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RESUMEN

Se estudiaron las consecuencias de la seleccion artificial en la germinacion y el
establecimiento de poblaciones silvestres y manejadas (mangjasifis o silvicolas y
cultivadas) de las cactaceas columnaBdsnocereus pruinosus. stellatus Polaskia
chichipe Myrtillocactus schenckiiEscontria chiotillay P. chendelas cuales se encuentran
en un gradiente de mayor a menor intensidad de manejo, respectivamente. Tres tipos de
manejo han sido identificados para las especies: 1) Se colectan los recursos de poblaciones
silvestres (S); 2) maneja situ o silvicola (M), durante el aclareo de areas silvestres para
abrir campos de cultivo se toleran selectivamente los individuos con las mejores
caracteristicas en sus frutos (tamafo, sabor, color, cantidad de espinas, etc.), y 3) Cultivo
(C) en huertos y/o solares (a excepciorPdehendey E. chiotilla que no se reproducen
vegetativamente). Entre las diferentes poblaciones de cada especie se distingue un gradiente
de intensidad de manejo y también entre las diferentes especies Siguiinosusy P.
chendelas especies mas y menos intensamente manejadas, respectivamente. Estudios
previos con las especies analizadas han identificado divergencias morfolégicas, fisioldgicas
y genéticas significativas entre poblaciones silvestres y manejadas, tales divergencias se
encuentran asociadas a la seleccion artificial. También se ha encontrado que las diferencias
entre las poblaciones silvestres y manejadas dentro de cada especie dependen de la
intensidad de manejo y seleccion. Se ha propuesto que las divergencias encontradas podrian
deberse al éxito diferencial en la germinacion y supervivencia de las plantulas en los
ambientes silvestres (xéricos) y cultivados (mésicos). En este trabajo se buscé probar la
hipétesis de que semillas y plantulas derivadas de poblaciones manejadas tienen mayores
requerimientos de humedad y sombra para germinar y establecerse con respecto a las
derivadas de poblaciones silvestres, pero que también son mas susceptibles en ambientes
xéricos. Al comparar los patrones de germinacién y establecimiento entre especies
esperamos que las diferencias intraespecificas fueran mas evidentes en las especies mas
intensamente manejadas. En el Capitulo 1 se evaluo la tasa de germinacion de poblaciones
silvestres, silvicolas y cultivad& pruinosusP. chichipe M. schenckii yP. chendesn un
gradiente de disponibilidad de humedad para las semillas, que se generd por medio de
soluciones de diferentes concentraciones de polietilenglicol (PEG), probando las
concentraciones a 0.0, -0.2 y -0.4 Megapascales (MPa). En todas las especies un andlisis de
devianza mostré diferencias significativas a lo largo del gradiente de hum®8dad (
pruinosus X= 45.7,gl=2; P. chichipe X= 20.19,gl=1; M. schenckiiX’= 47.9,gl=2 y P.
chende %= 14.01, gl=2; P<0.001 en todos los casos). En cuanto al manejo, sélo se
encontraron diferencias significativas & pruinosusy P. chichipe (X*= 10.6, gl=2
P=0.001;X?= 12.49,g|=2, P=0.005). En el Capitulo 2 se estudiaron las mismas especies,
agregandce. chiotilla, se amplié el gradiente de humedad hasta -1.0 MPa, se cambio la
estrategia de muestreo y se pesaron frutos y semillas. Exceptockendegn todas las
especies se encontraron diferencias significativas entre el peso de frutos silvestres y
manejados§. pruinosuss= 61.30 £11.9 C= 135.36+13.3P, chichipeS= 4.83 £0.97 C=
7.80+0.81,M. schenckiiS= 1.00 +0.015 C= 1.14+0.21F, chiotilla S= 7.14 £1.35 M=
14.34+2.72 Y. chendeéS= 16.07 +3.48 M= 19.19 +3.34) y de las semi{laspruinosus=
0.1906 +0.0043 C= 0.2410£0.02@3, chichipeS= 0.0663 +0.0053 C=0.0760+0.00M,
schenckii S= 0.0408+0.0034 C= 0.0541+0.0086, chiotilla S= 0.1490 +0.018 M=
0.1971+0.0103, n=100). A lo largo del gradiente de humedad hubo diferencias
significativas en la tasa de germinaci® pruinosus % 69.69,gl=4; P. chichipe %
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50.80,gl=4; M. schenckii %= 21.64,gl=4; E. chiotilla X>= 13.90,gl=4 y P. chende %
260.70,9l=5, P<0.001 en todos los casos), la especie mas susceptible a la hume8ad fue
pruinosusy la menosP. chende El andlisis también mostrd diferencias significativas en
cuanto al manejo en todas las especies a excepciBnatenddS. pruinosus, % 15.40,

gl=1; P. chichipe % 162.51,gl=1; M. schenckiiX’= 31.10,gl=1; y E. chiotilla X?= 20.1,

gl=1, P<0.001 en todos los casos). En condiciones de alta disponibilidad de humedad, las
poblaciones manejadas de todas las especies mostraron mayor tasa de germinacion con
respecto a las silvestres y se registro el patron inverso al disminuir la humedad. Dentro del
gradiente de humedad se observo un punto critico en el que las diferencias intraespecificas
son pronunciadas haciendo visibles las diferencias que se esperaban. En el Capitulo 3 se
pesaron semillas y se midieron plantulas de poblaciones silvestres y manejdslas de
pruinosus S. stellatus P. chichipey E. chiotilla, y se evaluaron los patrones de
supervivencia y tasa relativa de crecimiento (TRC) en un gradiente de sombra y humedad.
En todas las especies se encontraron diferencias significativas intraespecificas en el tamafio
de las semillas y en la longitud de las plantuaspfuinosus fr 2374+ 136.81;S. stellatus
F(1,2374736.708;P. chichipeF (1 23747222.94 yE. chiotilla F(1 237477.916,P<0.01 en todos

los casos) y en la TRC & pruinosugF(1,60=38.819P<0.01)y P. chichipe(F 60~=8.508

P<0.05) a lo largo del gradiente de sombra y humedad. Se registraron diferencias
intraespecificas significativas en cuento a sobrevivenci pieiinosusy E. chiotilla a lo

largo del gradiente de sombra y humedad yPerthichipea lo largo del gradiente de
sombra. En el Capitulo 4 se caracteriza anatomicamente el sistema conductor de plantulas
de S. pruinosusS. stellatusP. chichipey E. chiotilla, observando que las plantulas de las
poblaciones manejadas presentan un menor nimero de vasos pero de diametros amplios en
comparacion con las silvestres que tienen mas vasos pero de didmetros angostos; este
patron podria explicar las diferencias en susceptibilidad en ambientes silvestres y
cultivados. La seleccion artificial ha tenido efecto en el tamafio de los frutos e
indirectamente en el tamafo de las semillas y, a su vez, en los patrones de germinacion, en
el tamafio de las plantulas, en la TRC, en la susceptibilidad de las plantulas en ambientes
estresantes que determinan la sobrevivencia en los ambientes silvestres y cultivados. Tales
diferencias parecen explicar las divergencias morfologicas y genéticas observadas entre
poblaciones simpéatricas, a pesar del elevado flujo génico que contrarresta los efectos de la
seleccion artificial. Las diferencias interespecificas parecen estar asociadas a adaptaciones
especificas a los ambientes particulares en los que se distribuyen las especies.

Palabras clave:Domesticacién, ecologia de la germinacion, establecimiento de plantulas,
manejo de recursos genéticos, seleccion artificial, supervivencia de plantulas, peso de
semillas, tasa relativa de crecimiento TRC.



ABSTRACT

We studied consequences of artificial selection on seed germination and seedling
establishment of wild and managed §itu managed and cultivated) populations of the
columnar cacti speciesStenocereus pruinosusS. stellatus Polaskia chichipe,
Myrtillocactus schenckiiEscontria chiotilla andP. chendewhich represent a gradient of
higher to lower management intensity, respectively. Three management types had been
identified previously in the species studied: 1) wild (W) from which people gather useful
resources from wild populations; R) situ or sivicultural management (M), during land
clearing people select and enhance the sparing of particularly desirable individuals through
vegetative propagation while eliminating others, 3) cultivation (C) in homegardens (except
P. chendaandE. chiotilla because vegetative propagation is difficult). Within each species
wild, silvicultural and cultivated populations represent a gradient from lower lo higher
management intensity and also the spe&tnocereus pruinosuS, stellatusPolaskia
chichipe Myrtillocactus schenckii, Escontria chiotillay P. chendeare arranged in a
gradient from lower to higher management intensity, respectively. Previous studies had
identified artificial selection processes troughsituandin situ management and different
degrees of morphologic, physiologic and genetic divergences between populations
associated to different intensities of artificial selection by indigenous people through
traditional management. In previous studies it had been proposed that divergences could be
due to germination and survivorship differences existing in wild and managed
environments. In this study we tested the hypothesis that seeds and seedlings from managed
populations would require more water and shade for germination and establishment than
seeds and seedlings of wild populations, the former being consequently more susceptible in
xeric environments. Since managed environments are wetter than wild environments the
differences referred to would be stronger in species more intensively managed. In Chapter 1
we evaluated germination rate of wild, managed in situ, and cultivated populati&s of
pruinosus P. chichipe M. schenckiiandP. chendan a water potential humidity gradient
whose was generated through solutions with different concentration of polyethilenglicol
(PEG) testing 0.0, -0.2, and -0.4 Megapascals (MPa) water potentials. In all species studied
deviance analysis showed significant differences through humidity gra@ieptyinosus
X?= 45.7,df=2; P. chichipe %= 20.19,df=1; M. schenckiix?= 47.9,df=2 y P. chende %
14.01,d=2; P<0.001 in all cases). There were significant differences between management
types inS.pruinosusandP. chichipe(X’= 10.6,df=2 P=0.001;X?= 12.49,df=2, P=0.005).

In Chapter 2 we included the speckeschiotilla to the study system, we tested a broader
humidity gradient (from 0.0 to -1.0 MPa), and we compared seed and fruit weight. In all
species we found significant differences in fruits weight from wild and managed
populations $. pruinosusV= 61.30 £11.9 C= 135.36+13.3P, chichipeW= 4.83 +0.97

C= 7.80+0.81 M. schenckiiw= 1.00 £0.015 C= 1.14+0.21E, chiotilla W= 7.14 +1.35

M= 14.34+2.72 andP. chendéN= 16.07 £3.48 M= 19.19 +3.34), and see8sfruinosus

W= 0.1906 +0.0043 C= 0.2410+0.0263P. chichipe W= 0.0663 +0.0053
C=0.0760£0.0017M. schenckii W= 0.0408+0.0034 C= 0.0541+0.0086 chiotilla W=
0.1490 £0.018 M= 0.1971+0.0103, n=100) but seedP.othende Along the humidity
gradient we found significant differences in germination r&tepfuinosus % 69.69,df=4;

P. chichipe %= 50.80,df=4; M. schenckii %= 21.64,df=4; E. chiotillaX?= 13.90,df=4y P.
chende %= 260.70,df=5, P<0.001 in all cases$. pruinosusand P chendewere the most

and the least susceptible species to water stress. The analysis showed significant differences

4



in management types, but i chende(S. pruinosus, % 15.40,df=1; P. chichipe ¥
162.51,df=1; M. schenckiX’= 31.10,df=1; andE. chiotilla X>= 20.1,df=1, P<0.001 in all

cases). In control treatments, managed populations had higher germination rate than wild
seeds, but when water availability decreased, the pattern was reversed. Along the gradient
of water availability we observed a critical point in which the intraspecific differences were
pronounced and the interspecific differences were clear. In Chapter 3 we compared seed
weight and the initial size of seedlings from wild and managed populati@Gspofiinosus

S. stellatusP. chichipg andE. chiotilla, and in a greenhouse we experimentally compared
survivorship and the relative growth rate (RGR) of seedlings under a gradient of shade and
humidity. In all species we found significant intraspecific differences between seed and
seedling initial size§. pruinosus fr 2374y=136.81;S. stellatus 1 2374=36.708;P. chichipe
F(1,2374=222.94 yE. chiotilla F(12374)=7.916,P<0.01 in all cases). Differences in RGR
between wild and cultivated populations were significan®.irpruinosugF 60 =38.819
P<0.01) andP. chichipe(F 60 =8.508 P<0.05) in both shade and humidity gradients.
Differences in survival between wild and cultivated populations were significaBt in
pruinosusand E. chiotilla in both shade and humidity treatments, andPirchichipein

shade treatments. Differences betw8empruinosugndP. chichipewere significant for all
variables evaluated. In Chapter 4 we characterized anatomically the conductive system of
seedlings ofS. pruinosusS. stellatusP. chichipe and E. chiotilla. We observed that
seedlings from managed populations had lower vessel number but with wide diameters than
wild seedlings that had a higher vessel number but with narrow diameters. These
observations could explain the susceptibility differences in wild and managed
environments. Artificial selection favoring larger fruits has indirectly favored larger seed
size, germination rate, seedling size, RGR, and in susceptibility of seedlings to xeric
environments. The differences may explain the morphologic and genetic divergences
observed for some of the species studied, even when gene flow associated to pollination is
relatively high. The interspecific differences may be associated to particular environments
between the species are distributed.

Keywords: Atrtificial selection; columnar cacti; domestication; genetic resources
management; germination; seed size ecology; seedling establishment; RGR.



INTRODUCCION GENERAL

CAMBIOS MORFO -FISIOLOGICOS Y GENETICOS ASOCIADOS AL MANEJO Y DOMESTICACION

DE CACTACEAS COLUMNARES EN EL VALLE DE TEHUACAN

La domesticacion es un proceso evolutivo dirigido por los seres humanos, que resulta de la
continua manipulacion de la variacion morfologica y fisiologica de poblaciones de plantas

y animales (Hawkes, 1983, Harlan, 1992; Cadad., 2007). Se desarrolla principalmente

a través de la seleccion artificial en la que se favorece la supervivencia y reproduccion de
fenotipos convenientes a los seres humanos, desfavoreciendo o eliminando otros no
convenientes (Darwin, 1859; Harlan, 1992). La seleccion artificial puede tener efecto sobre
caracteristicas morfolégicas y fisiolégicas, ademas de determinar cambios en las
frecuencias de los fenotipos y genotipos de las poblaciones de organismos manipulados con
respecto a las que existen en poblaciones silvestres (€aaas2007). Entre los cambios
asociados a la seleccion artificial que se han documentado en plantas destacan: mayor
tamafio y diversidad morfolégica de las partes Utiles de la planta; cambios fisiol6gicos
como pérdida de latencia en las semillas, mayor velocidad y sincronia de la germinacion;
asi como mayor vigor de las plantulas (Hawkes, 1983; Harlan, 1992; Evans, 1993;
Ladizinsky, 1998; Frary y Doganlar, 2003). Algunos de estos cambios involucran pérdida
de mecanismos de proteccion contra herbivoros o la pérdida de mecanismos naturales de
reproduccion, lo que le resta a las plantas domesticadas capacidad de sobrevivir y

reproducirse en ambientes silvestres (Hawkes, 1983; Harlan, 1992).



La domesticacion es un proceso continuo. En sus niveles mas avanzados las plantas
alcanzan una total dependencia del hombre para sobrevivir y reproducirse (Harlan, 1992);
sin embargo, aun en los niveles avanzados, la domesticacion puede seguir operando
generando nuevas variedades de acuerdo a variaciones ambientales, culturales, espaciales y
temporales a las que las plantas pueden estar sometidas. Asi, particularmente en las areas
donde existen parientes silvestres y existe manejo tradicional campesino, pueden
encontrarse plantas con diferentes grados de domesticacion, los cuales parecen relacionarse
con los grados de intensidad con los que opera la seleccion artificial o a la antigiiedad con
la que este proceso se ha llevado a cabo (Harlan, 1992). La domesticacion generalmente se
asocia al cultivo de plantas, pero diversos autores como Colunga Garcia-Marin y Zizumbo-
Villareal (1993), Bye (1993) y Casastal. (1999a; 2007), han propuesto y documentado en
diversas especies un modelo de domesticacion asociado al manejo siv&itlael cual
puede explicar la domesticacion de algunas plantas anuales, agaves y también de especies
perennes y de ciclo de vida largo como diversos arboles mesoamericanos y cactaceas

columnares (Casa al, 2007).

Desde hace poco méas de una década, se han realizado diversos estudios con
cactaceas columnares en los que se ha analizado como opera el proceso de domesticacion.
El Valle de Tehuacan-Cuicatlan ha sido el escenario idoneo para llevar a cabo estos
estudios debido a que es uno de los centros de diversidad de cactaceas columnares mas
importantes de América, en donde se han registrado 20 especie®{Aliagd 997). Esta
region es ademas muy diversa culturalmente, con una historia de ocupacion humana de mas
de 10,000 afios (MacNeish, 1967). En la actualidad el area es habitada por siete grupos

étnicos indigenas que conservan practicas tradicionales de manejo de las planta$ (Casas



al., 2001). En el Valle de Tehuacan se han registrado algunos de los restos mas antiguos de
la agricultura y domesticacion de plantas del Continente Americano (MacNeish, 1967,
1992). Los estudios arqueoldgicos del Valle de Tehuacan (MacNeish, 1967) y de Guila
Naquitz, Oaxaca (Flannery, 1986) indican que desde la prehistoria los pueblos han usado
diversas especies vegetales, destacando las cactaceas columnares, que se encuentran entre
los elementos vegetales mas importantes. Esto puede deberse a su abundancia y diversidad
en el area, ademas de que la mayor parte de estas especies producen frutos comestibles
(Casas y Barbera, 2002). Del total de especies de cactaceas columnares registradas en la
region, 12 son manejadessitu (silvicolas)y 8 de éstas son cultivadas (Casiaal.,
1999a), esto indica la importancia a nivel regional de las cactaceas columnares para la
subsistencia humana.

Las especies que han sido estudiadas en el contexto de la domesticacion son:
Stenocereus stellat€asast al,, 1998; 1999a; bRolaskia chendéCruz y Casas, 2002),
S. pruinosuglLuna y Aguirre, 2001; Parra, 2008; 201B¥contria chiotilla(Arellano y
Casas, 2003; Tinocet al., 2005; Oaxaca-Villat al, 2006),P. chichipeg(Otero-Arnaizet
al., 2003; 2005a; 2005b; Carmona y Casas, 20hycereus hollianu&Rodriguez-
Arévaloet al, 2006) yMyrtillocactus schenckiBlancaset al., 2009; Ortizt al., 2010).
Estos estudios han demostrado que el manegiwu y el cultivoex situhan determinado
divergencias morfologicas, fisiologicas y genéticas significativas con respecto a las
poblaciones silvestres y que el grado de diferenciacion entre las poblaciones esta asociado a
la intensidad con la que la seleccion artificial esta operando (Ee&lg2007). Las
caracteristicas de manejo favorecen la abundancia de fenotipos que producen frutos con
mejores atributos desde el punto de vista humano, siendo mas abundantes en las

poblaciones manejadassitucon respecto a las silvestres y mas aun en las poblaciones
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cultivadas, en donde se encuentran fenotipos que estan ausentes en las poblaciones
silvestres (Casast al., 1999a).

