were the following: 

No. of ht."l@.hl cluss tillmllnnp.lc nwnbcrof fHCl...'1. urca 5(.."'g.rnt."fll psc:Udl'ICl..j'hnl1urn 

SC~"'lll (cm) -~ <ª) ÍllCCL"I <='1 nwnhcr % 

(cm) lCOl;:) offaccts cnv1..·n.-d 

0-50 2306 -2.6K 16 24660 3945.hO o 000 

150-100 27 4~ -1.71 16 284 •J4 4559.00 o 0.00 

ICXl-150 3094 -0.SK 16 314 49 ~1nJ.N7 o 000 

150-200 31.52 0.74 16 :\'.\~ 2K ~3(>4 .p; o 0.00 

5 :?.00-25ll ·'5 21 2.2K 16 347.30 55Sf, K4 o u.oo 

2:>0-3tJtl 3óCMl 4 05 1<· 35U.5M ~(~)9 :!(I o..io 2.4M 

7 '\(M1-350 '1 ... KK 6 11 16 345 IO "'i::I '2 0.99 6 22 

• 350-40(1 14 M7 • 47 16 330 K<· S:?.•JJ 77 1.59 9.% 

400-tSll 32.96 11.17 16 3ll7 XI• 4<12<; N4 2 19 D71 

'" 450-500 10 1·1 14 23 16 276 10 4-11.., :'><; 2 79 17 4.5 

500-5~11 2<· 41 l76M "' ::.15 5-t 17(.'t', •· .. _l J•J o 1 ,., 
,, 550-S•JS .:!I K2 ::1.33 ... 170 11 27:::: ~ 1 3 99 ::-t.,, 

" S•JS-<.UO l<•Hll :?1 :'">.l lf· J(.11.1 .:<-1. •·4 4.59 2M (,)( 

14 lC.."TO"Tl) >( 45 56.RI <¡(.,Joll o <l.CXl 



lll. REPAIR. GROWTH. AGE ANO REPRODUC'TION IN THE GIANT 

L ºOLUMNAR C ACTl IS Cephalocereus columna-trajani (KAR WINSKI 

EX. PFEJFFER) SCHUMANN (CACTACEAE). 



Morir ... 
¡,podré resistir tamaño acontecimiento. 

o moriré en el momento 
en que me tenga que ir 

,\·in pena y sin sentimiento ? 
Morir. morir no quisiera ... 

n1orir para sie1npre. 
¡nu_' 

Espérate muerte. e.,pera 
.v déjame que n1e n1uera 

cuando te lo pida yo. 

(Migut:I Hcmández) 



Repair, growth. age and reproduction in the giant columnar 
cactus Cepha/ocereus colunrna trajani (Karwinski ex. Pfeiffer) 

Schumann (Cactaceae)§. 
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Departamento de Biología. Universidad Autónoma Metropolilana-l=tapalapa. 
Ap. Postal 55-535, México 09340. D.F. México. 

Ahstract.- Loss of shoot tip because of severe. but non-lethal. injury is a 
common event in the lifo-cycle of giant columnar cacti. Repair (reiteration) 
could adversely affect further hTTowth and reproduction because of a 
reassignment ofresources. We studied a population of < 'eplw/ocereus c:nlumnu
trajani in Central Mexico. comparing growth rates. age of first rcproduction 
and number of flowers produced per individual bctween repaired and 
undamaged cacti. A fitted generalized linear modcl. using a binomial error 
distribution and a logit link function, describes thc probability of survivorship 
after the cactus shoot is brokcn. According to this modd. only individuals 
cxceeding sorne critica( height before damaged are able to survive, and also 
only reproductive individuals not surpassing an uppcr threshold height (or agc) 
would survive. Wc did not find significant difTcrcnccs in flower production 
between injurcd and non-injured individuals. The cost of repair would imply a 
delay of ca, 60 years before the damaged cacti could resume r.:production. 

Keywords: ( ºep/la/oc.:ereu\· co/11mnu-1ra1uni; J,!iant coh1111nar cucti; repair; 
growth; age; reprocJuc.:tuJn 

lntroduction 

lt is almost inevitable for organisms to suffer sorne son of physical damage 

during their lifc span dueto their intcractions with the environment. In a widc 

!i Publicado en: .Journal t~f Arid E11nro11rn.:nt.\· ( 1995) 31 :21-3 t 
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sensc. thc role of regeneration. or biological rcpair. is to maintain the lifc of thc 

organism and to postponc dcath due to physical damage. Repair, thc power to 

replace lost or darnagcd cells. is a fundamental biological process seen in 

almost ali organisms (Elder 1979). Such process is cxpected to have a cost for 

organisms in tc.-ms of long-tenn su.-vival and reproduction. but it is also 

expected to yield a benefit, namely. the immcdiatc su.-vival after darnage 

(Harris 1989). 

Therc is an imponant link between rcpair and thc lifc-history of an 

organism. The main focus of this link is thc dist.-ibution of resources to 

different metabolic activitics. not only to g.-owth and reproduction but also to 

restoration. Resource assignment to somatic repair in iteroparous specics is of 

panicular intercst. as iteroparous life-span may be indefinitc. Reproduction 

occurs various times during maturity and does not coincide with the 

termination of the individual life cycle, as m semelparous organisms 

(Kirkwood 1981 ). 

Repair in plants is different from that in animals. Although sorne repair 

is analogous to wound healing in animals (e.g. bark formation pron1otcd by an 

injury l. the main response to damage in plants is to replacc ralhcr than repmr 

darnaged modules. Modules can die as a result of damage. con1petencc or 

environmental changes. and their death can promotc the production of ne"" 

units (Kirkwood 1981 ). 

In monopodial. orthotrophic plants such as columna.- unbranchcd cacti. 

darnage lhat dcstroys thc shoot tip evcntually promotes rciteration of one or 
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severa) healthy areoles near the wound. This is thc result of the loss or apical 

dominance, which is enf"orced by honnone control from the tip (Phillips 1975, 

1 Jalpering 1978). When thc apical mcristem dics the lateral meristems resume 

shoot growth. lf there is not an ovenvhelming dominance of a Jcading branch. 

the result is often a branched individual (Sachs 1988). 

C. columna-trajani (Kanvinski ex Pfciffor) Schumann, also known as 

C'epha/ocereus hoppenstedtii (F.A.C. Weber) is a giant unbranchcd columnar 

cactus. endemic of th.: semiarid region of Puebla and Oaxaca in Central 

Mex1co (Bravo Hollis 1978). This spectacular plant. known locally as cardón. 

reaches a height of 10-12 m and characterises thc vegctation unit named 

cardunal in the thom-scrub cactus vegetation or thc Valley or Zapotitlán 

(Zavala-Hurtado 1982). When individuals ofthis spccies rcach sexual maturity. 

the) produce a hairy structure. or pseudoccphalium (sensu Gibson and Nohel 

1986 ). wh1ch shows a consistent north-western orientation. The 

pseudocephalium elongatcs as thc cactus blooms cach scason, Jeaving bchind 

the scars of past llowcrs. In thc uppcr part of this structurc. arcoles produc.: 

floners. oficn in dense clustcrs. ·with a single nightly anthcsis (Bravo Hol11s 

1 <>78: Gibson and I-lorak 1978). Blooming usually occurs from March to 

September. although sorne isolatcd llowcring individuals can be scen 

throughout the year 

lt is common to find hugc individuals of Cephalo<·ereus with an evidcnt 

trans\ .:rsal cut giving thc appcarance of the shoot hm. ing becn broken and 

r~1oincd. Actually. thc mark indicates thc past dcath of thc apical meristcm. or 

thc cutting or the uppcr part of thc plant. tollowcd by reitcration of a ncw 
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leading branch. lt is not as cornrnon, but not quite rarc. to sce individuals with 

severa! branches cmcrging frorn a transversal cut. In this case, the dcath of thc 

apical rneristcrn and the cnsuing loss of apical dorninancc. activatcd thc growth 

of more than one lateral arcole. The causes of transversal damage are not f'ully 

understood, but sorne hypotheses can be advanced: (i) it could be duc to 

rnechanical propertics of the column, which would not support the weight of a 

shoot over a critica! height; (ii) a wound caused hy diffcn.:nt agcnts (hoth 

physical or biological) would lead to the developrnent or an infection softening 

the ttssuc and cventually producing thc fracture of the shoot; (iii) sornetimes 

pcasants, panicularly during drought periods when therc is not enough pasturc 

for goats. cut thc shoot allowing the anirnals to eat the parenchyma (these 

cuttings are transversal only in young individuals of lcss than 2 mctcrs hcight: 

in large cacti thc procedure is to expose the parenchyma in the base of thc plant 

by cutting-off the areoles and the epidermis); and (iv) any combination of the 

above. 

In th1s work wc u-y to approach an answcr to thc general qucstion: What 

are thc costs of rcpair in terms of survival. growth. and rcproduction in the 

giant colun1nar cactus l'ephalocereus co/u"1na-1ra;a111"! Thus, wc aimcd < i 1 to 

describe a population of C. co/1111111a-1rajani stratifü:d in undamagcd 

individuals and thosc "' ith reiterations originated from a physical injury, l ii) to 

cstimate the growth rate and ag.c of both groups. (iii) to cstin1atc hcight or agc 

of the first rcproduction in both groups, (iv) to estímate height or agc of the 

planL when damagc occurrcd, and (v) to compare both groups in tcrms of the 

number of flowers produced per individual. 
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Study site 

Our study site was at the serniarid valley of Zapotitlán ( 18º 20' N, 970 28' W). 

a local basin in the Pueblan-Oaxacan Region in thc Mcxican Statc of Puebla 

(Vite et al. 1992). This a uniquc rcgion in tcrms of its biological richncss. 

about 30°/o of its spccies are endemic and it is especially rich in colurnnar cacti 

(Villaseñor et al. 1991). 