Una pregunta que se deriva de estos estudios y para la que ain no existe una
respuesta clara es como se mantiene la diferenciacion morfolégica y genética que se ha
documentado para poblaciones simpéatricas silvestres y manejadas (manejadas
silvicolas y cultivadas). Estudios sobre la biologia reproductiva deellatugCasaset al.,
1999c),Polaskia chichipgOtero-Arnaizet al., 2003; 2005af. chenddCruz y Casas,

2002),E. chiotilla (Oaxaca-Villaet al, 2005) yM. schenckii (Ortizt al., 2010) indican

gue aparentemente no existen barreras espaciales ni temporales al flujo de polen, pero
faltan por analizarse otros aspectos como la dispersion de semillas y si la capacidad de
sobrevivencia de los organismos silvestres y domesticados son diferentes. Los autores de
los estudios referidos consideran que en buena medida las divergencias se mantienen como
resultado de la continua seleccién artificial y recambio de materiales en las poblaciones
manejada situy cultivadas. Ademas, sugieren que algunos de los fenotipos “deseables”
son aparentemente incapaces de sobrevivir en condiciones silvestres y soélo logran hacerlo
bajo condiciones de cuidado humano. Esta observacion sugiere que los materiales silvestres
y cultivados podrian tener diferencias en adecuacion y desempefio diferencial en
condiciones de ambientes silvestres y cultivados; sin embargo esta hipotesis no ha sido
suficientemente estudiada.

En los casos de las diferentes especies de cactaceas columnares previamente
estudiadas, la seleccion artificial opera propagando vegetativamente las ramas de aquellos
fenotipos silvestres o cultivados que son de interés para los campesinos dentro de las
huertas tradicionales. También se logra tolerando las plantulas que llegan a establecerse

"voluntariamente"gensuPujol et al, 2005) dentro de las huertas a partir de semillas
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dispersadas por pajaros, murciélagos o humanos. Esto ultimo lo hacen eventualmente y a
partir de estos mecanismos pueden surgir variantes interesantes, como los “xoconostles
rabiosos”, una variante que parece ser un hibrido Snsellatuy S. pruinosugjue
combinan rasgos favorables de ambas especies (€adgsl999a). La seleccion artificial
también ocurre bajo manejositu o silvicola. En este caso, Casasl.(1999a)
encontraron que se lleva a cabo principalmente dejando en pie los fenotipos favorables que
estaban presentes en la vegetacion original y frecuentemente también aumentando el
numero de individuos favorables mediante la propagacion de sus ramas. En todos los
estudios efectuados hasta el presente sobre la domesticacion de cactaceas columnares se ha
encontrado una alta diversidad morfologica y genética dentro de las poblaciones manejadas
in situy cultivadas (Casaat al., 2006; Blancast al., 2009). Esta diversidad es generada y
conservada aparentemente debido al interés de la gente por mantener variantes con
diferentes atributos (frutos con diferentes tamafos, colores y sabores, con piel gruesa o
delgada de color rojo o verde, con muchas o pocas espinas). Tal diversidad de atributos
ofrece diferentes ventajas utilitarias; por ejemplo, los diferentes tamafos, colores y sabores
permiten diferentes calidades de los frutos. El grosor de la cascara puede representar
facilidad para extraer la pulpa (los de cascara delgada) o capacidad para resistir el
almacenamiento (cascara gruesa), y el color y cantidad de espinas en la cascara representan
mecanismos de proteccion contra los frugivoros (Gatsals, 1999b, 2007; Parra 2010).

La diversidad de ventajas que ofrecen los diferentes fenotipos incentiva una
continua introduccion y reemplazo de fenotipos en las poblaciones sujetas a manipulacion
humana. Los altos niveles de variacion en las poblaciones manipuladas se debe en parte al
continuo recambio de materiales, pero también al elevado flujo génico que existe entre las

poblaciones el cual es favorecido por la intervencién de murciélagos como polinizadores,
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asi como de aves y humanos en la dispersion de semillas €€aka$999b). Casast al.,
(1999b) han propuesto que otro factor que podria favorecer la divergencia entre
poblaciones silvestres y domesticadas simpéatricas, podria ser el éxito diferencial en la
germinacion de semillas y en la supervivencia de plantulas en distintos ambientes; esto es,
gue las semillas y plantulas derivadas de poblaciones cultivadas germinen, crezcan y se
establezcan exitosamente en ambientes cultivados pero no asi en los ambientes silvestres.
Si esto esta ocurriendo, el mecanismo podria explicar la abundancia de fenotipos
convenientes a los humanos en los ambientes antropogénicos. En estudios de germinacion
con semillas manejadas y silvestresSdstellatus/ P. chichipese encontré que en
condiciones Optimas de humedad, las semillas de las poblaciones manejadas germinaron en
mayor porcentaje y velocidad que las de poblaciones silvestres (Rojas-Agiciga001
y Otero-Arnaizt al, 2003, respectivamente). Estos resultados sugieren que la
domesticacion ha tenido un efecto significativo en el desempefio germinativo de
poblaciones de ambas especies.

Rojas-Aréchigaet al. (2001) sugirieron que las diferencias posiblemente se deban al
hecho documentado por Casasl.(1999a) de que al favorecer la abundancia de
individuos con frutos mas grandes, la domesticacion también ha favorecido indirectamente
semillas mas numerosas y de mayor tamafio. En general, en las plantas domesticadas se ha
documentado que las semillas de mayor tamafio tienen también una mayor tasa de
germinacion (Hawkes, 1983) en comparacion con las semillas silvestres que son de menor
tamafio. También en cactaceas columnares, diferentes estudisbemeckei han
encontrado diferencias en la capacidad de germinacion, tasas de crecimiento y
supervivencia de las plantulas, y éstas estan asociadas a diferentes categorias de tamafio de

las semillas (Ayala-Cordert al., 2004; 2006). Estos resultados parecen indicar que el
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tamafio de las semillas influye en el vigor de las plantulas y esto podria ser debido a
caracteristicas morfo-anatomicas que se expresan durante las primeras fases del desarrollo
y que podrian estar determinando la capacidad de establecimiento exitoso bajo condiciones
ambientales especificas, como lo ha sugerido el estudio de Loza-Cornejo y Terrazas(2011),
en el que encontraron diferencias significativas en algunos caracteres morfo-anatomicos de
diferentes especies de cactaceas columnares que se distribuyen en diferentes condiciones
ambientales.

Al parecer, desde los primeros estadios de vida las plantulas tienen caracteristicas
morfo-anatomicas que podrian estar relacionadas con adaptaciones a las condiciones
ambientales de las que provienen. Las caracteristicas anatomicas de los sistemas de
conduccién hidrica de las plantas impactan en gran medida sobre la eficiencia en su
conductividad hidraulica. Bajo condiciones de estrés hidrico ocurre la cavitacion en la que
se introduce aire en los vasos formando un embolismo (Tyree y Sperry, 1989), que opone
resistencia al flujo de agua y esto determina la supervivencia de las plantas. Entre las
plantulas silvestres y cultivadas provenientes de semillas de tamafio podrian haber
diferencias en cuanto a vulnerabilidad a la cavitacion y a su vez podria estar teniendo
consecuencias en la supervivencia bajo diferentes condiciones de estrés.

Las semillas y plantulas de mayor tamafio de las plantas domesticadas también
podrian tener requerimientos de mayor humedad, debido a que los individuos que las
producen podrian haberse adaptado a las condiciones de mayor proteccién y humedad que
existen en los ambientes antropogénicos, en comparacion con los existentes en las areas
silvestres como lo han hipotetizado Castaal. (2007). Si esta hipotesis es correcta,
entonces ademas de la continua seleccion artificial, la seleccion natural podria estar

actuando a través de diferencias en las condiciones ambientales de los sitios silvestres y
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cultivados, y esto podria estar determinando la supervivencia diferencial de plantulas
silvestres y cultivadas en los distintos ambientes. Se sabe que los ambientes cultivados o
antropogénicos presentan condiciones ecoldgicas en algunas ocasiones contrastantes
respecto a los silvestres (Deniggral., 2003). Por ejemplo, en los solares la gente siembra
diversas especies de arboles con la finalidad de generar sombra; ademas es comun
encontrar diversas especies de animales de traspatio como aves de corral y ganado, y los
suelos suelen ser mas humedos debido a la irrigacion constante derivada de las actividades
cotidianas. En conjunto, estos factores modifican la composicion y estructura del suelo; sin
embargo, no se han realizado estudios en campo en los que se hayan evaluado las
diferencias entre las condiciones de los ambientes silvestres y cultivados y cual es el grado
de diferenciacion.

Las etapas de germinacion y establecimiento son consideradas fases criticas dentro
del ciclo de vida de la mayoria de las plantas, incluyendo a las cactaceas (Steenbergh y
Lowe, 1969). Durante estas etapas se presenta la mayor susceptibilidad a la mortandad, por
lo que determinan la viabilidad y la estructura de las poblaciones (Steenbergh y Lowe,
1969; Harper, 1977; Valiente-Banuet al., 1991; Gutterman, 1993; Godinez-Alvastz
al., 1999). En estas etapas la humedad y la radiacion solar son factores determinantes para
la supervivencia (Valiente-Banuet al., 1991; Rojas-Aréchiget al., 2001). El potencial
hidrico del suelo es uno de los factores con mayor influencia sobre la germinacion porque
regula la cantidad de agua que la semilla puede tomar durante la imbibicion (Evans y
Etherington, 1991). Se ha documentado que la cantidad de lluvia y su distribucion temporal
determinan la emergencia de plantulas como se ha document&krragiea gigantea
(Steenbergh y Lowe, 1969) y &n stellatugGodinez-Alvarezt al., 2005). Esta respuesta

podria estar relacionada con el hecho de que en los habitats aridos y semiaridos la lluvia es
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extremadamente variable en tiempo y espacio, y en ocasiones las sequias pueden
prolongarse (Noy-Meir, 1973; McGinnies, 1979), por lo que las semillas de especies que
habitan estas areas deben tener mecanismos que les permiten germinar soélo bajo
condiciones ambientales determinadas (Bewley y Black, 1994), en este caso condiciones
especificas de humedad.

La cantidad de radiacion solar es otro factor que determina el establecimiento
exitoso de las plantulas (Steenbergh y Lowe, 1977). Asi por ejemplo, se ha observado en
varias especies de cactaceas del Valle de Tehuacan un mayor porcentaje de supervivencia
bajo la sombra de especies perennes llamadas “especies nodrizas” (ValienteeBahuet
1991; Godinez-Alvarez y Valiente-Banuet, 1998; Godinez-Alvateal., 2003; 2005;

Flores et al., 2004; Castillo-Landero y Valiente-Banuet, 2010) con respecto a sitios
abiertos. Se ha explicado que esto es consecuencia de una menor cantidad de radiacion
solar directa que mejora las condiciones de temperatura y evita la rapida evaporacion de
humedad después de un episodio de lluvia, mientras que la calidad del suelo también
mejora (Valiente-Banuaedt al., 1991; Godinez-Alvarez y Valiente-Banuet, 1998; Godinez-
Alvarezet al., 2003; 2005; Florest al., 2004; Castillo-Landero y Valiente-Banuet, 2010).

Dentro del marco tedérico previamente expuesto, la pregunta principal que condujo
esta investigacion y que derivé de los diferentes estudios de domesticacion de cactaceas
columnares referidos fue ¢ son diferentes los patrones de germinacion y establecimiento de
las poblaciones silvestres y manejadas bajo diferentes condiciones de sombra y humedad?
¢Influyen tales diferencias en el mantenimiento de la diferenciacion morfologica,
fisiologica y genética que se ha documentado para poblaciones simpatricas silvestres y

manejadas?
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Para contestar tales preguntas se analizd el efecto y las consecuencias de la
seleccion artificial sobre la germinacion y el establecimiento de plantulas de las cactaceas
columnaresS. pruinosusS. stellatusP. chichipe M. schenckii,P. chendey E. chiotilla.

Estas especies se encuentran entre los elementos mas importantes desde el punto de vista
cultural y ecolégico del Valle de Tehuacan-Cuicatlan, debido a constituyen elementos
dominantes en las asociaciones vegetales en las que se distribuyen y porque son apreciadas
como recurso por los habitantes locales, teniendo valor econdmico en los mercados
regionales (Casa al., 2001).

En estas especies se han identificado tres tipos de manejo: 1) la cosecha de los
productos utiles en poblaciones silvestres, 2) el manegdu o silvicola, el cual consiste
en que durante los aclareos de areas silvestres utilizadas para la agricultura la gente tolera
selectivamente algunos individuos de estas especies, tomando en cuenta caracteristicas
deseables de frutos tales como sabor, tamafio, grosor de la cdscara, abundancia de espinas
etc., y 3) el cultivo en huertos y solares. Todas las especies referidas arriba son cultivadas, a
excepcion dé. chendg E. chiotillaen las que la reproduccién vegetativa es dificil (Casas
et al., 1999a; 2001). De esta manera entre las diferentes especies se puede distinguir un
gradiente de intensidad de manejo, siendo may&. pruinosuy menor erP. chendey E.
chiotilla. Al presentar estas especies poblaciones silvestres y manejadas ademas de
diferentes grados de intensidad de manejo, constituyen un sistema adecuado para estudiar la
influencia del manejo humano sobre los procesos de germinacion y establecimiento.

El planteamiento general del presente estudio es que el analisis comparativo de los
patrones de germinacion y establecimiento de plantulas derivadas de individuos silvestres y
manejados permitiria evaluar las consecuencias de la seleccion artificial sobre la respuesta

de germinacion y establecimiento dentro de una misma especie. Ademas, que al analizar
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comparativamente estas respuestas entre especies, deberia esperarse una diferenciacion mas
marcada en aquellas especies bajo mayor intensidad de seleccion artificial.

En el contexto de la informacion disponible, las hipotesis que guiaron la presente
investigacion fueron las siguientes:
(1) Si el blanco de la seleccion artificial son los frutos de mayor tamafio y si los frutos mas
grandes generan semillas de mayor tamafio, entonces se espera que la germinacion de
semillas sea diferente entre poblaciones silvestres y manejadas. Esto es, que las semillas de
poblaciones manejadas germinen en mayor porcentaje y mas rapidamente en condiciones
optimas de humedad; pero también, que muestren mayor susceptibilidad al disminuir su
respuesta germinativa en condiciones de baja humedad en comparacion con las semillas de
poblaciones silvestres. De manera similar, si la hipotesis es correcta se espera que la
divergencia en la respuesta germinativa entre semillas silvestres, manpejaitasy
cultivadas sea también mas o menos pronunciada entre especies sometidas a mayor y
menor intensidad de manejo, respectivamente. Es decir, a mayor presion de seleccion
artificial mayor la diferencia en la respuesta germinativa entre las poblaciones silvestres y
manejadas ante distintas condiciones de humedad.
(2) Si al igual que la germinacion, el tamafio de las plantulas y, consecuentemente, el vigor
durante el establecimiento esta siendo afectado como consecuencia de la seleccion
artificial, y ademas por las condiciones de los ambientes cultivados se espera: (a) que las
plantulas de poblaciones cultivadas y manejadastu tengan mayor crecimiento y que
también sean mas vigorosas durante el establecimiento en condiciones mesicas, pero
también (b) que sean mas susceptibles en condiciones xéricas que las plantulas de
poblaciones silvestres en condiciones xeéricas. Si los anteriores supuestos son correctos, se

espera que la divergencia en el crecimiento y supervivencia entre plantulas silvestres y
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cultivadas sea de mas a menos pronunciada a mayor y menor intensidad de manejo de cada

especie, respectivamente.

(3) Asimismo, si la seleccion artificial ha tenido como consecuencia un incremento en el
tamafio de las semillas y a su vez en la capacidad de germinacion y susceptibilidad a los
ambientes hidricos estresantes, entonces también podria tener efecto en las caracteristicas
del sistema conductor de las plantulas. Esto es, que las plantulas manejadas tengan un
menor nimero de vasos pero que estos sean de diametro mas amplio y que las plantulas
silvestres tengan mayor nimero de vasos de diametro relativamente mas angosto. Ademas,
gue debido a estas caracteristicas las plantulas manejadas sean mas vulnerables a la
cavitacion que las plantulas derivadas de semillas silvestres bajo condiciones de estrés. Al
tener diferentes especies ubicadas en un gradiente de intensidad de manejo, esperamos que
en las especies mas intensamente manejadas las diferencias en el sistema vascular de sus

poblaciones silvestres y cultivadas sean mayores.

Con el fin de probar las hipotesis anteriores, el presente trabajo se planted los

siguientes objetivos:

(1) Analizar las consecuencias de la seleccion artificial en los patrones de germinacion y

establecimiento de diferentes cactaceas columnares.

(2) Analizar el efecto y las consecuencias de la intensidad de la seleccion artificial sobre la

germinacion y establecimiento intra e interespecifico.

Para poder llevar a cabo los objetivos planteados realizamos diversos estudios
reciprocos o de "jardin comun” los cuales se realizaron bajo condiciones controladas de
laboratorio y de invernadero.
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En el Capitulo 1 se analiza las conseciencias de la domesticacion sobre los patrones
de germinacion intra e interespecificos de poblaciones silvestres, manejasias y
cultivadas deS. pruinosusP. chichipe M. schenckii yP chendeen un gradiente de
disponibilidad de humedad que va de 0.0 a -0.4 mega pascales (MPa). El capitulo
constituye un articulo cientifico publicado en la revidtarnal of Arid Environments
(Guillen et al., 2009). En el Capitulo 2 se analizan los patrones de germinacion intra e
interespecificos pero teniendo control sobre el tamafio de los frutos y de las semillas de las
especiesS. pruinosusP. chichipe M. shenckii,P. chendey E. chiotilla 'y se amplio el
gradiente de disponibilidad de humedad que fue de 0.0 a -1.0 MPa. Este capitulo es un
articulo publicado en la revis@enetic Resources and Crop Evolutif@uillén et al.,
2011). En el Capitulo 3 se analizan las caracteristicas de las condiciones necesarias para el
establecimiento por lo que se analiza la tasa relativa de crecimiento y la supervivencia de
plantulas de las especi8spruinosusS. stellatusP. chichipey E. chiotillaen un gradiente
de sombra y humedad bajo condiciones controladas de invernadero. Este capitulo
constituye un articulo enviado a la revigtmerican Journal of BotanyGuillén et al.,
enviado). En el Capitulo 4, se presenta una caracterizacion anatomica del sistema vascular
de conduccion de las plantulas derivadas de poblaciones silvestres y cultivadas en
condiciones de crecimiento similares. Finalmente, en la Discusion General de la tesis se
analizan los resultados derivados de los diferentes estudios realizados y se discute su
relevancia para analizar las hipétesis generales referidas y para entender el efecto que la
seleccion artificial ha tenido sobre el tamafio de los frutos asi mismo de las consecuencias
sobre el tamano de las semillas, los patrones de germinacion y establecimiento de diferentes

especies de cactaceas columnares.
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Seed germination was compared among wild, in situ-managed { wild plants let standing in areas cleared
for agriculture), and cultivated populations of the columnar cacti Stenocereus pruinosus, Polaskia chichipe,
Myrtillocactus schenckii, and Polaskia chende, species representing a gradient from higher to lower
management intensity, respectively. We hypothesized that seeds from cultivated populations have
higher water requirements to germinate than seeds of other populations, and that such difference is
stronger in species more intensely managed. Germination was evaluated under water potential treat-
ments at 0.0, —0.2, and —0.4 MPa. Interspecific differences were identified; germination rates markedly
decreased in S. pruinosus and P chichipe as water potential reduced. M. schenckii seeds germinated better
at —0.2 MPa, and seeds of P. chende in all treatments. Seed germination of wild and cultivated pop-
ulations was similar in all cases and, therefore, at the population level domestication does not appear to
have influenced variations in germination of the studied cacti species. However, experiments to test
whether germination of seeds from plants with clear signs of domestication differs with seeds fromother
plants and their differential germination and seedling survival in wild, in situ-managed and cultivated

environments could help to precise the influence of domestication on these plants.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Domestication is an evolutionary process resulting from artifi-
cial selection directed to favor the survival and reproduction of
particular phenotypes of plant or animal populations, convenient to
humans according to their morphological, physiological, and or
behavioral features (Darwin, 1859; Hawkes, 1983). This process
may determine changes in frequencies of phenotypes and geno-
types of manipulated populations compared with wild populations.
In plants, artificial selection may determine changes in physiolog-
ical aspects such as loss of seed dormancy, faster and synchronous
germination, and variation in periods of fruit maturation (Hawkes,
1983; Evans, 1993; Frary and Doganlar, 2003). These changes may
result in a decreased fitness of domesticated plants in wild envi-
ronments (Hawlkes, 1983).

In Southern Mexico domestication of plants has been conducted
for more than 10,000 years (MacNeish, 1967, 1992) and the area has
been identified as one of the main centers of domestication of
plants in the world (Harlan, 1971; Hawkes, 1983). Although
domestication of plants has generally been associated to cultivation

* Corresponding author.
E-mail address: acasas@oikos.unam.mx (A. Casas).

0140-1963 % - see front matter ® 2009 Elsevier Lud. All rights reserved.
doi:10.1016/jjaridenv.2008.12.018
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(Harlan, 1992), Casas et al. (1997, 1999a, in press) have documented
for this region domestication processes associated to several types
of silvicultural in situ-management of plant populations. In situ-
management of plants includes practices directed to increase the
availability of plant resources particularly valued by local cultures.
This purpose may be reached by let standing, planting propagules,
and/or by especial care of desirable plant species or variants in
forest areas cleared for agriculture or other purposes. Plants favored
are generally those with higher use, cultural and/or economic value
and may involve artificial selection directed to increase abundance
of favorable phenotypes. In the Tehuacin Valley, columnar cacti
have been used since prehistoric times (MacNeish, 1967) and at
present are highly valued (Casas et al., 1999a). Twelve of the 20
species of these cacti currently occurring in the area are in situ-
managed, and eight are also cultivated (Casas et al, 1999a).
Stenocereus pruinosus, Polaskia chichipe, Polaskia chende and Myr-
tillocactus schenckii are among the most ecologically and culturally
important species (Casas et al., 2001).

Morphometric studies have demonstrated significant morpho-
logical divergences between wild, in situ-managed, and cultivated
populations, suggesting that such differences are associated to
artificial selection (Casas et al,, in press). Moreover, some cultivated
populations contain certain phenotypes that are absent in wild
populations (Casas et al, 1999a). Population genetics studies have
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generally reported small genetic differences between wild and
cultivated populations of some species (Casas et al,, in press), and
these differences appear to be more related to the geographic
distance rather than to management. Population genetics studies
have concluded that gene flow among all wild and managed pop-
ulations is high and the question of how the morphological
differences between wild and managed populations are maintained
is still unanswered.

Studies of reproductive biology have suggested that there are no
significant spatial or temporal barriers to pollen flow between wild
and manipulated populations. Casas et al. (in press) have considered
that the observed divergences are in part maintained by artificial
selection, and have proposed that differential success of seed
germination and seedling survival in different environments could
be additional factors to explain divergences between wild and
managed plants, In the case of Stenocereus stellatus Casas et al.
(1999c¢) observed that seeds and seedlings derived from wild plants
become successfully established in managed environments, whereas
seeds and seedlings derived from domesticated plants do not appear
to establish successfully in wild environments. Studies by Rojas-
Aréchiga et al. (2001) with S. stellatus and by Otero-Arnaiz et al.
(2003 ) with P. chichipe, documented that seeds from in situ-managed
and cultivated populations had faster and higher percentage of
germination than seeds from wild populations. This information
suggests that domestication has indeed affected seed germination
behavior for both species. Rojas-Aréchiga et al.(2001) suggested that
differences are possibly related to the larger and more numerous
seeds characterizing the larger fruits of domesticated cacti as docu-
mented by Casas et al. (1999b). In general, larger seeds have a faster
germination rate (Hawkes, 1983) and this could explain the differ-
ences found between wild and managed columnar cacti.

Useful products of S. pruinosus, P. chichipe, P. chende and
M. schenckii studied here, are gathered in wild populations, and all of
them are also in situ-managed in areas cleared for agriculture.
Individual plants of S. pruinosus, P chichipe and M. schenckii are also
cultivated in home gardens (Casas et al., 1999a, 2001), but cultiva-
tion of S. pruinosus is relatively more intense than that of the other
two species since vegetative propagation and its fast growth make
easier its management. Cultivation of P. chichipe is more intense
than that of M. schenckii because people prefer consuming its fruits;
whereas P. chende is not cultivated because vegetative propagation
is marginally successful and plant growth is slow (Cruz and Casas,
2002). According to this information, a gradient of management
intensity can be appreciated with the followingorder from higher to
lower intensity: S. pruinosus, P. chichipe, M. schenckii, and P. chende.

This study hypothesized that seed germination of the species
studied has been affected by artificial selection under cultivation.
We expected that faster germination of seeds from cultivated plants
would occur under higher water availability, but that they would be
more susceptible to decrease under dry conditions than seeds from
wild and in situ-managed populations. In addition, we hypothe-
sized that the degree of divergence of germination response would
be more pronounced between species according to the degree of
management intensity. To test these hypotheses we compared
germination responses in gradients of high to low management
intensity within each species (cultivated, in sifu-managed, and wild
populations, respectively) and between species (S. pruinosus,
P. chichipe, P. chende, and M. schenckii, respectively).

2. Methods
2.1 Study area

Wild, in situ-managed, and cultivated populations of S. pruino-
sus, P. chichipe, M. schenckii and P. chende were studied within the
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territory of the villages of San Luis Atolotitlin, Caltepec and
Xochiltepec, in the municipalities of Caltepec, and Zapotitlan Sali-
nas, Puebla, in central Mexico (Appendix 1, electronic version only).
Climate in this area is semiarid; with annual mean temperature and
rainfall of 18 °C and 655 mm respectively, according to the nearest
meteorological station in Caltepec (Garcia, 1988). Fruits of wild and
in situ-managed populations of S. pruinosus were also collected
within the territory of the village of San Rafael, in the municipality
of Coxcatlan, Puebla, where annual mean temperature and
precipitation are 24 °C and 441 mm of rainfall, respectively (Casas
et al,, 1999b).

The study area belongs to the Tehuacin-Cuicatlin Biosphere
Reserve and the species studied are constituents of tropical dry and
thorn-scrub forests. S. pruinosus forms part of tropical dry forests,
mainly in areas of alluvial soils, where this species along with other
columnar cacti such as Escontria chiotilla, S. stellatus, Pachycereus
hollianus and Pachycereus weberi are dominant components (Casas
et al,, 1999a). The species P. chichipe and P. chende are dominant
components of the particular association of thorn-scrub forest
located in soils derived from volcanic rocks, which have been called
“chichipera” by Valiente-Banuet et al. (2000); whereas M. schenckii
is a dominant element of the particular thorn-scrub association
called “garambullal” by Blancas (2007), also established on soils
derived from volcanic rocks.

2.2. Seed sampling

From March to June 2005, a total of ten mature fruits per plant
were collected from ten individual plants randomly sampled in
each of two populations per management type of the species
studied. Seeds were separated from the fruit pulp through a sieve,
and then dried at room temperature (20 + 2 °C) for eight days. The
seeds collected from all fruits per management type per species
were mixed and stored in paper bags at room temperature for six
months.

2.3, Seed germination

The effect of water on seed germination percentage of seeds was
tested through an experiment including different water potential
treatmentsin a growth chamber ( Environmental Growth Chambers
Inc., Chagrin Falls, Ohio). Water potentials were established
through aqueous solutions of polyethilenglicol (PEG 8000, Sigma)
measured in megapascals (MPa). Particular concentrations of PEG
8000 were determined with the Solute Potential and Molar-Molal-
£ Solute/g Water Interconversion (SPMM) program (Michel and
Radcliffe, 1985). The following were the water potentials tested: 0.0
(control, with distilled water), —0.2 MPa [0.021 M], and —0.4 MPa
[0.028 M]. Treatments were established in Petri dishes
(100 x 15 mm) with 20 ml of the corresponding PEG 8000 solution,
where 25 seeds were placed on a piece of gaze in order to maintain
the seeds out of the solution. The Petri dishes were covered with
parafilm and incubated in a growth chamber at constant temper-
ature (25 °C) and 12-h photoperiod, each treatment having four
replicates. Before the experiment, seeds were disinfected through
5 min immersion in a solution of 30% ethanol and 15 min in a 25%
solution of Ca(ClO):. Germinated seeds were identified as those
showing a clear radicule protrusion. Germination was monitored
daily during 40 days.

2.4. Statistical analyses
Maximum germination was defined as the cumulative

percentage of seeds germinated after 40 days since sowing date.
The effect of water potential treatment and management type on
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germination rate (proportion of seeds germinating per day) was
evaluated using Analysis of Deviance based on General Linear
Models (GLM, Crawley, 1993). In our models, the cumulative
proportion of germinating seeds was the dependent variable, time
(days after sowing date) was a continuous independent variable,
and water potential (factor with three levels) and management
type (factor with three levels) were categorical independent vari-
ables. We used a binomial error and a logistic link function as
indicated for proportional dependent variables; in this error type,
the deviance (equivalent of variance in a model with a normal type
error) explained by independent variables can be considered to be
an  approximated X value (Crawley, 1993). The cumulative
proportion of germinating seeds (y) after t days was then given by
next model:

et
1+ elle- B[]

Here, coefficient a is the y intercept (starting germination), coeffi-
cient b the initial germination rate and c is a coefficient indicating
whether the initial germination rate increases (in such case, ¢
adopts a negative value) or decreases (in such case, ¢ adopts
a positive value) with time. The effect of water potential treatments
and management types on germination rate was evaluated by the
deviance explained by the interaction of each or both of these
factors with the linear or the quadratic time () term. Statistical
analyses were conducted using software GLIM version 3.77 (Royal
Statistical Society, 1985 ).

3. Results
3.1. Germination rates within species

The maximum cumulative germination percentage of seeds of
S. pruinosus and P chende was reached 25 days after starting the
experiment, whereas seeds of P chichipe and M. schenckii reached
maximum germination after 40 days.

All logistic models adjusted were significant and explained more
than 96% of varation of germination behavior throughout time
(Table 1, Figs. 1-4). Time explained a high percentage of the total
varance in all species studied (43.6% in 5. pruinosus, 32.5% in P. chi-
chipe, 52.4% in M. schenckii and 71.4% in P. chende; Table 1).In all cases
the quadratic time term was significant, indicating that germination
rate declined astime advanced. Also, in the four species studied water
potential had a significant effect on starting germination proportion,
but models for 5. pruinesus and P chichipe explain more than 49% of
the variation whereas for M. schenckii and P. chende explain less than
25% of the variation (Table 1). In general, germination starting of
seeds of all species studied was delayed as long as water potential
decreased. There were also significant differences in seed germina-
tion according to management types within each species (Table 1),

In all species studied the interaction Time = Water Potential and
Time? = Water Potential (except in P chende) were significant
(Table 1 and Figs. 1-4), indicating that the slopes of curves
describing germination rates varied significantly between treat-
ments of water potential throughout time. In S. pruinosus, the
maximum germination rate was reached faster in the control
treatment and the slopes declined when the water potential
decreased (Fig. 1). In P chichipe and M. schenckii the maximum
germination rate was reached faster in the treatment of water
potential —0.2 MPa (Figs. 2 and 3). In P chende the maximum
germination rate was delayed with dryness but it reached similarly
in all treatments (Fig. 4).

The interaction Time = Management was significant for
S. pruinosus and P chichipe (Table 1). In 5. pruinosus, control seeds
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Table 1

Analysis of deviance for the number of germinating seeds of populations of
wlumnar cacti under different management regime within a gradient of water
potential.

Species Factor 7 Deviance (~X¥2) d.f P
Stenocereus Management 0018 7290 2 <0001
pruinosus  Water Potential 0490 191520 2 =0.001
Management x 0.004 17.68 4 000
Water Fotential
Time 0436 1699.00 1 =0.001
Time* 0038 151.00 1 =0.001
Time = Management 0,003 10,60 2 0005
Time > Water Potential 0,011 4570 2 <0001
Time? x Management  0.0002 720 2 0027
Model 098 3919.00 16
Residual 0018 7280 208
Total 399160 n4
Folaskin chichipe  Management 0.005 1510 2 000
Water Potential 0513 1688.00 2 =0.001
Management = 0016 5427 4 =000
Water Potential
Time 0325 1070.00 1 <0001
Time? 0084 27570 1 <0001
Time = Management 0.004 1249 2 0.002
Time = Water Potential  0.006 2019 1 =0.001
Time® = Water Potential 0.004 12.54 2 0.002
Model 0957 314829 15
Residual 0043 14254 343
Total 329000 3589
llocacty M 0.009 215 2 =0.001
schenchii Water Potential 0243 5550 2 =0.001
Management x 0.081 1854 4 =0.001
Water Fotential
Time 0524 11940 1 =0.001
Time® 0084 1904 1 <0001
Time = Water Potential 0,021 479 2 =0.001
Time® = Water Potential 0,003 775 2 0021
Model 0966 220195 14
Residual 0034 7757 345
Total 227930 359
Foloskin chende  Management 0013 2844 1 =0.001
Water Fotential 0085 18430 2 0001
Management = 0.012 2661 2 =0.001
Water Potential
Time 0714 154000 1 =0.001
Time? 012 24200 1 <0001
Time » Water Potential  0.006 1401 2 0001
Time® x Management = 0.019 4154 3 <000
Water Fotential
Model 0962 207690 12
Residual 0.037 7945 136
Total 215750 149

had a higher starting germination rate (Fig. 1a) as well as a faster
germination rate than in the other treatments. In this species, the
reduction of water potential determined a drastic decrease in
germination rate, with the in situ-managed populations showing
lower germination rate than wild and cultivated populations.

In seeds of P chichipe, the highest germination rates were
observed in the control treatment. The treatment —0.2 MPa delayed
the starting germination rate in all populations but after few days
the germination rates were as fast as in the control treatment. In
the treatment —0.4 MPa germination rates decreased drastically,
especially in seeds of the in situ-managed populations.

Compared with all the species studied, seeds of M. schenckii had
the highest delay of the starting germination rates in all treatments.
The faster germination rates occurred in the —0.2 MPatreatment. In



410 5 Guillén eral. / journal of Arld Envirenments 72 (2009) 407-412

100
a 00Mpa

100

b. -0.2 Mpa

tage

B

6

40 4

20

erminadan percen

G

100
C -04MPa
50 4
60 -
40 1

20

Time idays)

—a— Wild ..o Insitnmanaged  — e — Cultivated

Fig. L Fitted log-linear models to germination of seeds from wikl, in stu-managed,
anidl cultivated populations of 5. prutnesus under different water patentlal treatments
given by polyethilenglicol concentration.

the case of P ciende the highest starting germination rate was
observed in the control treatment, and it decreased with the
decreasing of water potential.

The interaction Management « Water Potential was significant
in all the cases studied. In 5 pruinosus seeds from wild and culd-
vated populations germinated faster and in a higher percentage
than seeds from in situ-managed populations in all treatments of
water potential (Fig. 1), The maximum cumulative germination
percentage was similar in the control and —0.2 MPa treatments
although in this last treatment germination was slower. Germina-
tion in all populations of 5. pruinosus decreased drastically in the

-0.4 MPa treatment. A similar germination behavior was observed
in P. chichipe although in this case seeds from all populations
germinated similarly (Fig. 2). In the case of M. schenckii seeds from
all populations germinated faster and in a higher percentage in the

0.2 MPa treatment and in this treatment seeds from in sif-
managed and cultivated populations germinated better than seeds
from the wild {Fig. 3. In the control treatment, seeds from wild and
cultivated populations germinated similarly among themselves and
better than seeds from in situ-managed populations, but this
pattern was the contrary in the treatment of -0.4 MPa, in which
germination of seeds fromwild and cultivated populations was low,
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Fig. 2. Fitted log-linear models to germination of seeds from wild, in situ-managed,
and cultivated populations of B chichipe under different water potential treatments
given by polyethikenglicol concentration.

Seeds of B chende germinated more slowly with decreasing of
water potential. Seeds from wild and in situ-managed populations
germinated similarly among themselves in control and -0.4 MPa
treatments, but in the treatment of —0.2 MPa seeds from wild
populations germinated faster and in a higher proportion than
seeds from in situ-managed populations (Fig. 4).

32, Germination rates between species

In all trearments of water potential, the starting germination
was significantly different among species between species and
management types (significant species, management, and
species x management interactions), However, germination rate
was only affected by species but not for management types
(Table 2).

Appendixes 2 and 3 (electronic version only) compare the
cumulative germination curves of the species studied by manage-
ment type in the water potential treatments 0.0 and -0.2 MPa,
respectively. In all plots, seeds from populations of M. schenckii had
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Fig. 3. Fitted log-linear models to germination of seed from wild, in situ-managed, and
cultivated populations of M schendii under different water potential treatments given
by polyethilenglicol concentration.

the lowest germination rates, whereas seeds from populations of
P chichipe had intermediate rates and the highest rates were
observed in 5 pruinosus and P chende. Appendix 4 (electronic
version only) shows germination rates of seeds from populations of
all the species studied in the water potential —0.4 MPa, indicating
that seeds of P chende maintain high germination rates, whereas
germination of seeds of the other species drastically decreases.

The maximum of germination of seeds of P chende and S. prui-
nosus was reached rapidly in the control and —0.2 MPa treatments
but in the treatment —0.4 MPa seeds of 5 pruinosus the maximum
of germination was reached more slowly. In B chichipe and
M. schenckii the maximum cumulative germination in general was
reached slowly.

4. Discussion

With the only exception of seeds of M. schenckii, seeds of the
species studied germinated rapidly within the first week of the
experiment. Germination starting of seeds of 5 pruinosus and
P chichipe is affected by water potential (¥ = 0.49 and 0.51,
respectively), whereas germination of seeds of M. schenckii and
P chende is less affected {r2 = 0.24% and 0.09, respectively). This
information indicates that availability of water differently affects
seed germination of the species studied, P. chende and M. schenckii
being apparently more resistant to dryness than 5 pruinosus and
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P chichipe. This conclusion is consistent with results on germina-
tion rates, which in seeds of 5. pruinosus and P chichipe significantly
decreased in treatments with lower availability of water, whereas
in seeds of M. schenckii these were high in the treatment of inter-
mediate water potential and in seeds of P chende these were high in
all water potential treatments. The behavior of seeds of 5. pruinosus,
which more drastically decreased their germination rates with
dryness, could be an expression of the adaptation of this species to
relatively more humid environments compared with the other
species analyzed. In fact, 5 pruinosus is naturally distributed on
alluvial soils of bottom areas of gullies, sites with relatively higher
humidity than the bordering slopes in which the species is absent.
The other species (P chende, P. chichipe, and M. schenckii) frequently
occur together in the vegetation types called “chichiperas™ and
“garambullales” although at different proportions. Nevertheless
occurring in similar environments they show differences in
germination patterns. This is nota strange case in arid and semiarid
areas since in a number of plant species sharing the same habitat
strong differences have been found in the amount of water seeds
need o germinate (Gutterman, 1993). According to Gutterman
(1993), every species may have particular mechanisms regulating
the starting germination point in the right time and space to
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Table 2

Analysis of deviance for the number of germinating seeds of clumnar cacti from
different populations under different type of management in treatments of water
potential given by polyethilenglicol concentration.