The climatc is dry with summer rains. Annual mean tcrnperaturc is l 8-

22oc and prectpitation is around 400 rnrn/yr. The soils are shallow, stony. and 

halomorphic lByers 1967). Arid conditions are produccd by the rain shadow of 

thc Sierra Madre Oriental. The vcgctation has bccn classified as matorral 

xerófilo (xerophyllous scruh: Rzedowski 1978) oras thorn scrub cactus (Smith 

1965 ). and 1s a well-prcserved sample of this vcgetation type, that supposedly 

covered the region sorne 10.000 years ago (Smith 1967: /.avala-Hurtado 1982). 

Our rcscarch was carricd out within thc vcgctation unit named curdonal 

tZavala-1 lurtado 1982). Thts unit is physiognomtcally characteriscd by 

l"epha/ocereus columna-tr~fani. a giant unbranched columnar cactus which 

en1ergcs from a !~".ver stratum of thorny shrubs. 

Methods 

In a North-facing slopc we markcd an arca of 2,500 m2 Ali individuals ot· ( . 

columna-trq¡am wcre taggcd and located on a chan. Undainagcd individuals 

wcrc diffcrentiatcd from thosc showing an evidcnt transversal datnage (thosc 
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that have lost a section of their shoot, including apex) and a reiterated shoot 

above it. In this paper. thcse reiterated cacti are rcfcrrcd to. indistinctly. as 

'damaged' or 'repaired' individuals. In each undamaged individual wc 

recorded total height and height of the base of the pscudocephalium to the 

nearest ccntimetre using a rncasuring tape attached to a 1 O rn rod facing the 

cactus side bearing thc pseudoccphalium. Shoot diamcter was rneasurcd to the 

nearcst rnillimetre using a caliper, always in an east-wcst direction at 1.5 m in 

height. Additionally. we counted thc numbcr of ribs at the sarnc height. rhc 

sarnc rneasurcs wcre recorded for repaired plants abovc the darnagc scar. 

Add1uonally. in this group we also rncasurcd thc hcight of thc darnagc scar_ 

and the diarnctcr and nurnbcr of ribs bclov•• and abm. e thc damagc linc. To 

estinrnte apical growth rates. we rncasured shoot clongation (absolute 

difference betwecn two consecutive hcight rncasurcrncnts) cvcry 6 rnonths 

frorn Novernber 1989 to November 1991 Finally. we countcd flowers 

produced during blooming periods from March to Scptember of both J 990 and 

1991 Flower counts wcre ..:arricd out at da\vn during fivc consccutive days 

cvcry 2 wecks to estimatc number of tlowers produccd pcr individual. 

Results 

lJndamaged plants bctwccn 50 cm and 1 mct..:r constitut.:d the best rcprcsentcd 

hc1ght class (Fig l(a)). This largc r.:prcs..:ntation of)oung individuals is typical 

of a population of sexually-rcproducing org.anisms. 1 )..:viations from an 

expcct..:d exponential model wcre not significan! (p>0.2). 
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(a) 

1:n .. uen~: 

(b) 

llr1sblah•n·cJama¡:c •c•r(CRll 

l'igure l. lk:1gh1 d1,.tribution of 1a1 undamagcd (n 11-n and (b) damagcd (11 ~ 6:!) 
individua1s in a populat1on of < ·ep'1t1!tJ<.erc..~11.\· <..'<Jlun111u-1r,,ye1111. Height in damaged 
individuals rcters to hcight ofreiterations abovc thc damage scar. 
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(a) 

(b) 

Fi~ure 2. Scatter diagrams and fitted curves of the exponential rnodels relating height and 
growth rate of (a) undamaged. and (b) damaged individuals in a population of 
Cepha/ocereus colunma-trujani. 1-lcight of damaged individuals rcfers to height of 
rcitemtions above thc damage scar. 
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Darnaged individuals did not show any consp1cuous pattcm of height 

structure. bul peaks at 25 cm. 3.25 m. 5.25 m and 6. 75 m could indicatc past 

periods of disturbance (Fig. l(b)). A log-log regression analysis showed a 

significant allometric relationship (r
2
=0.657. p<0.001) between height and 

growth rate (Fig.2(a)). It can be seen that the older individuals grow faster than 

the younger ones, but that gro'Wth rate tcnds to stabilize around an asymptotic 

value of approx. 0.03 cm/day. The growth rate of reiterations in damaged 

ind1viduals also showed a significant fit to an allometric model (r2=0.565. 

p<0.001; Fig.2(b)). 

Additionally. wc found a significant allometric relationship bel"vecn 

shoot diametcr and cactus height (r2=0.865 p<0.001; Fig.3) similar to thc onc 

estimated h'." Yeaton. Karban and Wagner ( 1980) for Carnegiea gigantea 

(Engelm) Britton & Rose in Arizona. We used this rclationship to estímate 

cactus heighl and agc whcn damage was produced. 

Figure 4 shows thc dislribution of estimatcd heights of cacti at lhe time 

thc primary shool was lost. Mosl of the sampled cacti were dainagcd whcn lhey 

had auuined a hcight bclwccn 2.5 m. and 6 m (."1=4.09 m; S.D.=2.00 m). This 

suggest at least t"o lhings: (i) lhal younger individuals would havc low 

survival probabilities atler apical darnagc. or. ahcmativcly. that youngcr 

indh iduals are lcss pronc lo suffcr lhis typc of damage; and ( ii). as individuals 

abovc 7. 75 nl are poorl~ reprcscntcd, thcrc seems lo exist a lhreshold height 

abovc which damaged indh. iduals "ould not survive. 
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Probability of regeneration after darnage depending on cactus height was 

predicted by generalised linear modelling (GLM), assuming binomial error 

distribution of the response variable (presence or absence of repaired 

individuals after a damage at a given height) and using a logit link function 

(McCullagh & Nelder 1983). The independent variables were height and its 

quadratic forrn to allow a non-monotonic response. The fitted model was 

(p<0.001. Fig.4): 

where: 

1r = -6. 161 + 0.028x -0.00003 lx2 is a linear predictor. 

R = probability of reiterating, 

e = 2. 7183. the base of natural logarithms. 

x = height of cuctus 

Figure 5 sho"s thc frequcncy distribution of hcight (Fig.5(a)) and agc 

(Fig.5(b)) of first rcproduction. i.e. the height abovc thc damage scar of the 

base of the pseudoccphalium in danrnged individuals. and the height abovc the 

ground of the base of thc pscudoccphalium in non-damagcd indiviuuals. We 

did not find signilicant differenccs using height of first reproduction. hut a 

significant onc does exist considcring age of first rcproduction (Table 1 ). 

Finally. although damaged individuals produced more flm.vcrs per individual in 
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the 1990 and 1991 flowering periods, a Kolmogorov-Smirnov test showed that 

this contrast was not significant (p>0.25). 

r: -O.K6Sl 
n .... 114 

p<0.001 ,,., 
"' 

Figure 3. Scatter diagram and fitted curve ofthe exponential model relating shoot diameter 
and column height of undamaged individuals of Cepha/ocereus co/umna-trajani. 

lh•Pt(Cft>J 

l'igure 4. Frequency distribution of cstimated height when cacti werc damaged. and 
probability of successful repair according to a fitted gencralized linear model (see text for 
details) in a population of damaged Cepha/ocereus culunma-trajani. 
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Discussion 

From the height distribution of undamaged individuals (Fig. J(a)). and 

according to our age estimation. it could be inferrcd thal sorne 88- 123 years 

ago. thcre wcre high ratcs of rccruitment. perhaps due to rclatívely bcnígn 

c.-nvironmental conditions (Parker 1989). Height structurc of reiteralions dues 

not show any apparent pattcm but peaks could indicate past disturbance evcnts. 

The regrcssion model relating growth rate with height of índividuals 

allowcd lhe cstimation of cactus ages. Thus. an undamaged individual with a 

hcight of 2 cm would be about 1-year-old. whcrcas a rcitcration of thc sam..: 

hcíg.ht would be about 6-monlhs-old. and a 1 m undwnaged individual v1could 

he almost 23-years-old. These differcnccs are duc to a higher gro"nh ratc for 

rcitcruuons bclow 3 m hcight. Although non-damagcd individuals ahovc th1s 

hcight grow faster than reiteratcd modules. lhese would be youngcr tlmn 

undamaged cacti for any givcn height within lhe sampled range of hcights. 

1 ollon ing this. a mature individual of 3.30 m would be almost 70-ycars-uld in 

thc case of an undamaged cactus. while a reitcralion of" 3.30 m would he 

uround 60-ycars-old. irrcspcctively of the agc of thc planl when dumagcd. :'\ 

reiterar ion of 1 O m hcight would be 135-years-old. and an undamaged cactus of 

thc so.une height would be 145-ycars-old. According to our estimation. taller 

(and hcnce. oldcr) individuals grow faster than youngcr oncs (Fig . .:::!1<1)). 

Opposcd to our results. Turncr ( 1990). using a complcx cxponcntial modcl. 

found younger mdividuals of the giant columnar cactus e ·arnegiea g~f!antea 

gnl\" ing fastcr than thc oldcr oncs. This contrast could. al Icast panially. be duc 

to diflcrent growth habits of both species. Whercas r. columna-tra/ani usually 
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does not branch. expenditure of rcsources in branching in the older individuals 

of Carnegiea gigantea could lead to a reduction in the overall elongation rate 

ofthe leader shoot (E. Ezcurra, pers. comm.). 

The exponential regression model that predicts height (and agc. by 

cxtension; Fig. 3) by the simple measure of shoot diameter allowcd us to 

cstimate height (and age) of a given repaired cactus when it was damaged (Fig. 