Water Factor e Deviance  df. P

Potential (~X%)

0.0 MPa Species 0.4398 174200 3 0,001
Management 0.0123 4897 2 0,001
Species = Management  0.0111 4403 5 <0.001
Tirre 03406 1349.00 1 <0.001
Time* 00488 19230 1 <0.0M
Time = Species 00844 33450 3 <0.0M
Time = Species x 00050 2010 7 0.005
Management
Time? = Spedes 0.0199 7913 ) <0.001
Model 0.9622 3811.03 25
Residual 0.0379 15028 339
Total 3960.60 364

—0.2 MPa Species 0.0703 295.60 3 0,001
Management 0.0051 2160 2 <0.0M
Species = Management 00226 9510 5 <0.0M
Time 06294 264400 1 <0.001
Time? 0.0809 340010 1 <0.001
Time > Species 0.1251 525.50 El <0.001
Time > Species x 0.0183 7695 7 <0.001
Management
Time? = Spedes 0.0134 56.49 3 <0.001
Model 09654 405534 25
Residual 00344 14475 339
Total 420060 364

—04MPa  Species 04743 122300 3 <0.001
Species < Management  0.0968 249,80 7 <0.001
Time 02573 663,60 1 <0.001
Time™* 0.0403 10410 1 <0.001
Time = Species 01044 269.40 3 <0.001
Time? x Spedes 00067 1735 3 <0.001
Model 09801 252725 18
Residual 0.0197 50,89 346
Total 2578.40 364

enhance seedlings establishment, as well as mechanisms that
increase the diversity of germination responses, which increases
the probability of germination success of at least one proportion of
the seeds produced.

Seed germination rates were affected according tw the
management type in 5 pruinosus and P chichipe, but not in
M. schenckii and P. chende. However, in all treatments seeds of
cultivated and wild populations of 5. pruinosus and B chichipe
germinated similarly among themselves, faster and in higher
cumulative percentage than seeds of in siln-managed populations.
These results do not confirm our original hypothesis predicting
higher requirements of water in seeds from cultivated populations
compared with seeds from wild and in situ-managed populations,
as suggested by studies with 5. stellatus by Rojas-Aréchiga et al
(2001) and with P. chichipe by Otero-Arnaiz et al. (2003), which
found that seeds of cultivated populations had higher cumulative
germination percentage and germinated faster than those from
wild populations. The authors of those studies suggested that
higher percentage and velocity of seed germination from cultivated
and in situ-managed populations could be assodated to artificial
selection in favor of larger and heavier seeds indirectly associated
to larger fruits, as well as to artificial selection that occasionally
practice the local people in favor of more vigorous seedlings (Casas
et al., 1999a). The morphometric studies by Luna {1999), Cruz and
Casas(2002)and Carmona and Casas (2005) found thatin the cases
of 5. pruinosus, P. chende, and P. chichipe, respectively, seeds from
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cultivated populations are significantly larger than those from wild
populations and, therefore, a pattern of germination behavior
similar to that of 5. stellarus was expected.

However, our results are not consistent with this explanation
and the reason appears to be related to study methods. Rojas-
Aréchiga et al. (2001) and Otero-Arnaiz et al. (2003) compared
germination rates of seeds from wild plants using individual plants
representing clear signs of domestication, whereas in our experi-
ments seeds from individual plants randomly sampled were mixed.
Under such different experimental conditions, it is possible t©
expect that germination of seeds from individual plants with dear
signs of domestication differed clearly with seed germination of
wild individual plants, whereas in the mixture of seeds from indi-
vidual plants with clear and no clear signs of domestication these
effects were apparently counteracted. This hypothesis can be tested
in further studies, but these patterns in turn can be explained
because in all cases analyzed domestication is incipient and gene
flow between wild and managed populations is high, continually
counteracting effects of artificial selection and adaptations to
germination under managed environments.

We found lower germination of seeds from in situ-managed
populations compared with seeds from wild and cultivated pop-
ulations. Such responses could be related with relatively higher
inbreeding occurring in these populations as it has been reported
by Otero-Arnaiz et al (2005a,b) for P chichipe, Ruiz-Durin (2007)
for. P. chende, and Parra et al. (2008) for. 5. pruinosus.

Summarizing, every spedes studied had specific responses
different water potentials and different capacities for resisting its
variations. At population level, artificial selection appears to have
affected little or nothing the germination responses and differences
found in the in situ-managed populations could be associated
inbreeding depression rather than to local adaptations to disturbed
environments. However, in order to identify more clearly particular
responses in germination behavior associated to domestication of
columnar cacti, it would be necessary to conduct experiments
controlling germination of seeds from individual plants with clear
signs of domestication and comparing with germination of seeds
from plants without these signs. It would be also necessary o
analyze seed germination of the species studied in relation to other
factors such as light, temperature, soil texture and nutrients, as well
as experiments in wild, in sitv-managed and cultivated environ-
ments, in order to identify other factors associated to management
that may influence germination. In addition, it would be important
to compare seedling performance after establishment, since it may
vary according to conditions of shade, soils and temperature,
factors that are highly variable under human management.

Responses in germination behavior associated to domestication
of columnar cacti are not clear enough for the moment. It is in part
due to the incipient level of domestication of these plants, and
more clear responses could be found controlling seed size assod-
ated to selection favoring fruit size. Also, interesting responses
could be found in performance of seedlings derived from larger
fruits seeds.
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Abstract Germination of wild and managed popu-
lations of columnar cacti was compared to analyze
differences associated to management intensity. The
species studied: Polaskia chende, Escontria chiotilla,
Myrtillocactus schenckii, Polaskia chichipe, and Sten-
ocereus pruinosus are in a gradient from lower to
higher management intensity, respectively, Within
each species wild, silvicultural, and cultivated popu-
lations also represent a gradient from lower to higher
management intensity. We hypothesized that seeds of
plants under higher management intensity would
require more water to germinate than others since
managed environments are relatively wetter than
unmanaged environments. Such pattern could be
visualized within and among species according to
management intensity. We tested germination of seeds
from different populations of the different species to
the water potentials: 0.0, —0.2, 0.4, —0.6, —0.8, and

[.0 MPa. In all species studied seeds of managed
populations had significantly more mass than seeds
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from wild populations. Each species had different
susceptibility to water availability decrease, which
could be related to particular adaptations to drought
resistance. Stenocereus pruinosus and Polaskia chende
were the most and least susceptible species, respec-
tively. In control treatments of all species, seeds of
managed populations had higher germination rate than
seeds from wild populations, but when water avail-
ability decreased the pattern was the contrary. Our
results suggest that artificial selection for larger fruits
and heavier sceds in plants established in wetter
environments have affected germination patterns.
Although species have particular critical points of

qater availability for germination, differences in
germination patterns are more pronounced according
to management and artificial selection intensity.

Keywords Artificial selection - Cactaceae -
Domestication - Germination and crop evolution -
Mesoamerica - Tehuacan Valley -

Traditional management

Introduction

Crop evolution directed by humans can drive a
significant differentiation in morphological. physio-
logical and reproductive aspects compared with their
wild relatives (Hawkes 1983: Harlan 1992). Such
differentiation results mainly from artificial selection

A .
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in favor of survival and reproduction of phenotypes
convenient to human beings and unfavouring or
eliminating other phenotypes (Darwin 185Y9; Harlan

1992). In areas where crops coexist with their wild
relatives, artificial selection changes the frequencies

of phenotypes and genotypes in managed populations
and those changes determine significant differentia-
tion between crops and wild relatives; however,
because gene flow continually counteracts effects of
selection, the resulting differentiation depends on the
amount of both processes (Casas et al. 2007).
Physiological aspects related to breaking dormancy,
velocity, and synchrony of seed germination have
important in relation to the human-made
environments where plants are propagated, as well
as the ease of manipulation of cultivated stands
(Hawkes 1983; Harlan 1992; Evans 1993; Frary and
Doganlar 2003).

Domestication is a continuous process which in
some cases has achieved total dependence of plants

been

on humans to survive and reproduce (Harlan 1992).
However, in numerous species the process has
intermediate levels of advance, depending on inten-
sity of artificial selection, the antiquity of the process,
and amount of gene flow among crops and wild
(Harlan 1992; et 2007). The
continuum of forms of management and domestica-

relatives Casas al.
tion degrees 1s particularly evident in areas with long
history of human culture of domestication, One of
this areas 1s Mesoamerica in central Mexico (Hawkes
1983), where domestication has been documented to
occur no only through cultivation but also through
management of wild plant populations in agroforestry
systems (Casas et al. 2007). Studies with Stenocereus
stellatus Riccob. (Casas et al. 1999b), Stenocereus
pruinosus (Otto) Buxb. (Luna and Aguirre 2001;
2008, Escontria chiotilla Rose (Arellano
and Casas 2003), Polaskia chende (Gossel.) A, C.
Gibson et K. E. Horak (Cruz and Casas 2002),
Polaskia chichipe (Rol.-Goss.) Backeb, (Otero-Ar-
naiz et al, 2005), and Myrtillocactus schenckii Britton
et Rose (Blancas et al. 2009) have documented cases
under different management and artificial selection

Parra et al.

mtensity in wild populations. in silviculture managed
populations in agroforestry systems, and in cultivated
stands in homegardens. These studies have identified
that the different degrees of intensity of artificial
selection have determined different degrees of mor-
phological and genetic divergences (Casas et al

Y .
41 Springer
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2007). These cases, therefore, ofter the possibility to
explore the consequences of management intensity in
physiological aspects such as germination.

Changes drniven by domestication on seed germi-
nation and seedling establishment of columnar cacti
have been seldom studied. Rojas-Aréchiga et al.
(2001) and Otero-Amaiz et al. (2003) found in
Stenocereus stellatus and Polaskia chichipe, respec-
tively that seeds from plants of managed populations
had higher germination velocity and percentage than
seeds from wild plants, suggesting that artificial
selection could have determined effects on germina-
tion. More recently, Guillen et al. (2009) evaluated
effects of different levels of water availability on
germination of seeds from managed and unmanaged
plants of Stenocereus pruinosus, Polaskia chichipe,
Mpyrtillocactus schenckii and Polaskia chende, finding
different levels of susceptibility to water availability
among species, but no clear patterns associated to
management. However, these authors recognize that
their results could to the fact that their
experiments were conducted with seeds selected from
individuals showing the clearest signs of domestica-
tion, whereas Guillén et al. (2009) utilized seed
samples of plants randomly chosen from each popu-
lation considered which, given the incipient level of

be due

domestication in all cases analyzed could obscure the
effect of domestication on germination patterns.

Morphometric studies have concluded that artificial
selection has favored plants producing larger fruits
with also larger and more numerous seeds (Casas et al.
1999b, Luna and Aguirre 2001, Hammer 2001, Parra
et al. 2008, Arellano and Casas 2003, Cruz and Casas
2002, Otero-Arnaiz et al. 2003, Blancas et al. 2009).
For instance, Rojas-Aréchiga et al, (2001) suggested
that in 8. stellarus seed size has been indirectly favored
because people favor larger fruits and this change
could explain the differences they found in germina-
tion behavior. Large sized seeds generally have more
developed embryos and higher reserves of energy, and
this is the reason why these seeds may have higher
germination rates and velocity (Evans 1993; Ayala-
Cordero et al. 2004). But also, these seeds may have
different requirements for germination (ie.

aater) than smaller seeds.

Studies of reproductive biology of S. srellatus
(Casas et al. 1999b), Polaskia chichipe (Otero-Arnaiz
et al, 2003), P. chende (Cruz and Casas 2002), and
E. chiotilla (Oaxaca-Villa et al. 2000) suggest that

more
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there are no spatial or temporal barriers for pollen
flow among populations under different management
type which have morphological and genetic diver-
gences and, therefore, such divergences have been
explained mainly as a result of artificial selection. It
has been proposed that differential success of seeds
and seedlings from cultivated plants in wild environ-
ments could favor the divergences documented
(Casas et al. 1999b). but this supposition has not
been tested yet. This supposition is based on the fact
that environments in homegardens are markedly
different than in wild populations, such homegardens
are generally more shaded, and soils are wetter and
with higher organic matter than in the wild (Casas
et al. 1999a, b). It i1s widely known that in wild
populations columnar cacti generally require nurse
plants able to provide shade and microenvironmental
conditions favorable to germinate and seedling
establishing (Drennan 2009). It is therefore clear that
these factors determine strong selection on seed and
is, however, unknown how
different are safe sites under nurse plants canopies
from sites in mesic homegardens.

seedling success. [t

Seed germination and seedling establishment are
critical stages in the life cycle of most plants, when
survival bottlenecks are most severe, putting in risk
viability of populations (Steenbergh and Lowe 1969;
Valiente-Banuet et al. 1991; De la Barrera et al. 2009),
Water availability 1s a main factor influencing these
stages in arid environments (Rojas-Aréchiga et al.
2001).

Edible fruits of Stenocereus pruinosus, Polaskia
chichipe, Myrtillocactus schenckii, Escontria chiofil-
la and Polaskia chende are among the principal
resources for people of the Tehuacan-Cuicatlin
Valley (Casas et al. 1999a; Hammer 2001). Fruits
of all these species are gathered in the wild, but all of
them are also under silvicultural management in
agroforestry systems, whereas 8. pruinosus, P. chich-
ipe, and M. schenckii are also cultivated in home-
gardens (Casas 2001; Casas et al. 1999a). Cultivation
of §. pruinosus is more intense because its vegetative
propagation is easier and exhibits a faster growth than
P. chichipe and M. schenckii. In turn, cultivation of
P. chichipe is more intense than that of M. schenckii
because people prefer its fruits. Escontria chiofilla
and P. chende are less intensely managed than
the other species mentioned because vegetative
propagation is less successtul and growth slower
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than in the other species (Cruz y Casas 2002;

Arellano and Casas 2003). Vegetative propagation
is particularly important in the process of domesti-
cation of cacti (Casas et al. 1999a, b; Hammer 2001).
In the columnar cacti studied people use to select
favorable phenotypes from which branches
extracted, dried and planted. In the cases of Stenoce-
reus species planting branches in vertical position is
the
Polaskia chichipe and Myrtillocactus schenckii veg-
etative propagation is more successful from branches
planted in horizontal position (Casas et al. 1999a, b,
2007; Blancas et al., 2009),

Our study
questions: (1) Is seed size correlated to management
intensity and in turn with germination patterns? (2) Has
management intensity determined susceptibility of
seeds to germinate in low water availability? If seed

are

most common cultivation form, whereas in

sas directed to answer the following

germination is affected by artificial selection in favor
of larger fruits, it is possible to expect that seeds of
more intensely managed columnar cacti plants are also
larger. Consequently, the germination behavior should
be different in seeds from plants of more or less
intensely managed populations, larger seeds germi-
nating more and faster. If conditions of managed
environments have influenced germination patterns, it
is possible to expect that seeds from plants of managed
populations are more susceptible to water availability
than seeds from wild plants. Thus, we expect that
differences between wild and managed populations
will be more pronounced in S. pruinosus. then in
P. chichipe, M. schenckii, and than in E. chiotilla and
P. chende.

Materials and methods
Study area

Wild and cultivated populations of Stenocereus pru-
inosus (Otto) Buxb, Polaskia chichipe (Rol.-Goss.)
Backeb. and Myrtillocactus schenckii Britton et Rose,
and wild and silvicultural populations of Polaskia
chende (Gossel.) A, C. Gibson et K. E. Horak and
Escontriia chiotilla Rose were studied in San Luis
Atolotitlan, Caltepec, and Coatepec in the municipal-
ities of Caltepec and Zapotitlin, Puebla within the

Tehuacan-Cuicatlin Biosphere Reserve (Fig. 1). Cli-

mate in the region is arid and semiarid with annual
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Fig. 1 Study area.
Location of populations of
the columnar cacti studied
in the Tehuacan-Cuicatlan
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mean temperature and precipitation of 18°C and
655 mm, according to the meteorological station of
Caltepec (Garcia 1981). Fruits of S. pruinosus and
E. chiotilla from wild and cultivated populations were
also collected in the municipality of Coxcatlan, Puebla,
with annual mean temperature and precipitation of
24°C and 441 mm, respectively (Casas et al. 1999a).
Stenocereus pruinosus and E. chiotilla are found in
the tropical deciduous forest and are distributed
mainly in alluvial soils, dominating the vegetation
along with the columnar cacti Pachycereus hollianus
(F. A. C. Weber) Buxb. and P. weberi (1. M. Coult.)
Backeb. (Valiente-Banuet et al. 2009; Casas et al.
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1999a). P. chende and P. chichipe are dominant
components of the thom-scrub forests locally called
“chichipera” developing on volcanic soils (Valiente-
Banuet et al. 2000). Myrtillocactus schenckii can be
found in “chichipera” but becomes the dominant
species in the vegetation type called “garambullal™
also growing on volcanic soils (Blancas et al. 2009).

Fruit and seed collection
Between April and May 2009, a total of eight mature

fruits per plant were collected from 10 individuals per
species in each population analyzed. Fruits collected
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were within the average =1 SD weight range reported
in previous morphometric studies in wild, silviculture
managed and cultivated populations (Cruz and Casas
2002; Arellano and Casas 2003; Otero-Araniz et al.
2003; Blancas et al. 2009; Parra et al. 2008). Seeds
were separated from the pulp and stored in paper bags
at room temperature (20 £ 2°C) until experiments
established. Before the experiments, seeds from each
population type were mixed and samples of 100 seeds
were separated and weighted.

Evaluation of percentage and velocity of seed
germination

The effect of water availability on percentage and
velocity of seed germination was analyzed through
different treatments of water potential controlled in a
growth chamber (Percival Scientific I-35 LL, Boone
lowa). Water potential treatments were created by
solutions at different concentrations of Polyetilengli-
col (PEG 8000, Sigma). PEG concentrations and their
water potential were determined using the program
Solute Potential and Molar-Molal-g Solute/g Water

Interconversion (SPMM, Michael and Radcliffe,
1985). The following solutions were tested:
(1) 0.0 MPa (control. with distilled water). (2)

0.2 MPa [0.021 M], (3) —0.4 MPa [0.028 M], (4)

0.6 MPa [0.033 M]. (5) —0.8 MPa [0.037 M]. and

1.0 MPa [0.041 M]. PEG solutions (20 ml) were
deposited in Petri dishes (100 x 15 mm) where 25
seeds were placed, using a piece of gauze in order to
avoid that the seeds sank in the solution. Petr1 dishes
were sealed with parafilm and incubated in the growth
chamber at constant temperature (25°C) and neutral
photoperiod (12 h light/darkness). Each treatment had
four replicates. Before the experiment, seeds were
disinfected during 15 min in a solution of 70%
Na(Cl10),. Germination
40 days; seeds were considered to have germinated
when radicle protrusion

ras recorded every 24 h for
ras observed.
Statistical analyses

Average weight of 80 fruits and 600 seeds were
compared among wild, silvicultured and cultivated
populations of eachspecies through one-way ANOV As,
Maximum germination was considered as the cumula-
tive percentage of germination after 40 days of starting
the experiment. Effects of management type and water
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potential on germination rate (germination percentage
per day) were evaluated through Deviance Analyses
using Generalized Linear Models (GLM., Crawley
1993). In these models. cumulative proportion of
germinated seeds was the dependent variable, time
(days from the experiment starting) was the continual
independent variable, and the water potential (factor
with six levels) and management type (factor with two
levels) were the categorical independent variables. We
used the binomial type error adjusting the data to a
logistic function for proportional dependent variables.
With this error type the deviance (equivalent to the
variance in models of normal type errors) is explained
by the independent variables may be considered as an
approximation to an X? value (Crawley 1993). Cumu-
lative proportion of seeds that germinated (v) after r days
sas described by the following model:

__ella+ (bt) — (cr?))]
I+ el(a+ (br) — (ct?))]

where a is the ordinate to the origin which indicates

the starting of germination, b is the starting germina-
tion rate, ¢ indicates the increasing of germination rate
(in which case ¢ has negative values) or the decreasing
of germination rate (in which case ¢ has positive
values) throughout time, Effects of management and
water potential treatments on germination rate were
evaluated through the deviance explained by the
interaction of each and both factors with the linear
or quadratic time (). analyzed with the program
GLIM version 3.77 (Royal Statistical Society 1985).

Results

Fruit and seed weight

In all species studied, fruits and seeds from cultivated
and silviculture populations were heavier than those
from wild individuals, except for the case of Polaskia
chende, in which differences in seed weight between
seeds from silviculture managed and wild populations
were not significant (Table 1),

Germination rates within species

All species studied germinated in water potential
gradients from 0.0 to —0.8 MPa, but only P. chende
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Table 2 Deviance analysis of the number of germinating seeds from wild and managed populations of the columnar cacti studied in

a gradient of water potential

5

Factor Deviance (~ x%) df P P

Stenocereus pruinosus Management 46.29 1 0.00774 <0.001
Water potential 3684.00 4 0.61607 =<0.001
Management x Water potential 113.19 4 0.01892 <0.001
Time 1558.00 1 0.26054 <0.001
Time? 373.10 1 0.06239 <0.001
Time x Management 15.40 1 0.00257 <0.001
Time x Water potential 69.69 4 0.01165 <0.001
Model 5859.67 16 0.97991
Residual 119.53 383 0.01998
Total 5979.80 399

Polaskia chichipe Management 286.10 1 0.06443 0.001
Water potential 943.70 4 0.21252 <0.001
Management x Water potential 343.50 4 0.07735 =<0.001
Time 2008.00 1 0.45221 <0.001
Time” 389.90 1 0.08780 <0.001
Time x Management 162.51 1 0.03659 <0.001
Time x Water potential 50.80 4 0.01144 <0.001
Time x Management x Water potential 89.67 4 0.02019 <0.001
Time* x Management 21.22 1 0.00477 <0.001
Time® x Water potential 10.27 4 0.00231 0.0361
Time” x Management x Water potential 16.76 4 0.00377 0.0022
Model 4322.43 29 0.97343
Residual 117.62 370 0.02648
Total 4440.40 399

Myrtillocactus schenckii Management 149.30 1 0.02944 <0.001
Water Potential 1923.00 4 0.37920 <0.001
Management x Water potential 447.00 4 0.08814 <0.001
Time 1942.00 1 0.38294 <0.001
Time” 393.30 1 0.07755 <0.001
Time x Management 31.10 1 0.00613 <0.001
Time x Water potential 21.64 + 0.00426 <0.001
Time x Management x Water Potential 12.15 4 0.00239 0.0163
Time® x Management 11.21 1 0.00221 <0.001
Model 4930.7 21 0.97229
Residual 140.60 378 0.02772
Total 5071.20 399

Escontria chiotilla Management 137.97 1 0.02787 <0.001
Water potential 1316.00 + 0.26591 <0.001
Management x Water potential 338.70 4 0.06843 <0.001
Time 2225.00 1 0.44958 <0.001
Time? 539.60 1 0.10903 <0.001
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Table 2 continued

=

Factor Deviance (~ x°) df " P
Time x Management 20.00 1 000404 <0.001
Time x Water potential 13.90 4 000280 =0.050
Time x Management x Water potential 25.60 4 000517 =<0.001
Time” x Management 35.85 1 0.00724 <0.001
Meodel 4652.62 21 0.94011
Residual 296.45 378
Total 4949.00 399

Polaskia chende Management 167.30 1 0.01816 <0.001
Water potential 1958.00 3 021256 <0.001
Management x Water potential 246.70 5 0.02678 =0.001
Time 5206.00 1 056518 <0.001
Time* 774.10 1 0.08403 <0.001
Time x Water potential 260.70 5 002830 =<0.001
Time x Management x Water Potential 272.30 6 002956 =<0.001
Time® x Water potential 21.80 5 0.00236 <0.001
Time? x Management x Water potential 23.50 6 0.00255 <0.001
Meodel 8930.40 35 0.96952
Residual 280.87 444
Total 9211.1 479

S. pruinosus, the treatments with lower water avail-
ability seeds from wild plants germinated better than
seeds from cultivated populations (Fig. 2 b—e). In
M. schenckii a similar trend was appreciated at
0.4 MPa, and seeds from cultivated populations
did not germinate in treatments at —(0.6 and —0.8 MPa
(Fig. 4c—e). Seeds from cultivated and silviculture
managed populations of P. chichipe and E. chiotilla,
respectively had lower germination rates than seeds
from wild populations at —0.8 MPa (Figs. 3e y Se),
whereas seeds from managed populations of P. chende
had lower germination rates than seeds from the wild
0.6, —0.8 and —1.0 MPa (Fig. 6d-f).
The interaction Quadratic time x Management
sas significant in P. chichipe, M. schenckii and
E. chiotilla, indicating that in these species there were
differences in the inflexion points of the germination

at

curves of seeds from wild and silviculture or
cultivated populations (Table 2; Figs. 3, 4, 5). The
mteraction Time x Management x Water potential
/as significant in all species studied except in §.
pruinosus, whereas the interaction Quadratic
time x Management x Water potential was signifi-

cant only for P. chichipe and P. chende (Table 2).
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Germination rates among species

Logistic models adjusted in all cases were significant,
explaining more than 96% of the total deviance
(Table 3). Time explains a high percentage of the
total variation (44% at 0.0 MPa, 56% at —0.2 MPa,
51% at —0.4 MPa, 33% at —0.6 MPa, and 21.5% at

0.8 MPa). This analysis showed that in all water
potential treatments there were significant differences
n in all the species and
management types studied, and the interaction Spe-
cies x Management was significant in all
potential treatments (Table 3). In control treatment,
Myrtillocactus schenckii was the species with the
latest germination starting in seeds of both wild and
cultivated populations, In populations of Stenocereus
pruinosus the germination starting also delayed as
water availability decreased.

germination  starting

ater

In all water potential treatments the interactions
Time x Species and Time x Management were sig-
nificant, indicating that there were significant differ-
ences in the germination curve slopes of all species
and among wild and managed (silviculture and
cultivated)  populations  (Table 3).

In  control
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Germination (percentage)

Fig. 2 Log-linear models of germination of seeds from wild
and cultivated populations of S pruinosus in different
treatments of water potential established through PEG 8000
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Fig. 6 Log-linear models of germination of seeds from wildp

and silviculture managed populations of P, chende in different
treatments of water potential established through PEG 8000
solutions

treatment seeds of both wild and managed popula-
tions of Stenocereus pruinosus and Polaskia chende
had the highest germination rates; however. when
water availability decreased P. chende maintained
high germination rates but S. pruinosus drastically
decreased them.

The interaction Quadratic time x Species was
significant in all water potential treatments, indicating
that there were significant differences in the inflexion
points of the germination curves of all the species
studied (Table 3). The interaction Quadratic
time x Management was significant only in treat-
ments of water potential 0.0, —0.2, and —0.4 MPa,
indicating that in these treatments there were signif-
icant differences in the inflexion points of germina-
tion curves of seeds from wild and managed
(silviculture or cultivated) populations in all species
analyzed (Table 3).

Discussion

Consistent with previous morphometric studies con-
ducted with the species analyzed, fruits and seeds of
managed populations were larger than fruits and
seeds from wild populations (Cruz and Casas 2002;
Arellano and Casas 2003; Otero-Arnaiz et al. 2003;
Blancas et al. 2009; Parra et al. unpublished). Such
results confirm that seed weight is related with fruit
weight and in turn with management intensity and,
therefore, germination patterns are in part indirectly
associated with artificial selection for larger fruits, as
suggested by Rojas-Arechiga et al. (2001) and Otero-
Arnaiz et al. (2003).

Our germination experiments generally agree with
those reported by Rojas-Arechiga et al. (2001) for
Stenocereus stellatus and Otero-Arnaiz et al. (2003)
for Polaskia chichipe. In conditions of high avail-
ability of water. seeds of managed populations of all
the species studied had higher germination rates.
Notably, at some critical point of water availability,
seeds from wild populations showed a better perfor-
mance than seeds from managed populations. Those
critical points were different

for each species
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Table 3 Deviance analysis of the number of germinating seeds from wild and managed populations of columnares cacti in different
water potential treatments

Factor Deviance (~ x%) df r P

0.0 MPa Species 1460.00 + 0.23297 <0.001
Management 491.80 1 0.07847 <0.001
Species x Management 269.70 4 0.04303 <0.001
Time 2752.00 I 043913 <0.001
Time? 570.10 1 0.09097 <(0.001
Time x Species 180.00 4 0.02872 <(0.001
Time » Management 104.70 1 0.01670 <(0.001
Time » Specie x Management 118.90 4 0.01897 <(0.001
Time? x Specie 35.60 4 0.00568 <0.001
Time” x Management 35.10 1 0.00560 <0.001
Model 6017.90 25 0.96028
Residual 249.39 374
Total 62606.80 399

—0.2 MPa Species 897.70 4 0.15464 <0.001
Management §.60 1 0.00148 <0.01
Species x Management 315.80 4 0.05440 <(0.001
Time 3291.00 1 0.56693 <(0.001
Time? 515.5 1 0.08880 <(0.001
Time » Species 294.79 4 0.05078 <0.001
Time » Management 100.60 1 0.01733 <0.001
Time » Species x Management 82.20 4 0.01416 <0.001
Time? x Species 2525 4 0.00434 <0.001
Time® x Management 27.18 1 0.00468 <0.001
Time? x Species x Management 18.09 4 0.00311 <0.01
Model 5576.71 29 0.96069
Residual 227.87 370
Total 5804.90 399

—0.4 MPa Species 1481.00 4 0.24449 <0.001
Management 35.08 1 0.00579 <0.001
Species x Management 310.30 4 0.05122 <0.001
Time 3094.00 1 0.51077 <0.001
Time? 552.70 I 0.09124 <0.001
Time x Species 238.67 4 0.03940 <0.001
Time > Management 38.90 1 0.00642 <0.001
Time » Species » Management 62.70 4 0.01035 <0.001
Time? x Species 41.61 4 0.00686 <0.001
Time? x Management 13.83 1 0.00228 <0.001
Time? x Species x Management 9.52 4 0.00157 <0.050
Model 5878.31 29 0.97041
Residual 179.81 370
Total 6057.50 399

5’; Springer
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Table 3 continued

Factor Deviance (~ x%) df P P
—0.6 MPa Species 2431.00 4 043254 =<0.001
Management 82.40 1 0.01466 =0.001
Species x Management 464.10 4 0.08257 <0.001
Time 1908.00 1 0.33948 =<0.001
Time? 414.40 1 0.07373 =<0.001
Time = Specie 80.23 4 0.01427 <0.001
Time x Management 6.40 1 0.00113 <0.05
Time > Species » Management 48.90 4 0.00870 =<0.001
Time? x Species 22.15 4 0.00394 =<0.001
Model 5457.58 24 097106
Residual 162.78 375
Total 5620.20 399
—0.8 MPa Species 3054.00 4 059978 =<0.001
Management 383.70 1 0.07535 =<0.001
Species x Management 33.15 4 0.00651 =0.001
Time 1095.60 1 021516 <0.001
Time? 246.70 1 0.04845 =<0.001
Time > Species 99.22 4 0.01948 =<0.001
Time > Management 16.44 1 0.00322 =0.001
Time x Species x Management 39.10 4 0.00767 <0.001
Time? x Species 21.68 4 0.00425 =<0.001
Model 4989.59 24 0.97992
Residual 102.71 375
Total 5091.80 399

(—0.2 MPa for Stenocereus pruinosus, —0.4 MPa for
Mpyrtillocactus  schenckii, —0.6 MPa for Polaskia
chende and —0.8 MPa for Polaskia chichipe and
Escontria chiotilla). These differences in critical
points could be related to the different susceptibility
of each species to low water availability. In general,
our results are also consistent with those reported
previously by Guillén et al. (2009) which indicate
that Srenocereus pruinosus 1s the most susceptible
species to water deficit, and Polaskia chende the most
resistant. However, our current data show a clear
pattern of higher susceptibility to water deficit of
seeds from managed populations since at that critical
point wild seeds performed better. This pattern
emerged clearly, compared with data reported by
Guillén et al. (2009), since the gradient of water
potential was broadened.

The germination differences observed between
seeds of wild and managed populations suggest that
besides artificial selection natural selection could be

acting differently into wild and managed habitats
since water availability, solar radiation, temperature,
and soil texture are in turn different. Therefore, the
environment could be contributing to selection of
phenotypes that could resist during germination and
establishment the conditions present in each habitat,
as was suggested by Rojas-Aréchiga et al. (2001) for
S. stellatus and Otero-Arnaiz et al. (2003) for
P. chichipe.

We hypothesized that the degree of divergence of
germination response would be more pronounced
between species according to the degree of manage-
ment intensity. This was not observed clearly in the
control treatment (0.0 MPa). Nevertheless it was
observed more clearly in the critical point which was
different for each species (—0.2 MPa for Stenocereus
pruinosus, —0.4 MPa for Myrtillocactus schenckii,
—0.6 MPa for Polaskia chende and —0.8 MPa for
Escontria chiotilla). Our results suggest that man-
agement intensity could be affecting the divergence

@ Springer
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degree between germination curves of wild and
managed populations in the species studied.
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ABSTRACT

Premise of the study: Previous studies of artificial selection on cacti of the Tehuacan
Valley identified morpho-physiological and genetic divergences between wild and
managed populations. To determine whether such divergences are associated to differences
in suwrvivorship in xeric and mesic environments, we hypothesized that seedlings from
managed populations would be more susceptible to xeric environments, and that differences
between wild and cultivated populations would be greater in species with higher
management intensity.

Methods: We compared seed weight and seedling size from wild and managed populations
of Stenocereus pruinosus, S. stellatus, Polaskia chichipe, and Escontria chiotilla,
representing a gradient from higher to lower management intensity. We compared seedling
survivorship under a shade and humidity gradient, and calculated their relative growth rate
(RGR).

Key Results: We found intraspecific significant differences in seed weight and seedling size
of wild and managed populations of all species. Differences in RGR between wild and
cultivated populations were significant in S. pruinosus and P. chichipe in both shade and
humidity gradients. Differences in survival between wild and cultivated populations were
significant in S. pruinosus and E. chiotilla in both shade and humidity treatments, and in P.
chichipe in shade treatments.

Conclusions: Artificial selection favoring larger fruits indirectly favors larger seeds and
seedlings. RGR and seedling survivorship of cultivated plants is generally higher in mesic
environments and these differences may contribute to explain morphological and genetic
divergences between wild and cultivated populations. We found interspecific differences

probably associated to adaptations to particular environments where the species occur.
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Keywords: Artificial selection; columnar cacti; domestication; genetic resources

management; seed size ecology; seedling establishment; seedling survivorship; RGR.
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INTRODUCTION
Domestication is an evolutionary process through which plant or animal populations used
by humans become adapted to human-made environments, the process of adaptation
causing morphological, physiological, and genetic divergences with respect to the original
wild populations (Darwin, 1859; Hawkes, 1983; Harlan, 1992; Casas et al., 2007).
Artificial selection operates favoring fitness of organisms that humans prefer, and are better
adapted to human-made environments, whereas natural selection and other evolutionary
forces continually contribute to model adaptation of organisms to non-human
environments, and such processes throughout time determine evolutionary divergence.
Artificial selection operates on phenotypic variation (both morphological and
physiological), favoring survival and reproduction of organisms convenient to people while
disfavoring or eliminating those organisms not convenient (Darwin, 1859; Harlan, 1992),
therefore determining changes in frequencies of both phenotypes and genotypes of
populations of living beings managed by humans compared with those occurring in wild
populations (Casas et al., 2007). Studies of domestication of plants have documented that
the enlargement in size of parts (seeds, truits) that are useful to people, as well as
physiological (e.g., germination patterns, life cycle length, and life form) and phenological
aspects are common changes associated with artificial selection (Hawkes, 1983; Harlan,
1992: Evans, 1993). Among the most relevant changes associated with the first steps of the
life cycle of domesticated plants, some studies have documented the loss of seed dormancy,
germination synchronicity, seedling vigor, and favorable establishment in human-made
environments (Hawkes, 1983; Harlan, 1992; Evans, 1993).

Changes determined by domestication generally determine higher vulnerability of

domesticated organisms to natural factors such as herbivore attack, reproduction etficiency,
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and general capacity of survival and reproduction in wild environments (Hawkes, 1983;
Harlan, 1992; Evans, 1993; Frary and Doganlar, 2003). At the highest levels of
domestication, plants are totally dependent on humans to survive and reproduce (Harlan,
1992), but in the peasant rural areas of tropical countries it is still common to find plant
populations at different degrees of domestication, which appears to be related to the levels
of intensity of artificial selection, the degree of isolation between wild and domesticated
populations, and the antiquity of the process of domestication (Harlan, 1992; Casas et al.,
2007).

Ethnobotanical studies in the Tehuacan Valley region have documented a broad
spectrum of types of interactions between people and plants, among them a variety of types
of agricultural and silvicultural practices such as tolerance, enhancing. special caring,
transplanting, and seed sowing of more than 300 native plant species(Casas et al., 2001;
Lira et al., 2009; Blancas et al., 2010). Previous researches info the columnar cacti species
Stenocereus pruinosus, S. stellatus. Polaskia chichipe, and Escontria chiotilla identified
three management types: 1) gathering of fruit from wild populations, which generally
involves strategies and social agreements among members of the communities; 2)
silvicultural management in agroforestry systems, which occurs when wild forest areas are
cleared for establishing crop fields, where some particular plant species and particular
phenotypes of some of those species are tolerated or let standing; decisions on what species
and phenotypes are let standing depend on characters such as fruit size. color, flavor,
thorniness, among others, according to the preference by people; 3) cultivation in
homegardens, where individual plants of columnar cacti with better use attributes are
vegetatively propagated; sometimes also their naturally established seedlings and young

plants are let standing and cared for (Casas et al., 1999a). Studies of S. srellatus (Casas et
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al., 1999b). S. pruinosus (Luna, 2001; Parra et al.. 2008, 2010). E. chiotilla (Arellano and
Casas 2003; Tinoco et al., 2005;0axaca-Villa et al., 2006), Polaskia chende (Cruz and
Casas, 2002), P. chichipe (Carmona and Casas, 2005; Otero-Arnaiz et al., 2005a,b), and
Myrtillocactus schenckii (Blancas et al., 2009; Ortiz et al., 2010) have identified processes
of artificial selection through both silvicultural and agricultural management and have
documented morphological, physiological, reproductive, and genetic divergences between
wild and managed populations resulting from artificial selection (Casas et al., 2007).
Studies that have investigated the changes determined by domestication on
germination and seedling establishment of columnar cacti are rare, but those studies
available reported significant differences in seeds and seedlings from wild and cultivated
plants. Studies of seed germination of S. stellatus and P. chichipe in optimum conditions of
water availability found higher velocity and percentage of germination of seeds from
managed populations than those from wild populations (Rojas-Aréchiga et al., 2001 ; Otero-
Arnaiz et al., 2003), which suggests that domestication has affected germination patterns in
this group of plants even when propagation by seeds is not relevant in their management.
Guillén et al. (2011) studied germination of seeds from wild, silvicultural managed
and cultivated populations of S. pruinosus, P. chichipe, M. schenckii, E. chiotilla, and P.
chende, species that represent a gradient from higher to lower management intensity,
respectively. In this study, germination was evaluated in a gradient of water availability,
findings that seeds from cultivated populations generally had more mass than seeds from
wild populations and that with the highest availability of water there was higher
germination than seeds from the wild. However, when water availability decreased seeds
from wild populations germinated better. When compared among species, Guillén et al.

(2011) found that each species had a critical point in which the differences between wild
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and cultivated populations were markedly significant. These results suggest that artificial
selection for larger fiuits has indirectly determined increase of seed size and, in turn.
determined germination patterns (and probably performance of seedlings) and
establishment in different environments. Casas et al. (1999b) proposed that the differential
success in seed germination and seedling performance of Stenocereus stellatus in wild and
cultivated environments could be a factor favoring divergence between wild and cultivated
populations. Particularly, these authors proposed that while seeds and seedlings derived
from both wild and cultivated plants of S. stellatus are successful in cultivated
environments, seeds and seedlings from cultivated plants having lower success in wild
environments than seeds and seedlings from wild plants. Germination experiments carried
out by Guillén et al. (2011) appear to confirm this hypothesis, but studies on seedling
performance have not yet been conducted.