4). Underlying this estimation is the assumption that the observed damage was 

unique, and that hcaling and repair did not modify diamcter-height allometric 

relationships. 

Under-representation of repaired individuals damaged whcn they were 

below 2. 75 rn (about 61 years) or above 6 m (about 103 years) lead" to the 

hypothcsis that these individuals would not survivc a damage which break.s 

thcir shoot because of a lack of vigour. In young individuals this kind of 

damages would be caused mainly by predators or discases. Converscly. rupture 

of shoot in giant individuals could be caused by severe winds or diseascs as 

wcll. In small mdividuals. a relative large damagcd surfacc with respcct lo thc 

rcmaining shoot portrays a serious handicap against the fcasibility of allocating 

a hugc amount of cnergy for a successful repair. Un thc other hand. it i~ 

possible that the remaining biornass after darnage could becomc literally 

embodied in thc repaired module. being almost impossible to discriminatc 

betwecn a health) and a damaged individual. Thc lack of vigour tor repair in 

older cacti could be rclated to its previous expenditurc m reproduction. 
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Figure 5. Frequency distribuhon of (a) height when first reproduction occurred (height of" 
base of pseudocephalium), and (b) age of first reproduction in a population of" 
e "ephulocereu.~ ,·ofumna-tr4¡un1. Height and a~f damaged individuals ref"ers to height 
and age of reiterations above the damage scar ( - ~ undamaged ; O = damaged.) 

Most repaired individuals were reproductive at thc time when they were 

damaged. Besides. incrcase in gro~ rate slows down when reproduction 

begins at a mean height of 3.33 m (Figs.2(b) and 5(a). and Table 1 ). There is a 
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significant linear correlation between cactus height (age) and lcngth of thc 

pseudocephalium (r
2
=0. 77, p<0.001 ). The length of the pseudocephalium 

measures the time span an individual has been reproductive for. This applies 

because the pseudocephalium is built up by flower scars. So, according to the 

fitted GLM, there is a rnaximum probability of repair (0.57) when danmged 

individuals are around 4.30 m height (83-years-old); that is, they have been 

reproductive for about 13 ± 1.5 ycars. lndividuals bcginning or about to begin 

they reproductive life increase their probability of surviving after the loss of 

their shoot tip. Above this height, there is an inverse correlation between height 

and probability of successful repair, presumably due to a lack of resources for 

the replacement of the shoot leader. 

Table l. Height and age of first reproduction (height of base of pseudoccphalium) and 
average number of flowers produced per individual in each of the two flowering 
periods considered for both damaged and undarnaged individuals. Height of damaged 
individuals ref"ers to height ofreiterations above damagc scar. 

Darnaged Undarnaged p 
Mean height of first NS 
reproduction 329.95 ± 14.47 cm 333 4 ± 10.90 cm 
Mean agc of first 
reproduction 59.35 ± 2.003 year 69.91 ± 1.52 year <0.001 
A vcrage number of 
flowers per individual: 
1990 ( 135 days) 15.14 ± 2.57 13.06 ± 3.56 NS 
1991 (126 dal:'.s) 18.68 ± 4.58 16.24 ± 3.53 NS 

A damagcd rcproductive cactus would havc some possibility of 

rcsuming growth at an initial highcr rate than non-darnaged C. co/umna-trajani 
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individuals, and eventuaJly blooms again. Nevertheless, the type or damage 

discussed here would delay reproduction ror a period of about 60 years 

(Fig.5(b), and Table 1 ). This could represent important ecologicaJ implications 

with consequences both at the individual and population levels. 

A somewhat surprising result was that for the two studied years there 

were no significant differences in flower yields between both groups (Table 1 ). 

According to assumptions of life history theory there should be trade-offs 

between resources aJlocated to growth (repair) and reproduction ( Waller 1988; 

Stearns 1992). Accordingly, a lower reproductive output in drunaged 

individuaJs was expected. 

On the other hand, pruning to promote flowering in cultivated plants is a 

common practice among horticulturists. Paige and ~'hitham (1987) found an 

overcompensation response on clipped plants of the herb lpomoeopsis 

aggregata (PurshJ V. Grant which produced twice the number of" flowers than 

control individuaJs. Yeaton, Karban and Wagner (1980) proposed branching in 

Carnegiea gigantea as an adaptation to incrcascd rcproductive potential. The 

mechanisms that promote overcompensation followmg damage and repair 

probably include complex and correlated physiological responses (Paige & 

Whitham 1981 ). The unveiling of these responses is outside the scope of this 

paper. 
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Conclusions 

Injuries causing loss of the shoot tip in Cephalocereus columna-trajan1 

promote reiteration. usually with a single shoot taking over apical dominance, 

although in sorne cases severa! branches succeed. 

Reiterations of a given age after damage, grow faster than undamaged 

individuals of the same age after establishment during the first 3 m of height 

(about 54 and 65 years for damaged and undamaged individuals. respectively). 

After that, growth rate of severed cacti is lower than growth rate of undamaged 

ones. 

A fitted GLM predicts that only individuals exceeding sorne critica) 

height before damaged, are able to survive. Thc model also predicts that cacti 

over an upper threshold height will not survive as well. No significant 

differences in flower production were found be~·een damaged and non

damaged individuals. 

A reliablc measure of damage effects could be the elapsed time hefore a 

damaged individual resumes reproductive activity after its fracture. Although 

we did not find differences in number of flowcrs produced betwcen damagcd 

and undamaged plants. thcre could be a potential decline in the quality of 

pollen. fruits and secds produced by repaired mdividuals because of 

insufficient maternal resources (Paige & Whitham 1987. Schocn & Dubuc 

1990). Thesc aspccts werc not analysed in this study. 



The possibility also remains that. given thc dccades elapsed betwecn 

darnagc and rcproduction in successfully rcpairc<l individuals. they could have 

cornpensated the diversíon of resources to repair. 

Finally, there is a call for an experimental approach to answer questions 

related to the ecological and evolutionary rncaning of repair. 
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IV. VEGETATION-ENVIRONMENT RELATIONSHTPS BASED ON A 

LIFE-FORMS CLASSIFICA TJON IN A SEMIARID REGION OF 

TROPICAL MEXICO. 



Lo.\· úrhole.v todo.\· están tan di.yilrm,•.\" de lo.,; nue.wros 

con10 el día de la noc:he. y a."ií /as frutas • . i· así ILJ.\" yerbas 

J.! las piedras y toda.\· Ja.\· co.\·as. 

(Cristóbal Colón) 



Vegetation-environment relationships based on a lire-f"orms 
classification in a semiarid land in Tropical Mexico§. 

Zavala-Hurtado •. J.A*. P.L. Valverde*. A. Diaz-Solfs+, F. Vite* and E. 
Portilla*. 

• Departamento de Biología. Universidad Autónoma Metropolitana
.l=tapalapa. Ap. Postal 55-525. México 09340, D.F. México. 

+ Jardín Botánico y Vivero de Cactaceas "Dra. I-/elia Bravo-Hol/is". 
Zapotitlán, Puebla. A-féxico. 

Ahstract.-Taking the view that morphological characteristics rcpresent 
bchavioural strategies of plants to cope with environmental pressures. wc 
defined 18 life-forms. using multivariate classification techniques in a tropical 
semiarid ecosystem in Central Mexico. A multiple discriminant analysis 
confirrned the existencc of these groups. A null modcl of random membcrship 
of species to life-f"orrns was significantly diffcrent from our classification. 
Vegetation-cnvironmcnt rclationships wcrc examincd with Octrcndcd 
Canonical Corrcspondencc Analysis (DCCA). Ordination axes were intcrprctcd 
mainly by altitude and soil moisture. Response curves oí liíc-íorrns along thcsc 
gradients were explorcd fitting generalised linear models (GLIM's). We bclievc 
that the lifc-forms approach íor the study oí vcgctation-environment 
rclationships is a vahd altemative to thc traditional specics approach usually 
used in phytosociological rescarch because: i) lifC-íorm,, number showcd to he 
"" cxcellent species diversitv predictor. ii) this approach cnablcs considerable 
reduction in thc bulk oí data without losing ecological information, and iii) lili.:
forms represen! ecological strategies per se and they constitute an ind<:x oí thc 
number oí ditTcrent ways the desen's resources are utilised. 

Keywords: Morphological attributes; morphological strategies; ordination; 
multiple discriminant analysis; response curves; xerophyllous scruh; desert 
plants 

--~ Publicado en: Rcv1s1,1 de Rioloxiu l'r<'J'ical ( 1996) 44:561-570 
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lntroduction 

The occurrence of structural similarities among desert plants. independcntly of 

their phylogenetic rclationships and geographical distribution. is well known . 

There is a preponderance of cenain growth forros in dcsert floras that are rare 

or restricted in other types of ccosysterns. Neverthcless. the causes of these 

presumed convergences are not quite well understood (Solbrig et al. 1977: 

Bowers & l .owe 1986; Cody 1989). A fimdamental problem is to understand 

how the environment acts as a selection pressure on shape and function of 

plants. How do desert plants cocxist interacting with each other and with the 

physical environment? 

·mere have been severa! attempts to define morphological stratcgies of 

descrt plants to face cnvironmental pressures (Shreve 1942: Cody 1989; 

Leishman and Wcstoby 1992). These attempts vary widcly in the number and 

nature of thc morphological traits used and in thc number of life-forrn groups 

produced. 