Some studies have demonstrated that seed size is relevant in both seed germination
and seedling performance of some species of columnar cacti. Studying seeds of S. beneckei,
Avyala-Cordero et al. (2004) found different germination capacities according to seed size:
higher in intermediate size than in small seeds. Larger seeds generally have more developed
embryos with higher stored energy and may therefore have higher germination rates and
velocities as well as lower requirements of light (Evans, 1993; Ayala-Cordero et al., 2004),
and therefore, larger seeds produce more vigorous and competitive seedlings (Moles and
Westoby, 2004; Fenner and Thompson, 2005) than smaller seeds. However, larger seeds
require more water, nutrients and solar radiation to germinate than smaller seeds, probably
because plants producing them have adapted to conditions with higher protection, nutrients
and water existing in human-made environments. Pujol et al. (2005) documented that

seedlings of domesticated Manihot esculenta (cassava) diverge morphologically from those
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derived from its wild relatives M. esculenta ssp. flabellifolia and M. pruinosa. The
domesticated seedlings of cassava have longer hypocotyls and its cotyledons are leaf-like,
both characteristics of successful adaptations in cultivated environments. These
environments are less unpredictable (in case of fire) and more stable in water and nutrient
availability than wild environments, favoring faster growth, which is favorable for farmers
(Pujol et al.. 2005). This information suggests that in columnar cacti artificial selection
favors production of larger fruits with larger seeds than in the wild, with different
requirements for germination and seedling establishment. Environmental conditions in
human-made areas are different to those in wild environments and this situation may
contribute to explaining the morphological and genetic divergences among wild and
managed populations documented in several species (Casas et al., 1999b; Parra et al., 2010;
Arellano and Casas, 2003; Cruz and Casas, 2002; Otero-Arnaiz et al., 2005; Blancas et al..
2009).

In this study, we conducted common garden experiments to evaluate survival and
relative growth rate of seedlings derived from wild and cultivated plants of S. pruinosus, S.
stellatus, P. chichipe, and E. chiotilla in a gradient of shade and humidity, simulating xeric
and mesic environments similar to wild and cultivated conditions, respectively. The species
studied are important plant resources producing edible fruit (Casas et al., 1999a). There
were two main questions in our investigation: 1) do wild and cultivated plants of the
species studied have different requirements of shade and humidity for establishment? and
2) how different is survival and growth of seedlings derived from wild and cultivated plants
in xeric and mesic environments?

We hypothesized that if seed germination and seedling establishment have been

affected by artificial selection and selection associated to environmental differences
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between wild and human-made environments, then we would expect that seedlings derived
from cultivated plants: (1) have higher growth and are more vigorous under mesic
conditions, but (2) are more susceptible under xeric conditions than those derived from wild
plants. In other words, we expected divergence in survival and growth between seedlings
from wild and cultivated plants of a species of columnar cactus. Furthermore, such
divergence would be more pronounced between wild and cultivated populations of species
under higher management intensity; meaning higher in S. pruinosus, and progressively
lower in S. stellatus. P. chichipe. and E. chiotilla.

MATERIALS AND METHODS
Species and populations studied—W e studied wild and cultivated populations of S.
pruinosus, S. stellatus, P. chichipe, and E. chiotilla from Los Reyes Metzontla, San Luis
Atolotitlan. Caltepec, and Coxcatlan, Puebla in central Mexico, belonging to the Tehuacan-
Cuicatlan Biosphere Reserve (Fig. 1). Climate in Los Reyes Metzontla, San Luis
Atolotitlan. and Caltepec is semiarid with an annual mean temperature of 18°C, and rainfall
of 655 mm (Garcia, 1988), whereas in Coxcatlan the annual mean temperature and rainfall
are 24°C and 441 mm, respectively (Casas et al., 1999b). For each species we collected
seeds from two wild and two cultivated populations, except for E. chiorilla that is not
cultivated, but silvicultural managed.

Stenocereus pruinosus, S. stellatus, and E. chiotilla naturally form part of tropical
deciduous forests in alluvial areas, being dominant elements along with other species of
columnar cacti like Pachyecereus hollianus and P. weberi (Casas et al., 1999a). Polaskia
ehichipe and P. chende are dominant components of the thorn-scrub forest type described
as “chichipera” by Valiente-Banuet et al. (2000), which is distributed on soils derived from

volcanic rocks.

56



[Te RIS Ie RS BT SR VI IS BT

15

35

40

45

55

OO0~ s L

[as]

[N s N a N a NUNCa NN B R I R B I IS

Gl G B

Guillén et al.

Sampling of fruits and seeds—In May 2009 we collected fruits of S. pruinosus, P.
chichipe, and E. chiotilla. Tn September of that year we collected seeds of S. stellatus. For
each population, we collected 8 fruits from 10 individual plants randomly chosen. Each
fruit was measured, and weighted in order to analyze the correlation between fruit and seed
size. Seeds from each fruit were stored in paper bags at room temperature.

Production and management of seedlings—For each species and population type we
weighed 30 samples of 100 seeds, which were then disinfected, and sown in a soil mixture
comprised of similar proportions of sand, and peat moss with particles < lmm. After 30
days of sowing, we had the amount of similar age seedlings needed for our experiments.
From each sample group, a total of 36 seedlings were sampled to measure dry weight for
estimating the relative growth rate corresponding to the initial mass value. When starting
the experiment a total of 1188 seedlings were measured with a digital caliper Mitutoyo
Digimatic SR44 to determine the seedling size. Seedlings used for the different treatments
of shade and humidity were planted in pots of 10.5 cm diameter, 4 cm depth, and 150 g of
substrate (equal proportions of sand, peat moss and volcanic coarse sand with particles <
1.5 mm). Each replicate had a fotal of 66 seedlings.

In order to prevent any deleterious (damages) effects of the intense greenhouse
climatic conditions on seedling survival, seedlings were kept 30 days in the laboratory and
15 days in the greenhouse under the same conditions of light and humidity before being
submitted to experimental treatments. Fungi attack was prevented with Captan 10 g/l.
Experimental treatments of seedling establishment in xeric and mesic environmenis—In
order to evaluate seedling establishment of these species, and the different managed
populations studied, we conducted common garden experiments in a split plot design

evaluating the following factors: @) Humidity, with two levels given for the intervals of
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humidity percentages: 80-60% and 60-40%. For determining the treatments, we
characterized the real availability of water for plants through a curve of humidity liberation
from the substrate to be used in the experiment. This curve was generated according to the
method proposed by Campbell (2001), converting the content of water (in percentage) into
water potential (MPa). According to this curve, the humidity of the interval 80-60%
corresponds to a water potential of - 0.31 to 0.56 MPa, and that of the interval 60-80% to -
0.56 to - 3.0 MPa. Percentages of humidity were kept constant throughout the time of the
experiment, we irrigated daily with distilled water for four of the eight months period in
order to simulate rainy and dry seasons as naturally occurring in the Tehuacan Valley; b)
Shade, controlled through nets with different openings: 1) none (0%) or complete exposure,
2) 40%, and 3) 80%:; ¢) Management: 1)seedlings from wild populations, and 2) seedlings
from managed populations (cultivated populations and silvicultural populations in the case
of E. chiorilla). We established a total of 12 treatments per cactus species combining the
factors mentioned. Treatments had 3 replicates with 66 seedlings each, 34 of which were
used to monitor survival and 32 for monthly evaluation of growth through a destructive
method. Each treatment was continually monitored in environmental variables
(temperature, radiation, and relative humidity) through HOBO HE (Onset Computer
Corporation, Pocasset, Massachusetts, USA) sensors.

Environmental conditions of the greenhouse—During the eight months of the experiment
the average monthly temperatures were high (Fig. 2). The highest were recorded in May
(complete exposure = 29.97°C, shade 40% = 28.68°C, and shade 80% = 27.94°C). The
maximum temperatures recorded decreased significantly under the different conditions of
shade (complete exposure = 58.55°C, shade 40% = 57.4°C, and shade 80% = 50°C).

Differences of minimum temperatures were not significant among shade treatments
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(complete exposure = 3.31°C_ shade 40% = 3.74°C, and shade 80% = 3.81°C). Solar
radiation i each treatment of light did not have sigmficant fluctuations throughout the
experimental period, but it was significantly different between treatments (complete
exposure = 418 726 lum/foot®, shade 40% = 200.506 lum/foot’, and shade 80% = 123.767
]LlﬂL"fOﬂtz). Percentage of relative humidity in the experimental environment was low 1n the
treatment of complete exposure (30.134 %), and high in the treatment of higher percentage
of shade (51.234%).

Evaluation of survival and relative growth rafe—Survival was evaluated for a total of 33
weeks (221 days). and growth for five months (150 days), sampling at random four
seedlings per replicate. Each seedling was weighted in fresh and enveloped in aluminum
wrap and then oven dried at 90°C for 48 hours to determine dry weight and we calculated
the relative growth rate (R.GR) through the equation:

ln(Af2) — la{Af 1)
R ———————
t2-11

Where: M1 1s the starting mass value and A2 the final mass valoe through 1 time.
Stafistical analysis—Data of seed weight and starting seedling size within and among cacti
species, were analyzed by one-way and two-ways ANOVA_ testing the effect of the
categorical vaniables Species and Management. Data of seedling RGR were compared
through factorial ANOVA with a split plot design testing differences both inter and intra-
specific. When intra-specific differences were analyzed. the categorical vanables Shade.
Management, and Management were included. whereas for analyzing differences between
species we also included the categorical variable Specisas.

Data on seedling survival were analyzed through Cox’s models of proporfional risks

regression models (Cox and Oakes, 1984). These models allow analyvzing life time until

59



o e el
T N T T S ST I OO

Guillen et al.

occurrence of an event of interest (variable of interest a also denominated co-variable). The
function of survival at a given moment f is modeled in presence of co-variables. In this
model, the risk for the 7 - individual is defined by the equation:
2 (1.2, (8) = 2,0 70
Where: Z; (1) is the co-vanable vector for the i- individual at time £.
Time of survival was defined as the time interval befween the starting of the experiment,
and the death of the plant Individual plants remaining alive until the end of the experiment,
and for which the only information available was that they have survived for = 33 weeks,
were considered as censured for the right, assigning them the value 0 (zero) in the data
bases. In the infra-specific model of survival we included as co-variables the factors Shade,
Humidity, and Management. When we analyzed the four species together we included the
co-variables Species and Starting size of seedlings (S5), all of them as categorical co-
variables with the exception of the 55 that is a contimuous variable. For each intra and inter-
specific general model we tested the significance of each co-variable through deviance
analyses. When adjusted the Cox’s models. we conducted several tests in order to analyze
the null hypothesis that coefficients of each co-vanable were zero; we therefore performed
likelthood rafio, Wald, and score (log rank) tests. In addition, we conducted multiple range
tests of Tukey. All analyses were performed by the statistical program R (version 2.13 2. R
Development Core Team, 2008).

RESULTS
Seeds and seedlings size—Seeds of 5. prufmosus were the heaviest of all species analyzed,
whereas those of P. chichipe were the lightest (Table 1). In all the species studied. seeds

from wild populations were lighter than those from cultivated populations. The largest
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starting size of seedlings was recorded for S. stellatus and the smallest for P. chichipe and
E. chiotilla, but seedlings of P. chichipe from cultivated populations were larger than
seedlings of E. chiotilla from silvicultural managed populations (Table 1). In all species
studied, both seeds and seedlings from wild and cultivated populations were highly
significantly different (Table 1).

Relative growth rateIntra-specific—The intra-specific models of S. pruinosus and P.
chichipe show significant differences between relative growth rates of seedlings from wild
and cultivated populations (£<0.01 and P<0.05 respectively; Table 2) in the different
treatments of light and humidity; although, these factors alone were not significant. The
interaction Shade *Humiditv*Management was significant, indicating their influence on
seedling growth. In S. pruinosus, seedlings from wild populations had higher growth than
those from cultivated populations throughout the gradient of shade conditions (Fig. 3A).
Seedlings from cultivated populations grew less in shadow with higher amount of water
(Fig. 3A). In P. chichipe, seedlings from wild populations had higher growth than those
from cultivated populations under complete exposure; in general, seedlings from wild
populations grew better in treatments with high light exposure and low humidity; whereas,
seedlings from cultivated populations grew better in the 40% shade treatment and high
humidity, but their growth decreased in the conditions of higher shade and humidity (Fig.
30).

In S. stellatus and E. chiotilla none of the factors alone or their interactions was
significant. In S. srellatus seedlings from both wild and cultivated populations grew better
in conditions of complete exposure with high humidity; however, seedlings from cultivated
populations grew better in treatments with higher shade and humidity than those from wild

populations (Fig. 3B). Seedlings from wild populations of E. chiotilla grew better with
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higher humidity and shade, but those of silvicultural management populations grew better
with higher humidity and total exposition (Fig. 3D).

Inter-specific—When all species were analyzed, there were not significant differences
between treatments of shade and humidity, but there were significant differences between
management type and species (Table 3). In general, seedlings of P. chichipe and E. chiotilla
had the highest rates of relative growth (Fig. 3A-D).

Intra-specific survival

Stenocereus pruinosus—The deviance analysis of each co-variable showed that the co-
variables management(x’ = 18.83, df = 6, P = 0.004), humidity (x’= 15.76, df=6, P =
0.015, and shade (x’ = 33.059, df = 1, P<0.0001) influenced the model significantly. In
general, the model shows significant differences in survival between treatments of complete
exposure and treatments with shade (Table 4). In shade treatments, seedlings die slower
than in treatment of complete exposure, and at the end of the experiment some seedlings
survived (Fig. 4C). Seedlings from cultivated populations were more susceptible to the
treatment of complete exposure than those from wild populations (Fig. 4A). The model
shows significantly more seedling survival from cultivated populations into treatments with
higher humidity; moreover, higher seedling survival from wild populations in treatments
with lowers humidity (Table 4). The highest values of the coefficient exponent were
presented in the interactions CE, HH, Cultivated*S80, LH, Wild, and CE, HH,
Cultivated*S40, LH, Wild (Table 4). This indicates that seedlings from cultivated
populations have 392 .9 times higher risk to die in complete exposure and high humidity
conditions compared with seedlings from wild populations in 80% shade and low humidity
conditions, and 152.74 times than seedlings from wild populations in 40% shade and low

humidity (Table 4). According to the value of = from the model, the interaction CE, HH,
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Cultivated*S80. LH, Wild determines the highest contribution to the estimated model.
whereas the other co-variables and their interactions do not contribute significantly to the
model (Table 4), indicating that cultivated plants without shade and high humidity have
risk to die higher than seedlings from wild populations with 80% shade and low humidity.
The Tukey test shows that complete exposure and 40% shade (P = 0.007) and 80%
shade (P =0.031) treatments were significantly different, but no differences were identitied
between the shade treatments. Between levels of the co-variables humidity and
management no significant differences were identified.
Stenocerus stellatus—In the general model of Stenocereus stellatus none of the co-
variables alone was significant. In the plot of Fig. 5A it can be appreciated that in the
complete exposure treatment seedlings survive until week 28, and seedlings from cultivated
populations survive more with higher humidity. Seedlings survive longer in treatments with
higher shade, but high humidity decreases survival (Fig. 5C).
Polaskia chichipe—The deviance analysis previous to constructing Cox’s model shows
significant differences among shade treatments (x°= 29.13, df = 8, P<0.001). The model
shows differences in survival between complete exposure and shade treatments (Table 5)
and less time of survival under high radiation (Fig.6A). In treatments of complete exposure
and 40% shade with low humidity, seedlings survive longer, however no pattern associated
to management was significant (Fig. 6A, B). The exponent of the higher coefficient is that
of the interaction CE*S80, indicating that seedlings in complete exposure have a 0.30 times
higher risk of dying than in 80% shade (Table 5). The Tukey tests show significant
differences in survival between complete exposure and the 40% shade (P<0.001) and 80%
shade (P =0.031) treatment as well as among shade treatments (P =0.0231).

Escontria chiotilla—The model showed significant differences in survival between
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complete exposure and 40% shade treatments, as well as between high and low humidity
(Table 6). Throughout the light gradient seedlings with less humidity survived longer than
those receiving higher humidity (Fig. 7A-C). The highest value of the exponent coefficient
was found in the interaction CE, HH*S40, LH (Table 6), indicating that when seedlings are
exposed to high radiation and humidity, they have 2.716 times higher risk of dying than
those under 40% shade and low humidity. This interaction also shows the highest value of =
indicating its high contribution to the model. The Tukey tests showed significant
differences between complete exposure and 40% shade (P=0.01) treatments as well as
between humidity treatments (P = 0.0047).

Inter-specific survival

The model was constructed with the extreme levels of shade factor (complete exposure and
80% shade). The deviance analysis showed that each variable analyzed contributed to the
model significantly: the initial seedling size (x’ = 46.658, df = 32, P = 0.0455), management
(x’ = 78.665, df = 32, P<0.001), humidity (x’= 78.786, df = 32, P<0.001), shade (x’=
107.26, df =32, P<0.001), and species (ncj =126.68, df = 48, P<0.001).

The model showed significant differences in survival between 40% and 80% shade
treatments. Also, the model shows significant differences between P. chichipe in complete
exposure and S. pruinosus in 80% shade, as well as significant differences in survival
explained by the seedling initial size affected by shade treatments. The interaction CE, HH,
SS* S80, LH, SS had significant differences between P. chichipe and S. pruinosus (Table
9). The Tukey test showed differences between E. chiotilla and S. pruinosus (P<0.001) and
among the shade treatments (P = 0.015).

DISCUSSION

Seed weight and seedling size—Seeds from managed populations generally were larger
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and heavier than seeds from wild populations in all species studied, and our study therefore
supports the hypothesis that artificial selection for larger fruits has indirectly influenced
seed size and germination rate (Rojas-Aréchiga et al., 2001; Otero-Arnaiz et al., 2003;
Guillén et al., 2009, 2011). Higher germination rates could be in larger seeds could be
assoclated to larger embryo size, which. in cacti, provides the resources needed for
germination and seedling development as seeds lack endosperm and their perisperm is
scarce (Nuiiez, 2004). In general, the heaviest seeds were those of S. pruinosus and S.
stellatus and these seeds also produced the largest seedlings; however, S. stellatus had
smaller seeds than S. pruinosus and produced larger seedlings, apparently because
seedlings of S. stellarus develop faster than seedlings of S. pruinosus after germination.
Seedlings derived from cultivated populations were also generally larger than those derived
from wild populations, which is consistent with results reported by Ayala-Cordero et al.
(2006) who found significant correlation between seed and seedling size for the columnar
cactus Stenocereus beneckei.

Relative growth rate—1Tt appears that there are a negative correlation between seed size and
seedling relative growth rate. We observed that the lowest relative growth rates were
recorded 1 S. stellatus and S. pruinosus whose seeds were heavier than those of P. chichipe
and E. chiotilla, in these two last species we recorded the highest relative growth rates.
Comparing all the species studied, S. pruinosus had the largest seeds and the lowest relative
growth rates; likewise, wild seedlings of S. pruinosus and P. chichipe have higher relative
growth rates than cultivated seedlings, these differences were more evident in S. pruinosus,
the specie under the highest management intensity. This observation is consistent with
those reported for the columnar cacti S. beneckei, Neobuxbaumia mezcalaensis, and N.

macrocephala as well as other woody species in which relative growth rates correlate
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negatively with seed weight (Maranion and Grubb, 1993; Huante et al., 1995; Swanborough
and Westoby, 1996; Loza-Cornejo et al., 2003; Ayala-Cordero et al., 2006;
Miquelajauregui and Valverde, 2010). Besides seed size, shade and humidity appear to
influence the relative growth rate, and this pattern could be explained by the natural history
of the species. that 1s to particular adaptations of the different species to the environments
they are distributed.