In this paper we describe a multivariatc classifi..:ution of 107 pcrcnnial 

plant species bascd on morphological characteristics in a semiarid region or 

tropical Mexico. The hasic assumption is that plant species would be naturally 

clumped in a fow morphological categorics each of which represents a 

convcrgencc of stratcgics to cope ""ith thc dcsen cnvironn1ent. Our purposc 

was to describe vegetation-environrnent relationships based on these lifo-form 

categones. 
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Vegetation-environment relationships are usually studied along 

gradients. The concept of environmental gradients has been a cornerstonc in 

the developmenl of ecological theory (Okland 1992). /\ustin et al. ( 1984) 

recognise thrce basic environmental gradients type'i: (i) indirect gradicnts. those 

which havc nol a direct influence on plant growth (e.g. altitudc); (ii) direct 

gradicnts, those which have dircct influencc on plant growth but are not 

resources potcntially subject to competition (e.g. pH): and (iii) resourcc 

gradients. thosc environn1cntal variables which are direcl rcsources influencing 

plant growth (<:'.g. soil nutrients). Using certain assumptions, direcl 

environmental gradicnts can be regarded as dimensions of the l lutchinsonian 

niche concepl. Following this. species response curves along dirccl gradients 

would reprcsent thcir 1·ealizcd niches in one dimcnsion ( Austin c1 al. 1990) 

and. hence. would be subjecl of mcasuremcnts of niche amplitudc and ovcrlap. 

Taxonomical nomcnclatuce in this paper follows Dm. ila et al. ( 1993 ). 

l\laterial and Methods 

Our study sitc was locmcd in thc s.::miarid valle) c-f /.apotnlán ( 18° 20' N. 97° 

28' \V), a lrn.:al basin in thc Pucblan-Oaxacan Rcgion in thc Mexicw1 Statc of 

Puebla l Vite er al.. 199:?) This is a unique region bccause of its biolog1cal 

richness. Ahout 30'! o or it,... specics are cnden1ic and it is especially rich in 

columnar cacti ( Villaseñor et al .• 1991 ). 
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The climate is dry with summcr rains. Annual mean tcmpcrature is 1 8-

22ºC and precipitation is around 400 n:irn/yr. The soils are shallow, stony. and 

halomorphic (Bycrs 1967). Arid conditions are produccd by the rain shadow of 

thc Sierra Madre Oriental. Thc vegetation has been classilied as xerophyllous 

scn.ib ( Rzedowski 1978) or as thom scrub cactus (Smith 1965), and is a well

preservcd sample of this vcgetation type, that supposedly covercd the rcgion 

sorne 10.000 years ago (Smith 1967; Zavala-Hurtado 1982). Zavala-Hurtado 

( 1982) describes four vegelation units in the Zapotitlán Valley: thom scrub 

(dommated by thomy shn.ibs and trees. rnainly legumcs. Agavaceae and low 

cacti). cardona! (thom scn.ib with the columnar ci.lctus Cephalncereus 

co/11mna-tnljan1 ). izotal < thom scn.ib with )"ucca pericu/osa or Heuucarnea 

gracilis. and tetechera (thom sen.ib with the columnar cactus Ncobuxbaumia 

spp ). There are permancnt sitcs for rescarch on vegetation dynamics in thc 

tetechera. izotal and cardona! units. 

The sitc fm· thc study ,,f thc vegctation-cnvironn1cnt rclationships is a 

protccted arca adjaccm to thc 'Helia Bravo Hollis' 13otaníc Gardcn, located in 

thc middlc ofthc 7.apotitlán Valley. 28.5 Km far from Tchuacan city. This arca 

occup1es an extcnsion or 1 Kn1
2 

and is occupicd with thc telechcra vcgctatiun 

unil. 

Five 10 x 1 O rn pcm1ancnt plots havc becn cstablishcd at each sitc whcrc 

vegctauon dynan1ics studics are carricd out. In thcse 1 :" plots wc rccordcd 107 

perennial plants. In cvery 1 O ' 1 O m plot wc selcctcd 1 O individuals or cach 

spcc1c" that was prcscnt. and recorded thc presencc or ahscnce of 30 

morphological attributes (1 ablc 1 ). Thesc anributes havc clear adaptivc 
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significance in tenns of" photosynthesis optimisation (presence of leaves. 

photosynthetic stems. etc.). and thermic regulation (morphology of stems, hairy 

leaves. etc.). 

Table l. Morphological attributcs used for classification and mult1ple discriminan! analysis 

1 Spmes prescnt 16 Branched 

2 Succulent .stem 17 Extcnsivc branching 

3 Exfoliant cortcx 18 Plagiotrophic branching 

4 Perennial stem 19 Wide base 

5 Spiny stem (*) 20 Leaves present (*) 

6 Photosynthetic stcm 21 Rosetophyllous leaves ( *) 

7 Waxv stem 22 Simple leaves 

8 Woody stem 23 Microphyllous !caves 

9 Erect stem 24 Hairy leaves 

1 O Flattened stem 25 Succulent leaves 

1 1 Solitary stcm 26Glabrous leavcs 

12 Globose stem 27 \Vaxy (caves 

13 Candelabrous shapc ( •) 28 Pcrcnnial lea"cs 

14 R1bs prcscnt :>9 Caudex present 

15 Tubercles present 30 Epiphytic habit 

(*) attributes not entered by mulliplc discriminant analysis 

On the species-attrihutes matrix ( 107 x 30) we carried out an 

agglomerative cluster analysis using Ward's mcthod t 1963) with SPSS+Pc 

package (Norusis 1988). Thc number of groups in thc species classification 
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was chosen subjectively, based on a visual inspection of the dendrogram 

obtained (Fig. 1). Each ofthese groups was regarded as a li.fe-form (LF). 

Results or the classification werc cvaluated b)' a stepwise multiple 

discriminant analysis from SPSS+PC. This method was also applied to a null 

model of random assignment of specics to thc same number of groups detccted 

with the cluster analysis. Thc objcctive of this comparison was to test the nulJ 

hypothesis ot"random memhcrship to lif"e-fom1s. 

Thc null model was constructcd permuting at random the life-form 

constituency ofcach specics (maintaining its own morphological attributes). 

Analysis of vegetation-environmcnt relationships was carried out in the 

protccted area of the 'Helia Bravo Hollis' Botanic uardcn where we set-out a 

gnd of 100 x 100 m squares in an arca of" 1 km1
. In the Southeast comer of 

cach of the 100 resulting squarcs we located a 5 x 5 m plot. As 22 cdge si tes 

werc occupied by cultivars. we \\ere lefl with 78 5 x 5 m plots. Within each 

plot wc recordcd presencc/abscncc data for perennial plants. considering their 

life-forms mcmbcrsh1p according to the classification analysis. .1\lso, we 

recorded 1 1 continuous and 12 catcgorical cnvironmcntal variables for each 

plot (1 able 2). 

lncident radiation was cstimated using the unpublished computcr 

package INSOL ( Sánchez-Colón 1987 unpubl.) considering geoposition of thc 

plots and topographical imcrference. 
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Soil moisture was estimated as a percentage of" the soil dry weigtlt 

(Avery and Bascomb 1974). pH was rneasured in a water-saturation percentagc 

preparation' (Jackson 1958) using a pH-rneter Chandos type M43. 
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Fig. l. Dendrogram showing aggloml!rativc schcdull! ofthl! classification of 107 specil!S 
from the semiarid valley of Zapotitlán, Mexico into 18 1 ife-fonns (indicated by Lí'#) 
using Ward"s method. See App. 1 for species names. 



Table 2. Environmental variables used for urdination by DCCA 

Conlinuous 

Altitude (m.a.s. l.) 

2 Winlcr incident radialion (MJ/m'> 

3 Spring inciden! radiation (MJ/m'> 

4 Summer incidcnl radialion (MJlm2> 

5 Fall incident radialion (MJ/m'¡ 

6 Yearly incidenl radialion (MJ!m') 

7 Soil mois1ure al 10 cm depth (0.0) 

8 Snil moisturc al 20 cm dt!l'lh <%) 

9 So1I pH at JO cm depth 

JO Soil pH at 20 cm d<.:plh 

11 Slupe <º) 

Categorical 

North-eastern aspcct 

2 South-eastern aspect 

3 South-western aspect 

4 Nonh-western aspect 

5 Indeterminate aspect 

6 Concavc lopugraphy 

7 Plain topography 

8 Convex topography 

9 Stonincss (0-25%) 

1 O Stoniness (25-50~ ;.¡ 

11 Stoniness (50-75'%) 

12 Stoniness (75- JOOº/ó) 

82 

Altitude. aspect and slopc wcre measurcLI using conventionul mcthods 

Topography (concave. rlain and convcx) and stoniness wcrc cstimah:d 

visually 

With thcsc data . we huilt-up two matrices: lifc-forms x samplcs and 

cnvironmen1al variables :.... samrles. Both matrices were analyscd 

simultaneously with a Dctrended Canonical Correspondcnce Analysis (DCCA) 

using the CANOCO package (ter Braak 1987). 
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To explore thc relationship between the defined lif"e-forms and the 

environmental variables considered. we made a biplot of thc life-forn1s 

ordination on thc samplc space. Thc vectors silo\\ direction and relative 

imponancc of" the cnvironmental variables significi.mtly correlated to the samplc 

ordination axes 

Response of difterent lifo-torrns lo cnvironrncntal gradicnts wa~ 

cstimated fitting Gem.:ralized Linear Models (ULIMs. Baker & Neldcr 1978) to 

the delined litC-torms. lndependcnt variables (gradients) considcrcd were the 

cnvironmcntal variables that cxplained significantly the <>ample ordination axes. 