Seedling survival—According to our results, it appears that biomass accumulation is a
factor that may influence seedling survival, but other factors are also significant. We found,
for instance, that, in general, seedlings survived more when they were less irrigated,;
humidity therefore seems to be a factor determinant for seed germination whereas the
amount of solar radiation seems to be a critical factor during the first steps of seedling
development. For a number of cacti species of the Tehuacan Valley shade of perennial
shrubs and trees significantly determine seedling survival compared with open areas
(Valiente-Banuet and Ezcurra, 1991; Godinez-Alvarez and Valiente-Banuet, 1998;
Godinez-Alvarez et al., 2003, 2003: Flores et al., 2004 Castillo-Landero and Valiente-
Banuet, 2010). In all species studied, higher solar radiation resulted in shorter periods of
seedling survival. In species like P. chichipe and E. chiotilla, which had the smallest
starting seedling size, seedlings survived shorter periods than seedlings of S. pruinosus and
S. stellatus. These results are consistent with those previously reported for S. heneckei in
which seedlings from smaller seeds were less resistant to hydric stress (Ayala-Cordero et
al., 2006). We also found that seedlings with less humidity had higher survival rates. High
humidity particularly aftects survival of seedlings of P. chichipe and E. chiotilla and this
could be due to particular adaptations of these species to dryer environments than

Stenocereus species, whose natural distribution areas are alluvial soils of bottom areas of
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gullies, these sites have relatively higher humidity than P. chichipe and E. chiotilla
distribution areas (Guillén et al., 2010). This observation is consistent with previous results
reported in our germination studies (Guillén et al., 2009; 2010) in which seeds of P.
chichipe and E. chiotilla had higher germination rates at lower water potential than seeds of
S. pruinosus and S. stellatus. In the Stenocereus species, we also observed longer survival
periods in treatments of higher humidity than in P. chichipe and E. chiotilla. Tt seems that
there is not a clear pattern associated to management in S. stellatus, P. chichipe, and E.
chiotilla, but cultivated seedlings of §. pruinesus were more susceptible to high radiation
than wild seedlings. In this species the high radiation conditions possibly could be the
critical point that makes intraspecific differences between wild and cultivated populations
more evident.

In S. stellatus, no significant differences were identified among the factors evaluated
(relative growth rate and survival). This result could be due to plasticity in adapting to
different environments. For instance, Hernandez-Gonzalez and Briones-Villareal (2007)
found that this species is photosynthetically efficient in environments with both high and
low solar radiation, and is able to adapt and survive in conditions of high radiation with
high humidity. Another possible explanation is the larger starting size of seedlings and their
relatively faster development compared with those of the other species studied. Further
studies should test this hypothesis, comparing seedling development stages rather than age.
Conclusion—Artificial selection favoring larger fruits has indirectly favored larger seed
size, germination rate, and seedling size. Environmental differences between wild and
cultivated areas should also determine differences in seed germination and seedling
establishment and, consequently, seedling survival and structure of wild and cultivated

populations. Besides, continue artificial selection and environmental differences, people
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may be contributing to a better survivorship of cultivated seedlings through particular
agronomic practices, all these factors may help explain the significant morphological and
genetic differences reported for some of the species studied, even when gene flow
associated to pollination is relatively high and counteracts the effects of artificial selection.
In the processes of germination and establishment the differences between wild and
cultivated populations are more evident in the species with higher management intensity,
but this can be observed only in critical points this could be due to the incipient
domestication state of the studied species. It would be necessary to conduct growth
experiments and survivorship observations in real conditions in order to identify more
clearly particular responses in establishing patterns associated to domestication.
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TABLES

Table 1. Seed weight (g) = standard error (100 seed samples) and initial seedling size (mm) = standard error from wild and

managed populations of columnar cacti species, representing 2 management gradient. Infraspecific and interspecific ANOVA of

seed weigh (n = 30), and initial seedling size (n = 1188) from wild and managed populations.

Intraspecific analysis

Specie Seed weight Seedling initial size

Wild Managed Wild Managed
5. pruinosus 0.200=0.002 0243x0004 Fppsg=03.187%** | 6.520=0.022  6.888+0.021 Fpamg=136.81%*
5 stellatus 0.153=0.005 0.190£0.017  Fp s5=4.250% 820620027 8534820032  Fya34=36.708%%*
P. chichipe 0.070=0.002 0.080+0.001 Fppsq=22.941"* | 3320=0.023 57490016 Fjyamg=222.04%=
E. chiotilla 0.114=0.009 0.164£0.008 Fps5=20.904*** | 540720017 55590015 Fu279=7916%*
Interspecific analysis
Factor df F df F
Specie 3 140,503+ 3 7560 49+
Management 1 45.131%*= 1 302.55%==
Specie*Management | 3 2.745% 3 25.01%**
Error 232 0496

=P=0.05, **P=0.01,*** P=0.001,
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Table 2. Results of the factorial ANOVA performed with S. pruinosus and P. chichipe
relative growth rate seedlings from wild and cultivated populations under differing
conditions of shade (complete exposure, 40, and 80%) and humidity(LH=60-40% and

HH=80-60%).

Stencereus pruinosus Polaskia
chichipe
Factor df F P daf F P
ErrorShade
Residuals 2 2.214e-05 2 3.359¢-06
Error: Shade:Humidity
Humidity 1 4e-04 NS 1 0.079 NS
Residuals 2 1.997e-05 2 2.615e-05
Error:Shade:Humidity:Management
Management 1 38.819 *¥ 1 8.508 *
Humidity:Management 1 2.689 NS 1 0.076 NS
Residuals 4 1.003e-05 4 2.493e-05
Error Within
Residuals 60  1.100e-05 60  1.885e-05

*P=0.05, **P<0.01,*** P<0.001, NS=No significant
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Table 3. Results of the factorial ANOVA performed relative growth rate seedlings of
different columnar cacti (S. pruinosus, S. stellatus, P. chichipe, and E. chiotilla) from wild
and managed populations under differing shade (complete exposure, 40, and 80%) and

humidity (LH=60-40% and HH=80-60%) conditions.

=

(8}

o
S}

Factor df F P

000 -

Error Shade

Residuals 2 1.44e-05

Error: Shade:Humidity
Humidity 1 0.258 NS
Residuals 2 4.,706e-05

Error:Shade:Humidity:Management

Management 1 38.108 otk
Humidity:Management 1 1.385 NS
Residuals 4 5.557e-06

Error Within

Specie 3 76.784 otk

Specie:Humidity 3 1.812 NS

Specie:Management 3 7.634 *kk

Specie:Humidity:Management 3 0.601 NS
Residuals 264 1.780e-05
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*P=0.05, **P=0.01.*** P<0.001, N.S.=No significant
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Table 4. Cox proportional-hazards regression model of wild and cultivated Stenocereus pruinosus seedlings under differing

shade (CE=complete exposure, S40=40%. and S80=80%) and humidity (LH=60-40% and HH= 80-60%) conditions.

Variable Coefficient Exp (Coef) E.E. 4 P
CE*S40 -3.900 0.020 1.300 -3.002

CE*S80 -3.125 0.044 1.244 -2.511

HH*LH 0.003 1.003 0.876 0.004 NS
Cultivated*Wild -0.548 0.577 0.820 -0.668 NS
CE, HH*S80, LH -2.237 0.106 1.268 -1.764 NS
CE, HH*S40, LH -1.052 0.350 1.222 -0.861 NS
CE, Cultivated* S80, Wild -1.685 0.184 1.230 -1.370 NS
CE, Cultivated* S40, Wild -0.874 0.417 1.203 -0.726 NS
HH, Cultivated* LH, Wild -4.073 0.017 1.623 -2.509

CE, HH, Cultivated*S80, LH, Wild 5.973 392.900 2.137 2.800

CE, HH, Cultivated*S40, LH, Wild 5.028 152.744 2.062 2438

R=0674 (max possible=0.995); Likelihood ratio test=40.39 11 df, P=0.001; Wald test=24.03, 11 df . P<0.05; Score (logrank) test=34 34, 11 df,

P=0.001.

*P=0.05, **P=0.01*** P<0.001, N.5=No significant
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Table 5. Cox proportional-hazards regression model of wild and cultivated Polaskia
chichipe seedlings under differing shade (CE=complete exposure, S40=40%, and

S80=80%) conditions.

Variable Coefficient Exp (Coef.) E.E. 4 P
CE*S540 -1.18 0.092 0.561 -4.24 *
CE*S80 -2.380 0.307 0.480 -2.46 ook

R=043 {max possible= 0.993); Likelihood ratio test= 20.21, 2 df, P=0.001; Wald test = 18, 2 df, P=0.001; Score

(logrank) test=21.73.2 df, P=0.001.

*P=0.05, **P=0.01,*** P=0.001, N.S.=No significant
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Table 6.Cox proportional-hazards regression model of wild and managed Escontria
chiotilia seedlings under differing shade (CE=complete exposure, S40=40%, and

S80=80%) and humidity (LH=60-40% and HH=80-60%) conditions.

Variable Coefficient Exp (Coef) E.E. z P
CE*S40 -1.930 0.145 0.667 -2.89 ok
CE*S80 -1.134 0.322 0.622 -1.82 N.S.
HH*LH -1.899 0.150 0.672 -2.83 ok
CE, HH*S80, LH -1.395 0.248 1.080 -1.29 N.S.
CE, HH*S40, LH 0.999 2.716 0.892 1.12 N.S.

R=057 (max posible= 0.995): Likelihood ratio test= 30.37, 3 df. P<0.001; Wald test =23 38 5 df. P<0.001; Score

(logrank) test= 32.89. 5 df., P<0.001.
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*P<0.05, **P=0.01.*** P<0.001, N.5.=No significant
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Table 7.Significant co-variable (SS=starting size, shade, and humidity) interactions of Cox
proportional-hazards regression model of wild and managed columnar cacti (S. pruinosus,
S. stellatus, P. chichipe, and E. chiotilla) seedlings under differing shade (CE=complete

exposure, S40=40%, and S80=80%) and humidity (LH=60-40% and HH=80-60%)

conditions.

Variable Coefficient Exp (Coef) E.E. z

CE*S80 -198.236 8.07e-87 81.5 -2.433
P. chichipe, CE* S. pruinosus, 80 287.707 8.90e+124  89.5 3.216
CE, SSi* S80, SS 33.854 5.04e+14 14.3 2.364
P. chichipe, CE, SS* S. pruinosus, S80%, SS -47.635 2.05e-21 153 -3.104
CE, HH.SS* S80, LH, SS -36.163 1.97e-106 17.3 -2.091
P. chichipe, CE, HH, SS* S. pruinosus, 80, LH, SS. 51.550 2.44e+22 18.5 2.780

R’=0.895 (max possible=0.999); Likelihood ratio test=216.8, 63 df. P=0.001; Wald test=101.4, 63 df. P=0.01: Score

(logrank) test=252.2. 63 df, P=0.001.

*P<0.05, #*P=0.01,%** P<0.001, N.S.=No significant
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FIGURE LEGENDS

Fig. 1. Study area. Location of columnar cacti populations studied in the Tehuacan-
Cuicatlan Biosphere reserve, central México.1=S. pruinosus; 2=S. stellatus: 3=P. chichipe,
and 4=E. chiotilla. W=wild population: S=silviculture managed population. and

C=Cultivated population.

Fig. 2. Temperature (A), radiation(B), and relative humidity (C) conditions registered
inside the greenhouse (where the experiments were conducted) under three different shade
(CE=complete exposure, S40%=40%, and S80%=80%) conditions between September

2010 and May 2011.

Fig. 3. Relative growth rate + EE of different columnar cacti (S. pruinosus, S. stellatus, P.
chichipe, and E. chiotilla) under differing shade (CE=complete exposure, S40%=40%, and

S80%=80%) and humidity (LH=60-40% and HH=80-60%) conditions.

Fig. 4. Stenocereus pruinosus seedling survivorship curves from wild and cultivated
populations under differing shade (CE=complete exposure, S40%=40%, and S80%=80%)

and humidity (LH=60-40% and HH=80-60%) conditions.

Fig. 5. Stenocereus stellatus seedling survivorship curves from wild and cultivated

populations under differing shade (CE=complete exposure, S40%=40%, and S80%=80%)

and humidity (LH=60-40% and HH=80-60%) conditions.
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Fig. 6. Polaskia chichipe seedling survivorship curves from wild and cultivated populations
under differing shade (CE=complete exposure, S40%=40%. and S80%=80%) and humidity

(LH=60-40% and HH=80-60%) conditions.

Fig. 7. Escontria chiotilla seedling survivorship curves from wild and silviculture managed
populations under differing shade (CE=complete exposure, S40%=40%, and S80%=80%)

and humidity (LH=60-40% and HH=80-60%) conditions.
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CAPITULO 4

CONDUCTIVIDAD DEL XILEMA Y VULNERABILIDAD DE PLANTULAS DE CACTACEAS

COLUMNARES SILVESTRES Y CULTIVADAS EN AMBIENTES XERICOS Y MESICOS .
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CONDUCTIVIDAD DEL XILEMA Y VULNERABILIDAD DE PLANTULAS DE CACTACEAS
COLUMNARES SILVESTRES Y CULTIVADAS EN AMBIENTES XERICOS Y MESICOS .

INTRODUCCION

La domesticacion es un proceso evolutivo dirigido por los seres humanos, que
resulta de la continua manipulacibn de la variacion morfologica y fisiolégica de
poblaciones de plantas y animales (Hawkes, 1983; Harlan 1992; €ashs2007). Se
desarrolla principalmente favoreciendo la supervivencia y reproduccion de fenotipos
convenientes a los seres humanos y desfavoreciendo o eliminando otros no convenientes,
proceso que se conoce como seleccidn artificial (Darwin, 1859; Harlan, 1992). La seleccion
artificial puede tener efecto sobre caracteristicas morfolégicas vy fisiolégicas y determinar
cambios en las frecuencias de los fenotipos y genotipos de las poblaciones de organismos
manipulados con respecto a las que existen en poblaciones silvestrese(@hsaX)07).

Entre los cambios asociados a la seleccion artificial que se han documentado en plantas
destacan: mayor tamafo y diversidad morfoldgica de las partes Utiles de la planta; cambios
fisiolégicos como pérdida de latencia en las semillas, mayor velocidad y sincronia de la

germinacion; asi como mayor vigor de las plantulas. Algunos de estos cambios involucran

pérdida de mecanismos de proteccion contra herbivoros o la pérdida de mecanismos
naturales de reproduccion, lo que disminuye o cancela a las plantas domesticadas
capacidades de sobrevivir y reproducirse en ambientes silvestres (Hawkes, 1983; Harlan,

1992; Evans, 1993; Frary y Doganlar, 2003).

La domesticacion es un proceso continuo. En sus niveles mas avanzados las plantas
alcanzan una total dependencia del hombre para sobrevivir y reproducirse (Harlan, 1992).

Pero en las &reas campesinas pueden encontrarse plantas con diferentes grados de
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domesticacion, los cuales parecen relacionarse con los grados de intensidad con los que
opera la seleccién artificial o a la antigliedad con la que este proceso se ha llevado a cabo
(Harlan, 1992). La domesticacion generalmente se asocia al cultivo de plantas, pero varios
autores han documentado en diversas especies mesoamericanas un modelo de
domesticacion asociado al manejo silvidalaituy, el cual puede explicar la domesticacion

de diversos arboles, agaves, cactaceas columnares y aun de algunas plantas anuales (Casas
et al., 2007). En cactaceas columnares, por ejemplo, diversos estudios realiz&los en
stellatus(Casat al., 1999 a,b)S. pruinosugLuna y Aguirre, 2001; Parra, 2008, 201B),

chiotilla (Arellano y Casas, 2003; Tinoed al, 2005),P. chendgCruz y Casas, 2002p.

chichipe (Carmona y Casas, 2005; Otero-Arnatal., 2003; 2005a, b) Myrtillocactus
schenckii (Blancas, 2009; Ortiet al., 2010) han identificado procesos de seleccion
artificial bajo manejon situ y ex situy distintos grados de divergencias morfolégicas,
fisiologicas y genéticas entre las poblaciones silvestres y manejadas de una misma especie
y tales divergencias pueden variar entre especies bajo distintas intensidades de seleccion
artificial (Casat al., 2007). Ademéas, también se han encontrado diferencias asociadas a la
seleccion artificial en los primeros estadios de vida. Rojas-Aréehigh (2001) y Otero-

Arnaiz et al (2003) estudiaron la germinacién de semillas provenientes de poblaciones
silvestres y manejadas & stellatusy P. chichiperespectivamente, y reportaron mayor
velocidad y porcentaje de germinacion en semillas provenientes de poblaciones manejadas,
bajo condiciones Optimas de humedad. Guital (2009; 2011; 2012) realizaron diversos
estudios con diferentes especies de cactaceas columnares ubicadas en un gradiente de
intensidad de manejo y compararon los patrones de germinacion y establecimiento de
poblaciones silvestres y manejadas en condiciones xéricas y mésicas. En estos estudios se

encontro que las semillas de las poblaciones manejadas son mas grandes, tienen mayores
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tasas de germinacion, y generan plantulas de mayor tamafio respecto a las semillas
silvestres, pero también, que son mas susceptibles en condiciones de estrés que las semillas
de poblaciones silvestres. Ademas, las plantulas de las especies mas intensamente
manejadas muestran mayor susceptibilidad a condiciones xéricas. En estas especies, la
seleccion artificial de frutos de mayor tamafio ha tenido efecto indirecto en el tamafio de las
semillas, y a su vez en la tasa de germinacion y en el tamafio de las plantulas generadas que
parecen sobrevivir diferencialmente en ambientes silvestres y cultivad@eotereus
beneckei también se reportaron diferencias en la capacidad de germinacion, crecimiento y
supervivencia de las plantulas asociados a diferentes categorias de tamafo de las semillas
(Ayala-Corderoet al., 2004; 2006), estos resultados parecen indicar que el tamafio de las
semillas influye en el vigor de las plantulas debido a cambios morfo-anatomicos que
determinan la capacidad de establecerse exitosamente bajo determinadas condiciones
ambientales.

Las caracteristicas anatdmicas de los sistemas de conduccion hidrica de las plantas
impactan en gran medida sobre la eficiencia en su conductividad hidraulica. Bajo
condiciones de estrés hidrico ocurre la cavitacion, en la que se introduce aire en los vasos
formando un embolismo (Tyree y Sperry, 1989), el cual opone resistencia al flujo de agua y
es determinante de la supervivencia o no de las plantas. No esta claro qué determina la
vulnerabilidad a la cavitacion entre las especies, una hipotesis inicial explica que a mayor
diametro de los vasos mayor vulnerabilidad (Tyree y Sperry, 1989; Lo Gullo y Salleo,
1991; Hargraveet al, 1994). Si esta hipétesis es correcta, entonces de acuerdo con la
ecuacion de Hagen-Poiseuille, la conductividad hidraulica de vasos de diametros amplios
sera mayor pero mas vulnerable a la cavitacion. Se conoce que el xilema puede ajustar el

diametro de los vasos y su numero dependido de la disponibilidad de agua a lo largo del
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afo en especies perennes (Zimmermann, 1983). En plantulas de cactaceas columnares no se
han realizado estudios en los que se midan las caracteristicas del sistema de conduccion
hidrica y en los que se estimen la conductividad hidraulica del xilema y el indice de
vulnerabilidad a la cavitacion, caracteristicas que podrian determinar la supervivencia de
las plantulas en distintos ambientes.