Thi<> approach is uscful to prcdict the probability of a lifc-form bcing present 

( 111 u quadrat ol .:'i x 5 in this case) al a given point along the gradicnt. Wc 

assumcd a binomial distribution for presence/ubscn<.:c data and used a logit 

transtormation to lmk this distribution with thc linear prcdictor (Austin et al 

1984¡ 

Results 

Cluster· analysi" µ.rouped thc 107 specics in 1 8 lilc-lorrns (Fig. 1 ). J\11 

morphological attrihutcs listed in Table 1 werc uscd for thc definition of lifo

forms. rhe dcndrogram in I· ig. 1 shows thc agglomeratmn schedule. Tvvo largc 

groups are evidcnt: spccics wnhout (lifc-f"orms 1 to 5) and with kaves (lifc

fonns 6 to J ~ 1. /\11 thc formcr life-fom1s havc succulcm stcrns. 
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The first group of lifc-forrns is constituted entirely by membcrs o1 the 

Cactaceae family (31 spccies). LFI (sevcn species) includes colurnnar (solital) 

stem) and branchcd (candelabrous shape) spccies; LF2 includes seven spccies 

with branched flattened stems. Columnar non-branchcd cacti are clumpcd in 

LF3 (seven species). whercas fivc species of solitury globose cacti (tubercles 

present) belong to LF4. and LF5 is formed by gregarious globosc plants 

(tubercles present). A single case of misclassification was found in this group: 

Coryphanta palida Brit. & Rose. a solitary globose cactus was located in LF3 

bearing more morphological atrmity with members of LF4. 

The sccond outstanding b'I"Oup (lcavcs present). with 77 spccies. 1s 

suhdivided in two furthcr groups: spccies wilh succulent leaves (LF's 6 to 8) 

and with non-succulent leaves (LF's 9 to 18). \\'ithin the Iifo-fonns wllh 

sm:culent leavcs LF6 (four species) is formcd by arborcal roscttc-likc plants. 

LF7 (six species) with acaulescent rosette-likc spccics. and LF8 (three species) 

with small roscttc-like plants (sorne of them cpiphytcs). Thc group ·with non

succulcnt lcaves is composed of a variety of trees and shrubs with and without 

spmcs Life form 9 (thrcc spccics) is built up of climbing specics. LF 1 O (ten 

spccics) of short shrubs with unarmed simple lcavcs. LF 1 1 (six specics) of 

1ncdimn-sized shrubs with microphyllous leavcs. l .F 12 (sevcn spccics) includcs 

shon shrubs with hairy leaves. Unarmed trecs and shrubs. mainly with 

composed leaves were groupcd in LF13 (ten spccies). whereas LFl4 (scvcn 

spccies) includcs thorny trees and shrubs. Medium sized unarmed shrubs with 

simple leaves are in l .F 15. Spccies with cphemcral lcavcs. succulcnt 

photosynthetic and unarmed stcm wcre grouped in LF16 (three spccies). LF 17 
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(five species) includes trees and shrubs with exfoliant cortex. and LFl8 (six 

species) is made up of shrubs with simple waxy leaves. 

Fig. 2. Centroids and polygonal tcrritorics of 18 life-forrns in discriminan! space given by 
the first and second functions of multiplc discriminan! analysis. 

Multiple Discriminant Analysis validated thc 18 group classification 

(Fig. 2). with 99.07% of thc spccies being corrcctly classified. The first two 

discriminant functions accounted for 55.25% of variancc (39.99% and 15.26% 

tor d1scriminant function 1 and discriminant function 2. respectivcly; p < 

0.001 ). The structuring of groups shown in the dendrogram of" Fig. 1 is clearly 

dcpicted in the discriminant space of Fig. 2. although according to the multiplc 

discriminant analysis. segregation b.:tween the two main groups is not given by 

the prcsence or absence of leaves. The first discriminant f"unction separates 
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these two groups by the presence or absence of succulent stems, spines, ribs 

and tubercles. 

The Multiple Discriminant Analysis of the null classification revealed 

that only 15.89% of the species were classified correctly. The lif"e-forms 

classification differs significantly from this random assignation (Chi square = 

1414.26;p< 0.001). 
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Fig. 3. Biplot of lif"e-fonns ordination in the sarnple space with respcct to four 
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eastem asi-:t; SM= soil moistwe at 20 cm depth. 
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Fig. 3 shows ordinacion or lffe-forrns on axes 1 and 2 or DCCA. These 

axes accounted for 60.54% of'variance (37.77 and 22.99%. respectively). The 

sarne Figure shows the biplot or life-fonns ordination on the sarnplc space and 

the direction and relative importance or the most influential environmental 

variates. Axis 1 was significantly explained by altitude (r
2 

= 0.55; p< 0.001) 

and soiJ moisture at 20 cm depth (r
2 

= 0.44; p< 0.001 ). Axis 2 was explained 

by concave topography (r
2
= 0.80; p<. 0.001) and south-eastern aspect (r

2 
= 

O. 19; p<0.001 ). On the other hand, axis 1 showed a significant relationship 

with number ot'life-fonns (r
2 

= 0.48; p< 0.001). So, this axis conforms alife

fonns diversity gradiem (Fig. 4). 

lt can be scen that climbing deciduous plants (LF 9). unarmed shrubs 

with succulent stems and ephemeraJ leaves (LF 16), trees and shrubs with 

simple leaCs and waxy stems (LF 18), acaulescent rosettc-like succulents (LF 7) 

and trees with microphyllous leaves and exfoliant stems (LF 1 7) would be 

restrictcd to relatively high altitude and/or relatively high water soil content. On 

the other hand. unarrncd trees with compositc leaves (LF 13) and small globose 

gregarious spiny succulents (LF 5) would be found in lower and lcss humid 

sites. Succulents ~vith spiny flattcned photosynthetic stcms (LF 2). unbranchcd 

columnar cacti (LF 3) and small rosette-like epiphytcs (LF 8) occupy 

modcrately xeric sites. The othcr eight Jife-forms are expected to be found in 

intermediate conditions orto have a wider range oftolerance. 
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Fig. 4. Relationship between ordinar ion axis 1 (exp. Var= 37. 77°-·o) and Jif"e-rorms d1versity. 

Fig. 5 shows significant ( p< 0.05) response curves of eight 

rcprescntativc lifo-íorms to (a) altitude and (b} soil moisture at 20 cn1 dcpth. 

the most imponant enviroruncntal variables in thc dctennination of samples 

ordination. Climbing deciduous plants (LF 9) show low probat>ilitics uf 

occurrence along both gradicnts and are restricted to moderately high soil 

moisturc contents and rclativcly high altitudes. Unarmcd shrubs with succulcnt 

stcms and ephcmcral lcaves (LF 16) are rcstrictcd to high altitudes. Roscttc-like 

acaulcscent succulents (LF 7). unanncd· trecs with composite !caves (LF 13) 

and small roscttc-like plant 1some of" them cpiphytes. LF 8) raisc thcir 

probability of occurrcncc as both altitude and soil moisture incrcase. but 
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become rarer in the upper part of the altitudc gradient. SuccuJents with spiny 

tlat photosynthetic stems (LF 2) show bimodal response curves for both 

gradients with relatively high probabilities of" occurrencc at both ends of the 

soil moisture gradient and at low altitudes. Finally, shon deciduous unarmed 

shTubs (LF 10) and small globose gregarious spiny succulents (LF 5) show 

wide bell-shaped response curves with highest probabilities of occurrence in 

the middle ofboth gradients. 

Discussion 

The 18 defined life-forms reprcsent diffcrent stratcg.ies to cope with 

cnvirorunental pressures characteristics of this arid rcgion in central l\1exico 

Although the considercd attributes represent only structural traits, thcy 

characterise thc plant's function (Bowers & Lowe 1986 ). Urouping of cacti in 

life forms 1 to 5, on the basis of" morphological attributes (succulent stem. 

absencc of"leaves Wld prescnce ofspines) has imponant functional implications 

on water storagc and phorosynthetic pathway. For the rcst of" lifc forms ( l .F6-

l 8). attributes as succulcnt. rosette-like, microphyllous. waxy and deciduous 

leaves have intluencc in both sun light interception and storage and use of 

water (Filler & /lay 1983). Cody ( 1989), revicwing severa] authors, mentions 

ecological irnplications on light interception ofstcm gcometry in cacti. and lcaf 

shape m shTubs. 
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Our classification or I 8 life-torn1s using multivariate techniqUt:s 

resembles. in sorne way. Shreve's ( 1942) life-rorms described for thc Sonoran 

Desert. In that study life-forms were classified subjectively using 

morphological and phenological characteristics. although the catcgories used 

were not completely equivaJent with those in the prcsent study. On the other 

hand. Leishman and Westoby ( 1992), using multivariate tcchniques, classified 

300 semiarid Australian species in only five functional life-f'orms. Such 

differences may be in part due to the fact of the absence of succulents and 

rosette-like rorros in the region in which they worked. Other life-forms systems 

(e.g .• Raunkier 1934) are not adcquate to exprcss adaptations to environmental 

conditions of arid ccosystems (Montafta 1990). 

Life-forms tcrritories determined on discriminan! space (Fig. 2) allow 

the classification. on their proper life-form. of specics of thc Zapotitlán region 

not considered in this study. This could be achicvcd with thc simple 

substitution of their attribute ,.afues ( 1/0) on discriminant functions 1 and 2: 

Then, the seores of thc spccies for these two functions could be plottcd on the 

tcrritorics map and the assignation would be complete. Thc first two 

discriminant axes cxplain 55.25'7ó of inter-group variability. Ahhough this 

figure is low for practical purposes. would raise to 69.30%. if thc third 

discriminant function is considcrcd as wcll. Also. it is expected that the 

indusion of a greatcr nwnber ot' spccies, and the use of dynamic traits (e.g .• 

phenology) would improve the classilícation. 

Comparison of our Iifc-forms classification with thc random grouping 

(null model). suppons the cvidcncc that the forrner exhibits a nun-randorn 



92 

patlem. lt is proposed that such a pattem renects sirnilarities and differences on 

morphological. and hence ecological, attributes ofspecies with cach other. 

One major drawback of dircct gradicnt analysis is thc subjectivity 

involved in defining important environmental gradicnts. An indirect approach 

to the ordination of community data is likely Lo ovcrcorne this problcm, 

because the extracted gradients are dcfincd by the vegctation itselr and are 

expected to reflect the effect of important environmental factors acting on thc 

vcgetation (Gauch 1982). A successful enviromnental interpretation of the 

major axes ol vegctational varintion could provide a bridge to n:tum to the 

dirt!ct gradient analysis approach but with less subjectivt! defincu gradicnts. 

Canonical Correlation Analysis produced an interpretable ordination uf the 

co1nmunity data in enviromncntal terms. 

Although altitude is not a rcsource or direct gruuient (sensu Austin 

1980). it is associated with thc '"'ªter regime of a site ( Fzcurra et al. 1987). The 

positive significant correlation between altitude and th..: J'irst ordination axis. 

and bctween thc later and Jitc-forrns divcrsity ..:ould be explaincd by an 

incrern..:nt in 1hc complexity or hahitat structurc <No)-Mi.:1r J 985). So. highcr 

altitudes 'l.vould be associatcd with topographic hcterogcn..:ity tland forn1s) and 

microtopography (soil texture. rockiness. etc.). On thc othcr hand. soil moisturc 

is a direct gradicnt that represcnts nvailahle water for plants. So. it sccms that 

diífcrcnccs in available soil moisture would be thc 111ain cause or lifc-ti.~rms 

distribution in our stud) site. This agrces with thc widesprcad idea of water as 

the rnain controlling factor in arid ccosystcrns (Noy-Meir 1973). 
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Nevertheless. the environrnental interpretation of the derived axes cannot 

be a completely satisf"actory one because of' intrinsic limitations of 

environmental ordinations caused hy the open ended nature of' environrncntal 

data (Greig-Smith 1983 ). A lthough CA NOCO is a very popular and reliable 

method. it assumes Gaussian response curves (ter Braak 1985, 1986; ter Braak 

and Looman 1986~ Austin et al. 1994) and its robustncss to violations to this 

assumption remains to be proved (Minchin 1987; Austin eral. 1994). 

The present study has no intention of' contributing to the debate about 

shape of' response curves (Gauch and Whittaker 1972: Austin 1985, 1987; 

Austin et al. 1984: Austin et al. 1994 ), the interpretation of" the ordination axes 

did allow us to gel an insight into the perf"onnance of lifc-f"orms along explicit 

environmental gradients under a direct gradient analysis approach. 

The simple quadratic models used revealed significant bell-shaped 

(mainly platykurtic. and himodal in sorne cases) responses of" life-fonns to the 

environmental variates examincd. Most of" Jif"e-fonns response curves \vcre 

wide, perhaps because they encompass realised nichcs of" their constitucnt 

species. In this scnse. lifc-forrn response curves would be a guild levcl 

anaJogous to thc qualitativc cnvironmental realised nichc (QERN) of" spccics 

(Austin et al. 1994: Austin et al. 1990). Ncvcrthelcss, lif"e-f"orms response 

curves should not be regarded simply as cumulative spccies response curves 

bccause these categories may bchave in a quite different way to the same 

cnvironmental gradient (Oklam.1 1992). 
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The life-fonns approach for the study of vegetation-environment 

relationships is considered a valid alternative to the traditional species approach 

usually used in phytosociological research: firstly because, life-forms number 

showed to be an excellent predictor of species' richness (r
2 

= 0.65; p< 0.001). 

Secondly, the life-forms approach implies a considerable reduction in the bulk 

ofdata (18 LF << 107 spp) without losing ecological information. Thirdly, life

forms represent ecological strategies per se and, as Cody (1989) states, they 

constitute an index or the number of different ways that the desert's resources 

are utilized. 

We thank S., V. Tena and Y. Sandoval fbr their assistance on the field. D. Hodson 
made valuable suggestions for the improvement of this paper. This work was supported by 
the M..:xican Ministry ofEducation (SEP-DGICSA; grant No. ) 
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Appendis l. Plant species used for the definition of life-fonns in the semiarid valley of Zapotitlán. 
Mexico. 

Spccics LP Spcc:it.-"S LF 
79 Ncobuxbaurnia tctcuo (Weh. ex K. Sch.) Buckc:b 1 6 Aeschinom.cnc compacta Rose 11 
1111 Stcnoccrcus stcllo.tus (PtlC..) Rice.oh. 1 Sil Lippia @SUVCC'llcm1. Kunth 11 
24 CcphalOCCf"eU:i chnsacanthus (Wchcr) Hnu & ROM: 1 40 Ecbinopt.cnx qr,landulosa Small 11 
77 Neo~wnia ma~-phalu lWc:ht.""rl Da""1u1n 1 69 Masca~o seleriarw Loes. 11 
76 M ... 'Ttillocactwl gcomeuv.ans lC. M:irtiu.-.) L'on!Wlc 
90 P~lask.ia chic.hipe (C"rosschn) Baclu:h. 

1 ' /\ctinochc1ta filicma (Sesse &Moc.) Ba.rklcv 11 
1 92 Astcroocuc 7 11 

49 Pulaskia chL.-ndc (Gossclin) Gi~lXl & l lnrnk 1 27 CniJosco111s tchW1cant.-nsis Bn:ckon 1:: 
Mil Opuntia docwnbt.-ns Salm-l~k 2 36 Croton cilioto-glnndulosus Ortega 12 
Kl Optmtia ~su Rose 2 104 Tumcm difussu Willd ex Schult 12 
83 ( >puntia pwni la Rose 2 !OS Viguicru ~p. 12 
106 Pcniaccn."'Us viperina (Weber) Ru"'-h 2 so lllh1~u.-.sp 12 
~ <.>puntiu rosca I'k Candolle 2 94 H.ucllia sp 12 
.s Acantoahamnus uphyllu." (Sch1 ) Stanlcy 9S Salvia 5f'. 12 
M2 l >punU. pilifera Weber 2 23 Cdlls pallida TOIT 13 
:w Fchmocactus plutyocanthus Link & C>tto 3 "" Phitcccltohn11n ocutknsc Bcnth. 13 
44 Fc::TOCactus n:cun.'US (""'1.iller) 1.indsay 3 51 lpomocu. arh.Jf'r.'WCfls ~wcet " '.\5 Cor)panthaptlida Bnn& Rose 3 3 Acacio suhungulat.a Rose 13 
~5 <.:c.."'f'haloccn..-us 1;olwnna-trajoru (K ex PtClll) Schwnann 3 7S Morlüllia mexicana RC$C & Paintcr 13 
7>" Nc.-•nhuxhaUITlio m.ucalacns1s (Bn.1..,..,1) Ba\:k~h 93 PSt.-udosmcJmp.ium mulltfoliwn Rose 13 
100 h.u;:h'.\-cc..-n.-us m.ArllUlDlUS (IX:") Britt &. Ros1..• 22 Ceiba pa.l"'\.1lhlia Rose " MS Puch\cctcUS hothanus (Wch:r) Bu"<h 99 Sl.."1Ul0. prin~lci Ru~c 13 
,,5 Mu.nunil1aria cumpr~sa Ik L"unJollc 68 M.unihot sp u 
67 M11mnullurin pccumti:ru (Rucrnplcrl Wcl-.cr .. 42 F.yscndhardtiu p<•l~stach1;1 SarfL 14 
hO Mammillanu camc.11 /~ucc. ex Pfi.. .. tli."T 4 2 Acacia Sf' 14 
c.: !\.1Jmmilluna m..-"1~1x maruU:i> 4 74 Mim~ IUl:iana Arnnd[l. 14 
66 M;.1nrnullanJ dc~s. 1 x.; 4 73 Mimosa l:icc..."'l'ftW Ro~c , .. 
43 h .. -rncactus On'""ltl."fls (.Schc:1d" ) Bntt &. Hose 5 91 1"rosopis lac..,i.g111,1 (lh•mh ,'f:.. llonpl.'•' Y."1UJ.)John .. 14 
45 l· o."Tocactus ruhu"tu:. tl•feiffcr) Bnu. & Ro..c 5 1 Acacia constricta lk."11Jlh. 14 
C•:l Manunilana !lphacdata ~iu.." s 26 Ccrcidium pra'--co'."I, HarTTI"" 14 
(~ Mnrnnu.lan.J '1pcnnu Pwpus s 19 Cacsalpiniu mcl:innd1..•t1m swnd1 IS 
<• 1 "111mmilanu haagcuna PfedTcr s 37 Dale.a sp IS 
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Discusión 

Es ya un lugar común en la literatura biológica el decir que las variaciones 

f"enotípicas entre los organismos se reflejan en diferencias en su desempeño 

ecológico (Wainwright 1994). Así. las relaciones de una planta con. 

digainos. raíces profundas y hojas pequeñas con su medio ambiente van a ser 

muy diferentes de las de una planta con raices someras y carente de hojas. 

Sin embargo, la elucidación de las relaciones f"orma-fiutción no siempre es 

directa y ha generado el desarrollo de una disciplina especializada: Ja 

ecomorf"ología o morf"ologia funcional. 

Eu Cepha/ocereus columna-trajani encontrarnos una clara relación 

entre su morfología y su eficiencia en la captación de radiación solar directa 

que. a su vez. está íntimamente relacionada con la regulación de su régimen 

térmico. asi como con su tasa de crecimiento y producción de flores. 

El trabajo presentado en el Capítulo 11 aborda directamente la 

relación f"orma-funcion analizando la respuesta ecológica de Cep/lalocereus 

c.:olun111a-tra¡an1 a la radiación solar. un gradiente directo de recw·so (sc>n.\11 

Austltl et al. J 984) En este trabajo se resaltan las ventajas ftmcionale~ de la 

morfología dominante en poblaciones de esta especie sobre las variantes 

estudiadas, inclusive sobre una forma erecta sin pseudocefalio. 

Con respecto a la mclinación del tallo observada en este cactus. es 

relevante mencionar que se trata de un suceso. si bien observado desde hace 

mucho tiempo (Greenwond 1964 l. poco probable de acuerdo a expectatJvas 
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sobre restricciones mecánicas en el sostén del tallo en cactus colwnnares 

gigantes (Geller & Nobel J 987. Nobel J 988). En relación a esto, es probable 

que la altura alcanzada por individuos de esta especie (raramente más de 1 O 

m) sea un conflicto entre una inclinación del tallo con claros beneficios 

funcionales y un maximización del crecimiento en altura que también tendría 

importantes ventajas adaptativas (King J 990). Una evidencia circunstancia) 

de esto es la presencia en e) valle de Zapotitlán de Neohuxhaumia 

me=calaensis. cactácea columnar gigante no ramificada que no presenta 

pseudocefaJio ni inclinación del tallo y alcanza alturas incluso mayores a 1 5 

m (observación personal). De hecho. seria muy interesante analizar los 

patrones de intercepción de radiación solar por individuos de esta especie 

comparándolos con los de C ·. c:o/umna-tra.fani. 

Con respecto a este punto. cabe 1nencionar que es muy probable 

que la ventaja funcional que confiere la inclinación del tallo sea una 

consecuencia secundaria de la ubicación del pseudocefalio que conduce a 1111 

crecimiento diferencial que es mayor en el lado (SSE) cont1ario al q11e posee 

la superficie no fotosintética dd pseudocefalio ocasionando la inclinación d..: 

la columna. 

La inclmación del talle>. además de las ventajas mencionadas_ puede 

traer como cousecuencia una 1·efativamente alta vulnerabilidad de los 

individuos ante disturbios corno fuertes 'cientos o tonnentas (o incluso el 

simple crecimiento más allá de lo permitido por restricciones mecánicas de la 

misma) que pueu..:n ocasionar la fractura de Ja colunma. Esta fractura 
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involucra la pérdida del meristemo apical y. eventualmente, un proceso de 

reparación que puede modificar las características morfo-funcionales 

descritas anteriormente, dependiendo si se regenera un solo tallo o varios 

como ocurre frecuentemente (observación personal). Así, individuos 

reparados que no producen ramificaciones presentan una morfología similar 

(en cuanto a la inclinación del tallo y la ubicación del pseudocefalio) a la de 

cactus no dañados, mientras que en aquellos que generan varias ramas se 

modifica el régimen de radiación debido al efecto de sombreado que se 

produce entre las ramas de un individuo. 

En el trabajo presentado en el Capítulo lll (Zavala-Hurtado & Díaz

Solís 1995) se muestra que existen diferencias significativas en la tasa de 

crecimiento y la edad de la primera reproducción entre indi,.,iduos no 

dañados e individuos reparados después de sufrir w1 daño severo que 

involucró la pérdida del rneristemo apical. Sin embargo. no se observaron 

diferencias en cuanto al número de flores producidas por individuo entre las 

dos categorías mencionadas. Como se menciona en el articulo, este punt0 

requiere de un análisis más profi.tndo pues podrían existir diferencias en el 

número de frutos y semillas producidos así corno en la calidad de estas 

últimas y de las plántulas que eventualmente pudieran generar. 

Un resultado relevante es que. en promedio. un individuo de 

( 

0 1.!phalocercus columna-tra¡a111 que sufra el tipo de daño aqui descnto 

deberá esperar cerca de 60 años antes de continuar con su vida reproductiva. 

En ese tiempo el escenario medioambiental puede llegar a ser muy diferente 
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(ya sea en su beneficio o perjuicio) al que enfrentaba el organismo antes de 

sufiir el daño. 

Aunque en este trabajo no se profundiza en el análisis de las 

ventajas y desventajas de la reparación (de lo cual. por cierto. se sabe muy 

poco). El modelo que describe la probabilidad de una reparación exitosa 

después de un daño. nos pennite hacer algunas inferencias al respecto. Para 

esto. debemos tomar en cuenta que un daño siempre es perjudicial para el 

organismo y que la reparación necesariamente implica un costo. Entonces 

una pregunta relevante es ¿cuándo vale la pena gastar en un proceso de 

reparación? 

Kirkwood ( 1981 ) de manera general, argumenta que si D es el 

decremento promedio en la adecuación relativa resultante de un tipo 

particular de daño no reparado y R denota al costo de repararlo, medido en 

tcrminos del decremento en la adecuación que resulta de canalizar recursos 

al proceso de reparación. éste nunca debe ocurrir a menos que D > R. Así, 

en el caso de < · co/umna-truJaJ11, para un individuo joven de unos 3.30 rn 

(más o menos 70 años de edad) que está por comenzar o que recién ha 

comenzado a reproducirse, D seria relativamente alta pues la no reparación 

del dai1o implicaría no reproducirse y R sería relativrunente baja suponiendo 

un mayor vigor en individuos Jóvenes que en los de mucho mayor edad. Por 

su parte. para un individuo de 8 m de altura que comenzó su reproducción 

hace más de 50 años. D sería relativamente baja y R alta considerando una 

disminución en el vigor relacionada con la edad. Bajo estas circunstancias. el 
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proceso de reparación se favorecería en individuos jóvenes que inician o 

están por iniciar su vida reproductiva y sería menos importante en individuos 

de más de 120 ai'l.os (cerca de 7.5 m de altura). Además. la inclinación del 

tallo (ver Capítulo 11) y el muy somero sistema radical de los individuos de 

esta especie pueden hacer que los individuos muy altos se caigan 

completainente debido a vientos y lluvias fuertes. con lo que no habría 

posibilidad de reparación. 

La ausencia de individuos pequeños reparados exitosamente es 

menos clara y se puede deber a que el tallo original se vea literalmente 

embebido en la masa de la reiteración. 

HI entorno comunitario de ( .·epha/ocereus columna-traiani visto en 
términos de la moifologíafuncional. 

El estudio de estrategias morfológicas a nivel comunitario es abordado en el 

Capitulo IV (Zavala-Hurtado et al. 1996) mediante la clasificación de 107 

especies de plantas en 18 grupos definidos por características morfológicas. 

i.e. formas de vida. gremios o tipos funcionales de plantas. La suposición 

fundamental es que existiría un nmnero limitado tmenor al nmnero de 

especies presentes) de estrategias morfológicas (funcionales) para enfrentar 

las presiones selectivas del m.:dio ambiente árido ( Cody 1989). 

La clasificación obtenida. si bien es limitada pues no considera. 

entre otras cosas, aspectos mctabulicos y solo parcialmente características 

tenológicas de las especies analizadas. describe tipos morfológicos con una 
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clara implicación funciol}al. Así. por ejemplo. Cephalocereus columna

trajani se diferencia claramente en términos de patrones de captación de luz, 

crecinliento y reproducción del resto de las formas de vida incluyendo a 

otras cactáceas colurnnares que fueron clasificadas en grupos diferentes 

dentro del cúmulo que aglomeró a las cactáceas. 

Por otra parte, la clasificación obtenida resultó significativamente 

diferente de la obtenida mediante un modelo nulo de asignación aleatoria lo 

que apoya la idea de convergencias de tipos morfológicos en la zona 

estudiada aunque la validez funcional de estos tipos esté por probarse. 

Además, se mostró que la reducción de la dimensionalidad del problema 

( 18<< 107) no conlleva una pérdida significativa de información sobre la 

diversidad de especies. 

Finalmente, los intentos de definir tipos funcionales de plantas 

(fundamentalmente con lllla base morfológica) si bien tienen una larga 

historia en la ecolo!,>ia de comunidades. actualmente se consideran de 

fundamental importancia (aparte de su relevancia intrinseca en los estudios 

de comunidades) para la modelización de las respuestas de la vegetación a 

nivel global ante los relativamente acelerados cambios climáticos que se 

esperan en las próximas décadas (proyecto sobre Cambio Global y 

Ecosistemas Terrestres del Programa Internacional de la Geosfera y la 

Biosfera; Woodward y Crarncr 1996; Box 1996). Se pretende desarrollar un 

modelo dinámico global de vegetación (DGVM. por sus siglas en inglés) 

basado en tipos funcionales de plantas que son especies o b'Tl1pos de especies 
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con respuestas similares a un conjunto de condiciones medioambientales y 

en base a· cuyas caracteristicas se pueda interpretar y predecir la conducta 

del ecosistema (Shao, Shugart y Hayden 1996). Así, un planteamiento 

moñométrico como el aquí presentado (complementado con otras 

características de historia de vida) puede contribuir al desarrollo de un 

modelo como el que se pretende. 

Conclusiones 

l. Cepha/ocereus columna-tra.Jani presenta caracteristicas morfológicas 

peculiares de las que se puede inf"erir una clara relación con su desempeilo 

ecológico y por tanto es un sujeto idóneo para abordar estudios de diferentes 

aspectos de moñologia funcional, tanto a nivel de individuos, poblaciones y 

de las comunidades en que habita. 

2. La morfología funcional pretende integrar caracteristicas morfológicas de 

los organismos con su desempefio en un contexto ecológico. Sin embargo, 

estarnos muy lejos de poder caracterizar el ajuste entre la morfología y la 

ecología y tampoco sabemos cómo determinar la bondad de ajuste (Ricklefs 

y Miles 1994 ). 

3. En ailos recientes, los estudios sobre morfología funcional de plantas han 

proliferado en la literatura científica. Es promisorio que estos estudios 

ayuden a resolver problemas biológicos fimdamentales mediante el análisis 

de la conducta de las plantas y sus consecuencias ecológicas y evolutivas. 
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Sin embargo, todavía es necesaria una revisión integradora sobre este 

apasionante campo de Ja ecoJogia. 
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l-0ss ofshoot-tip bccause ofsevere, hut non-lctha1, injury is a common cvcnt 
in the life-cyclc C'IÍ giant columnar cacti. Rcpair (reiteration) could ndverscly 
affcct fun:her growth and reproduction because of a reassignment of 
rcStlUrccs. Wc studicd a population nf c,·phalot.0t.•rc11s CcJ/1111111a-rra.i~111i in 
c:cntral Mcxi4.:o, ..:omp¡tring gTnwth ratcs, aJ.:c nf first rcprnd.Lu.:tit'n and 
numhcr nfflnwcrs produccd pc..·r individual in rcpain.:d and undama~cd cacri. 
A fiucd, gcncralized Jinc;:ir modcl, using a hinomiat error distribution and a 
logit link function, dcscribed che probabilicy of survivorship aftcr thc cnctus 
shoot is broken. According to this model, only indi"·iduals cxceeding a ccrtain 
critica! hcight before damaged are able to ~urvive, and also only rcproductiV<-' 
individuals not SUfT'assing an upper threshold height (or age) '\Vould survivc. 
We did not find significant diffcrcnces in flo"Wer production bctwccn iniurcd 
an<l non-injur~d individuals. "'rhe cose of rcpair would imply a dclay nf ca. 60 
ycars hcforc thc d:.imagcd cacti could resume rcproduction. 
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KeY"·ords: ~·'-·ph._1/on·r .. ·1H 1:11/urn11~.1-traja11i; gianr c..·olumnar cac.·ti; rcpnir: 
~rowth~ aJ.?.c; rcproduc11t.'n 

lnt:roduction 

lt is aln1ost incvicablc for urganisms to suffcr sorne sort ofphysical damagc during thcir 
Ufe-span duc to thcir intcractions with thc cnvironment. In a widc scnsc., thc role ,,r 
regeneration, ar bioJogical rcpair., is to maintain thc lifc of the organisrn and to 
postponc death duc to physical damagc. Rcpair., the pciwcr co replacc lost or darnag:ed 
cclls, is a fundamental biulogical proccss seen in almos e nll organisms (Eldcr, 1 n70). 
Such process is expc..·ctcd to havc a cost for the organisms in tcrms oflong-tcrm survn·al 
and rcproduction., hut ir is also c.:xpcctcd to yield a bcncfit, namcly, thc immcdiatc 
survival aftcr damagc (Harris. 1989). 

Tilcre is an important link hctwcen repair and the lifc-history of an organism. ·rhc 
main f"ocus of this link i~ che distribution of resources tCl diffcrent metabolic activitic:~. 
not only to growrh and rcproduction but also to restoration. Resource assignmenc to 
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Vegetatlon-envlronment relationshfps based on a Uf'e-forrns classlftcation in a 
semiarid re&fon or Tropical Mexico 

Zavala-Hurt.ado. :J.A.'. P.L. Valverde'. A. Dfaz-SoUs2
• F. Vite' and E. Porti1Ia 1• 

l ~to de Bioloefa. Unlvenided Autónoma Meaopolitana- lztllpalapa. Ap. Postal 55-.525. Mb.ico 09340. D.F. 
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2 Jard(n Bcanlco y Vivero ck C.-d--=- .. DnL Helia Bravo-Holli•""• ZapotldAn. Puebla. ~co. 

(Rec. 15-V-199.5. Rcv. 23-Vl-1995. Acep. 28-Vl-199.5) 

Absl1"9Ct: Tating the view thM morpholosieal e~ npft9C:lll behavioral 1tntesies of plants to cope with 
cnviroftmmtal Pft:Uwa. we defined 18 lite-forma. usiaa nnaltivwiMe ci..if'icmon lechniques in a tropi~ semiarid 
ecosystem In Central fllles.ico. A mulriple disrirnm.nc __.,,_¡a coaftnlwxl die ezillalce or u.r:.: poups. A null modcl 
oína.ndom mr:~hip oftrpedes to life-fanm _...~~)'di,.._ from oarca..iftC9ion. Veseradon-environ· 
ment re~ipm ~ caamifted with ~Canonical Coaaca:;su 111 oc An.aysl9 (IX'CA). Ordination a:ii:ca were 
in~ mainly by altihlde and snil moi.rm-e. Respome CUl'"Ym9 or lile-forma arona d1lmC sr-d&enb were explored fil· 
1ina senaali2ZICI 1¡,_... rnndcib (GLIM"a). We belicw: 11191. tt.:: tire-forma~ for the study of ~on-cnvimn
mcnl ~l•ionsllipm is a valld allemariw- to the awtidcmal apecic. appruech muall)' used in phytmocioloaical ~arch 
becauAe: i) life-fonns nurnber ..._ .. found to be an es.c.cllent spDcic9 di~ predicror, ii) chia~ en.blec c:on<iid
crable reductiC'f'I in thc bulk or dat• wilhoUI losina ecoJosical infonnatlon, and lii) Hfc-fonns reptes~I ccological 
~trnresia; pcr ae and. theY cona:irute an indc• of die number or ditraau waya lhe de:Kn'a n:&<>W'CC9 me uriliz.ed. 

Key wordm: Morphaloaical attrihute.~: morpholoaical antcaies: ordfnadon; muldplc disc:::riminan1 analyds;.; ~pon~ 
curves~ aerophyllous scnab~ dcacrt planes. 

,.he occurrcncc oí ~tructura1 simiJarities 
arnong de8en planes, independent of their phy
Jogenetic relationships and gcographical diatri
bution. is wcll known • TI.ere is a preponder
ance of cenain growth forms in desen floras 
lhat are rare or restrictcd in other types of 
ccosystcms. Ncvenheless. thc causes of thcse 
prcsumed convcrgcnces are not weJJ under
stood (Solbri11 ~tal. 1977. Bowers and Lowe 
1986, Cody 1989). A fundamental problem is 
to understand how thc environment acts as a 
selection pressure on the shape and function of 
plants. How do de.sen plants cocxisl interacting 
wilh each other and with the physical environ
ment? 

T"here have becn severa] attempts to define 
morpholosical strategies of desert plants in 
rclation to environmental prcssures (Shrevc 
1942. Cody 1989. Leishmnn and Westoby 
1992). Tilese attempts vary widely in !he num-

her and naturc of lhc morphoJogical trujts used 
and in thc number of 1ife-form groupa pro
duced. 

In this paper wc describe a multivariatc clas
sification of J 07 perennial plant species based 
on morphological characteristics in a semiarid 
region of tropical Mexico. The basic assump
tion is that plant spccies would be naturaJly 
clumped in a fcw morphological cntegorics 
each of which represents a convcrgencc of 
strategies to cope with the desert cnvironmcnt. 
Our aim was to describe vcgetation-environ
ment relationships baaed on these lifc-fonn cat
egories. 

Vegetation-environment relationships are 
usually studied along ...,.tienes. The concept of 
environmental gmdicnts has been a comerstonc 
in the developmenr of ecological theory 
(Okland 1992). Austin et al. (1984) recognize 
lhree basic environmental gradienlS types: (i) 



Del tnlerior dt:I ciclo vienen 
las bel/as.flores, los bellos c:anws. 

l.os qfea nuesrro anhelo. 
n"estra in\•cntiva lo...- echa a perder, 

a no ser los del príncipe 1.:hichilnecu Tccaychualzin. 

La amütad es 1/11\.•ia de flores preciosas. 
Blancas vedijas de plumas de ¡.:ar:a. 

se en/relazan con preciosas.flores rojas. 
FJ1 las ramas ele los árboles. 

hajo ellas andan y liban 
los se:1lor''·" y los noble.o;. 

V"es1ro hernioso canto . 
un dorado pájaro casL·abt.!I. 

Ju eleváis muy hcnnoso. 
Estáis en un cercado de flores. 

Sobre las ramas floridas cantáis. 
¿Eres tú acasu. unª''(.." preciosa del Dador de la viJu? 

,.Acaso tú al dios has hablado ? 
Tan pronto con10 vi:!uci ... · la aurora. 

os habCts puesto a cantar. 

E.~fut...~rccse. q11it...•ra mt corazón. 
la~·flores del escudo. 

las flores del Dador de la vida. 
¿J.]11é podrá ltac:cr mi corazón ."' 

Hn \·ano Iremos llegado. 
ltemns bro1ado en la tierra. 

¿.\'1)/0 así he de irme 
'- on10 las .flort...'S q"c perecieron ? 
,.Nadll t¡uc:dará de: mi nontbre .:' 

¿Nada cil· mi fama aquí en la tierra ? 
¡Al n1e1un-./1orc ... ·. ~11 menos cantos .' 

¿{]11é podrá ha,·c:r mi cora::án ? 
l:lt 1·ano hcmo ... · llcgudo. 

ltcn10 .. · brotado ,.,, la flt...•rra. 

< iut...•e"'º·"· oh ª""!-!º·"·· 
hi1.i·a ahra::ns aqui 

4hora andan10.\' sohrc la tiL•rra.florida 
.\ad1~· hará tcrrnuiaraqui 

/iu; flor, .. , >" los cantos. 
e//vs perduran ,.,, l~z casa dt...•l /Jadur de la 1·1da 

Aqui en la tierra .... _, la r(..·giUn del ,,1un1cnto fi1~a:. 
,,: 7Umh1ú1 ,._...así e11 el Jugar 

dond,• de al}.!ún modo .!.C \'i\'(.' 
¿Allá ,,. alt..•gra uno Y 
,,;Ha_\· al/U amistad ? 

.... < J solo aqui en la 11erra 
!temo.\ 1·cn1clo a ,·onoccr 1111t...~s1ros rt>.!.·/ros? 

(Ayocuan Cuetzpaltzin) 



.. --~- --·- ------ ··-··---~ 

luego ven1tJS e.,·o .... 

(Enrique Ponilla' 
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