Las hipotesis de este estudio son que si la seleccidn artificial ha tenido efecto en el
tamafio de las semillas e indirectamente en la capacidad de germinacion y susceptibilidad a
los ambientes hidraulicamente estresantes, entonces también podria tener efecto en las
caracteristicas del sistema conductor de las plantulas. Esto es, que las plantulas derivadas
de poblaciones cultivadas podrian presentar menor proporcion de vasos pero de diametro
amplio, lo que determinaria su mayor vulnerabilidad a la cavitacion bajo condiciones de
estrés que las plantulas derivadas de semillas silvestres, las cuales se esperaria que tuvieran
mayor proporcion de vasos con diametros angostos. Al comparar diferentes especies
ubicadas en un gradiente de intensidad de manejo, se esperaria que en las especies mas
intensamente manejadas las diferencias en el sistema vascular entre plantulas de
poblaciones silvestres y cultivadas sean mayores. Las preguntas principales de esta
investigacion son, entonces: ¢ Hay diferencias en el sistema vascular de plantulas silvestres
y manejadas? ¢Las diferencias anatbmicas son mayores en las especies mas intensamente
manejadas? ¢Cambia la conductividad hidraulica y el indice de vulnerabilidad a lo largo de
un gradiente de estrés?

Al responder estas preguntas podremos determinar si la seleccion artificial ha
ocasionado cambios anatomicos en el sistema vascul&r gauinosusS. stellatusP.
chichipey E. chiotilla, especies ubicadas en un gradiente de intensidad de manejo y si tales

diferencias podrian estar determinando el éxito diferencial en la supervivencia de plantulas
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silvestres y cultivadas en ambientes xéricos y mésicos. Asimismo, explicar las divergencias
morfoldgicas, fisiolégicas y genéticas entre las poblaciones silvestres y manejadas
registradas en estudios previos.

MATERIALES Y METODOS

Especies y poblaciones estudiadaBstudiamos poblaciones silvestres, silvicolas y
cultivadas de las especi8s pruinosusS. stellatusP. chichipey E. chiotilla, las cuales se
distribuyen en los municipios de Los Reyes Metzontla, San Luis Atolotitlan, Caltepec y
Coxcatlan, dentro de la Reserva de la Biosfera del Valle de Tehuacan-Cuicatlan. De
acuerdo con la estacion meteorolédgica de Caltepec, la mas cercana a los municipios de Los
Reyes Metzontla, San Luis Atolotitlan, el clima es semiarido con una temperatura media
anual de 18 °C y lluvia media anual de 655 mm (Garcia, 1988), mientras que en el
municipio de San Rafael Coxcatlan, la temperatura y la lluvia media anual es de 24 °C y
441 mm respectivamente (Cases al., 1999b). Para cada especie se estudiaron dos
poblaciones silvestres y dos cultivadas, excepto para el cako cdotilla que no se

cultiva, por lo que solo se estudiaron poblaciones silvestres y bajo manejo silvicola.

Las especie$. pruinosusS. stellatusy Escontria chiotillaforman parte de matorrales
espinosos y se encuentran entre los componentes dominantes de los bosques tropicales
Secos junto con otras especies de cactaceas columnarekaoaicocereus hollianug P.

weberi y en los que predominan los suelos aluviales (Gasals 1999a). La especke

chichipe es un elemento dominante junto dnchendede una asociacion vegetal muy
particular de los matorrales espinosos denominada “chichipera” (Valiente-Bznalet

2000), este tipo de asociacion vegetal esta distribuida en suelos pedregosos derivados de

rocas volcanicas.
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Muestreo de frutos y obtencion de semilla&r-mayo del afio 2009 se colectaron frutos
deS. pruinosus, P. chichipgE. chiotilla,y en septiembre del mismo afio los frutosSde
stellatus Para cada tipo de poblacion se tomaron al azar 10 individuos, de los que se
colectaron como maximo 8 frutos maduros, tomando en cuenta la amplitud de tamafio
promedio y su desviacion estandar reportados previamente en estudios morfométricos de
poblaciones silvestres y cultivadas (Cruz y Casas, 2002; Arellano y Casas, 2003; Otero-
Arnaizet al., 2003; Blancast al., 2009; Parrat al., 2008). Cada fruto se midi¢ y se peso

con la finalidad de tener control del tamafio de los frutos y de las semillas. Las semillas de

cada fruto se almacenaron individualmente en bolsas de papel hasta su posterior uso.

Obtencién y manejo de plantulasPara cada tipo de poblacion de la especies estudiadas

se sembraron semillas en charolas con suelo estéril conformado por una mezcla de iguales
proporciones de arenapeat mossambos materiales con particulas menores a 1 mm.
Después de 30 dias de haber sembrado las semillas se tenian plantulas de la misma edad.
Un total de 66 plantulas que fueron sembradas sobre un sustrato conformado de una mezcla
de proporciones iguales de arepa@at mosy tezontle con particulas menores a 1.5 mm en
macetas de 10.5 cm de diametro x 4 cm de profundidad, y con 150 g de sustrato. Antes de
someter a las plantulas a los tratamientos de sombra y humedad, éstas se aclimataron
manteniendo las macetas dentro del laboratorio por 30 dias y 15 dias en invernadero bajo
las mismas condiciones de luz y humedad disminuyendo el riego paulatinamente. Los

hongos se controlaron aplicando fungicida (Captan 10 g/l).

Establecimiento en ambientes xéricos y mésicéara evaluar el establecimiento de las
diferentes especies estudiadas se realizaron experimentos reciprocos en invernadero bajo un

disefio experimental de parcelas divididas en el que se evaluaron los fa(dres:
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Humedad con dos niveles o intervalos de porcentaje de humétip80-60% y(2) 60-

40%, para establecer estos tratamientos se caracterizo6 la disponibilidad real de agua para las
plantas mediante una curva de liberacion de humedad con el sustrato que se utilizaria. La
curva fue generada en el laboratorio de acuerdo al método propuesto por Campbell (2001)
convirtiendo el contenido en porcentaje de agua a potencial hidrico; de acuerdo con los
resultados, el tratamiento de 80 a 60% de humedad tenia un alto potencial hidrico (-0.31 a
0.56 MPa), mientras que el tratamiento de 60 a 80% tenia in potencial hidrico muy bajo (-
0.56 a -3.0 MPa). Para mantener constantes los porcentajes de humedad y mantener el
potencial hidrico dentro de los rangos establecidos se irrigd diariamente con la cantidad
apropiada de agua destilada durante 4 meses de un total de 8 que duré el experimento. Esto
se hizo con la finalidad de simular una época de lluvias y otra de sequia como ocurre en
condiciones naturales en el Valle de Tehuacan (De la Barrera, comunicacion pefispnal);
Sombra por medio de malla sombra con diferente apertura se establecieron los siguientes
tratamientos: (1) 80%, (2) 40% vy (3) 0% o exposicion total; (c) Manejo(1) plantulas
provenientes de poblaciones silvestrg¢2)yplantulas de poblaciones manejadas (cultivadas

o silvicolas). Se tuvo un total de 12 tratamientos por especie derivados de las
combinaciones de los tres factores referidos. Cada tratamiento tuvo tres réplicas, cada una

con 32 plantulas. Cada 30 dias se tomaron al azar dos plantulas por réplica.

Procesamiento de tejidos, conteo y medicion de los vasos del xilema en haces
vasculares—Las plantulas fueron seccionadas en cortes transversales e inmersas en una
solucion fijadora de Glutaraldehido al 50% y un buffer de fosfato al 50% con pH de 7.4
(Ruzin, 1999) dentro de frascos envueltos en papel aluminio para evitar el paso de la luz.

Los frascos se mantuvieron en refrigeracion hasta su posterior uso. Se disectaron las
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plantulas y el epicotilo se procesé con la microtecnia convencional de inclusion en parafina
(Ruzin, 1999) y se hicieron cortes transversales con un microtomo rotatorio a 12 pm de
espesor. Los cortes se montaron en lamillas y fueron tefiidos con safranina-verde rapido
(Ruzin, 1999) para poder diferenciar el xilema en los haces vasculares. Posteriormente, por
muestra se selecciono el corte mas nitido (en el cual el corte transversal fuera perfecto), se
contd el numero de haces vasculares y se tomao al azar un haz vascular en el que se midio el
lumen de cada vaso (diametro mayor y menor) con ayuda de un analizador de imagenes
(Image ProPlus version 6.1, Media Cybernetics 2007); adaptado a un microscopio
Olympus. Al observar las muestras, en algunos casos se observé presencia de haces
vasculares de diferente tamafo (dimorfismo), por lo que en estos casos clasificamos y
registramos el tamafio de los haces vasculares, los contamos y en cada uno medimos el

numero de vasos.

Estimacion de la conductividad hidraulica relativa e indice de vulnerabilidade todos

los vasos medidos por haz vascular, se consideraron en el analisis solo los vasos de mayor
tamafio. Se calcul6 la mediana del diametro mayor de todos los vasos y para las
estimaciones de conductividad hidraulica relativa e indice de vulnerabilidad se
consideraron los vasos con diametro mayor a la mediana. La variacion en la eficiencia y la
susceptibilidad al dafio durante la conduccibn de agua fue evaluada a través de
conductividad hidraulica relativa (Zimmermann, 1983) y el indice de vulnerabilidad
(Carlquist, 1977). La conductividad hidraulica relativa fue estimada utilizando la ecuacién

modificada de Hagen-Poiseuille (Fagthal, 1986):

CR=r*FV
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dondeCR es la conductividad relativa,es el radio del didmetro mayor del vasWla

frecuencia de vasos por haz vascular.

El indice de vulnerabilidad fue calculado utilizando la ecuacion:

DV

FV

dondeV es la vulnerabilidad)V es el diametro mayor del vas#Y la frecuencia de vasos
por haz vascular. Cuando los valores de los indices de vulnerabilidad son de 1 o menores,

indican que la susceptibilidad en condiciones de estrés es menor.

RESULTADOS Y DISCUSION

Los haces vasculares al inicio del experimento en todas las especies fueron
pequefios y con pocos vasos de diametro angosto (Tabla 1, Figura 3a-d). Durante los 4
primeros meses en que se irrigaron las plantulas se observé que el nimero de haces fue
aumentando ademas del nimero de vasos por haz vascular y que habia una mayor
proporcion de vasos con mayores diametros (Figura 3); sin embargo, a partir del mes 5 se
dej6 de irrigar y entonces se observo una menor acumulacién de tejido vascular; los vasos

formados en dicho periodo fueron mas angostos (Figura 3-mes 7).

Conductividad hidraulica relativa—En general, al inicio del experimento la CR fue muy
baja (Figural; a-c), y conforme avanzé el tiempo ésta fue aumentando. No se observa un

patron claro del aumento en CR asociado al manejo ni a los tratamientos experimentales.

indice de vulnerabilidad— En general, en todas las especies estudiadas al inicio del
experimento se encontraron los indices de vulnerabilidad mas altos con respecto a los

indices estimados durante el tiempo que durd el experimento (Figura 2). Este resultado
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indica que cuando las plantulas eran de menor tamafio eran mas susceptibles a la cavitacion
y por ello habia menor seguridad de supervivencia, el indice de vulnerabilidad mas alto fue
el estimado ers. pruinosuscultivada con riego bajo condiciones de exposicién total de
radiacion. Con el establecimiento del tratamiento de sequia los valores del indice de
vulnerabilidad disminuyeron y por lo tanto la seguridad de supervivencia aumento, excepto
para los cinco primeros meses del experimento donde las plantulas de poblaciones
cultivadas con riego fueron las mas vulnerables. Esto parece indicar que las plantulas se
pueden adaptar a las condiciones ambientales que experimentan; sin embargo, un

componente genético podria estar determinando la plasticidad de su adaptacion.

En algunos casos se tiene solamente una réplica de cada tratamiento, debido a la
mortalidad que se presento a lo largo del tiempo, y en algunos debido a que el corte no fue
perfectamente transversal y fue imposible realizar el conteo de los vasos. Para estimar la
conductividad hidraulica relativa y el indice de vulnerabilidad, tomamos en cuenta sélo los
vasos de mayor diametro, dejando fuera los vasos pequefios en formacion que pueden
contribuir a la conductividad relativa y al indice de vulnerabilidad. Nuestras estimaciones
no reflejan un patrén claro; sin embargo, las fotografias muestran diferencias intra e

interespecificas, asi como un patrén asociado al gradiente de estrés.

Se sugiere procesar el material necesario para completar las réplicas faltantes para
hacer un analisis estadistico robusto. Con el material en el que se tienen contabilizados y
medidos los vasos conductores, es conveniente disefiar un método que tome en cuenta la
totalidad de los vasos. Ello permitiria explicar mas adecuadamente las diferencias en

supervivencia entre poblaciones silvestres y manejadas encontradas durante el experimento
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del que derivaron las plantulas procesadas y para saber si cambia el sistema conductor de

las plantulas sometidas a diferentes condiciones ambientales.
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Mes Numero de hace: Numero de vaso Diametro(um)
vasculares
Inici(_) del 4.9z 7.7C 13.3¢
experimento
1 5.7t 19.0¢ 14.07
2 6.8( 17.62 12.9(
3 7.0¢€ 14.2¢ 13.2¢
4 7.0F 22.1¢ 14.9:
5 7.5¢8 17.7¢ 13.7¢
6 6.9% 8.6t 13.4]
7 6.57 10.8: 13.9¢
8 8.71 5.8t 11.6¢

Tabla 1. Promedio del nUmero de haces vasculares, nimero de vasos y de sus diametros
mayores medidos en plantulas de diferentes cactaceas columnares sometidas a diferentes
condiciones de sombra y humedad a lo largo de 8 meses.
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Figura 1. Conductividad hidraulica relativa al inicio, a los cuatro meses y al final del experimento de plantulas de poblaciones
silvestres y manejadas de diferentes especies de cactaceas columnares en un gradiente de sombra (ET= Exposicion total, S4= sombra
40% y S8= sombra 80%) y humedad (R1=40-60% y R2=60-80%), O= inicio del experimento, 4=mes 4, 8=mes 8.
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Figura 2. indice de vulnerabilidad al inicio, a los cuatro meses y al final del experimento de plantulas de poblaciones
silvestres y manejadas de diferentes especies de cactaceas columnares en un gradiente de sombra (ET= Exposicion total, S4=
sombra 40% y S8= sombra 80%) y humedad (R1=40-60% y R2=60-80%), O= tiempo inicial, 4=mes 4, 8=mes
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Figura 3. Cortes transversales mostrando haces vasculares de plantulas de diferentes edades de cactaceas columnares creciendo en un
gradiente de sombra (ET= Exposicion total, S4= sombra 40% y S8= sombra 80%) y humedad (R1=40-60% y R2=60-80%). O=tiempo
inicial; 4=cuarto mes; 7=séptimo mes; &~pruinosusb=S. stellatusc=P. chichipe d=E. chiatilla.
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DisScUSION GENERAL

GERMINACION Y ESTABLECIMIENTO DE CACTACEAS COLUMNARES SILVESTRES Y
DOMESTICADAS : CONSECUENCIAS ECOFISIOLOGICAS DE LA DOMESTICACION

Desde hace mas de una década se han realizado diferentes estudios con cactaceas
columnares del Valle de Tehuacan-Cuicatlan en los que se ha investigado cémo se llevan a
cabo los procesos de domesticacion (Casaa.,1997; 1998; 1999a; b; Luna y Aguirre,

2001; Cruz y Casas, 2002; Arellano y Casas, 2003; Otero-Aetadt, 2003; 2005a;

2005b; Tinoccet al., 2005; Oaxaca-Villat al., 2006; Carmona y Casas, 2005; Rodriguez-
Arévalo et al, 2006; Parra, 2008; 2010; Blanagtsal., 2009; Ortizt al., 2010). En estos
estudios se ha documentado que la seleccion artificial a través del rmaséjoy el

cultivo ex situ ha determinado diferencias morfolégicas, fisioloégicas y genéticas
significativas con respecto a las poblaciones silvestres y que dependiendo del grado de
intensidad de manejo de las especies las diferencias entre las poblaciones son mas o menos
pronunciadas. La pregunta que dio lugar a la presente investigacion fue ¢Como se
mantienen las diferencias morfoldgicas, fisioloégicas y genéticas encontradas en poblaciones
simpétricas, si se ha documentado que existe un elevado flujo génico entre las poblaciones,
gue contrarresta los efectos de la seleccion artificial? En particular, se puso a prueba la
hipotesis propuesta por Casdsal (1999b) en el sentido de que un factor que podria estar
determinando tales divergencias seria un éxito diferencial en la germinacion vy
supervivencia de plantulas en los ambientes silvestres y cultivados. Es decir, si las semillas
y plantulas provenientes de las poblaciones manejadas (manjeglaso silvicolas y

cultivadas) tienen diversas caracteristicas que les permiten adaptarse a las condiciones

109



ambientales de las que derivan, entonces se pueden encontrar diferencias en los procesos de
germinacion y establecimiento. Para entender cdmo se mantienen las diferencias
morfoldgicas, fisiolégicas y genéticas entre las poblaciones silvestres y manejadas
documentadas previamente por otros autores, en este trabajo realizamos diferentes estudios
de germinacion, crecimiento y supervivencia en un gradiente de condiciones de humedad y
sombra, con esto tratamos de simular las condiciones silvestres (xéricas) y las cultivadas
(mésicas). EI comun denominador en nuestros estudios fue que los experimentos eran
reciprocos o de “jardin comun” y que en todos ellos se estudiaron especies con diferentes
grados de domesticacion. Asi pudimos comparar los procesos de germinacion y
establecimiento dentro de las poblaciones de una misma especie y entre las diferentes
especies. La integracion de estos estudios permite analizar consecuencias ecofisiologicas de
la seleccion artificial durante los primeros estadios de vida de cactaceas columnares, y
aportar informacién importante que sienta las bases del desarrollo de estrategias de manejo

y conservacion de las especies.

1. PATRONES DE GERMINACION DE SEMILLAS SILVESTRES Y DOMESTICADAS DE

CACTACEAS COLUMNARES CON DIFERENTE INTENSIDAD DE SELECCION ARTIFICIAL

En las zonas aridas y semiaridas es comdn encontrar que las especies tienen
diferentes necesidades hidricas durante el proceso de germinacion (Gutterman, 1993), a
pesar de compartir la misma zona de distribucion las diferentes especies parecen adaptarse
a las condiciones microcliméticas en las que ocurren. Asi mismo, en nuestro primer estudio
de germinaciéon (Guilléret al., 2009) con poblaciones silvestres, manejadasity, y
cultivadas de las especi8s pruinosusP. chichipge M. schenckii yP. chendeencontramos

gue cada especie tiene diferentes capacidades para soportar las diferentes condiciones de

110



humedad. En los casos estudiadhspruinosuy P. chichipefueron las mas susceptibles a

la disminucion de humedad. Este hecho parece estar relacionado con las condiciones
ambientales en las que cada especie se distribuye; por ejemplo, las areas de distribucién de
S. pruinosusson zonas basales con suelos aluviales bordeadas de cafiadas con pendientes
pronunciadas. En las pendientes es dificil encontrar individuos de esta especie,
probablemente por la poca humedad de estas zonas. Por otie.laedichipe P. chendey

M. schenkii se distribuyen en zonas rocosas de pendientes pronunciadas en las que hay poca

humedad.

Las especies que mostraron mayor susceptibilidad al estrés hidrico también son las
mas intensamente manejadas. La seleccién artificial parece haber afectado muy poco o
nada las respuestas germinativas, pues no se observé un patron claro asociado al manejo;
sin embargo, se registré que las semillas provenientes de las poblaciones mansjadas
tuvieron las menores tasas de germinacion. Estos resultados podrian asociarse a altos
niveles de endogamia en poblaciones manejadasitu respecto a los porcentajes
encontrados en las poblaciones cultivadas y silvestres reportados en estudios de genética de
poblaciones d®. chichipe P. chendey S. pruinosugOtero-Arnaizet al., 2005a; b; Ruiz-
Duran, 2007; Parrat al.,2008). En estos trabajos el alto porcentaje de endogamia ha sido
asociado a la reduccién del tamafio de las poblaciones mangjasiig este tipo de
manejo implica la eliminacion de individuos que no presentan caracteristicas "deseables”
en sus frutos. Aunque eR. chichipe P. chendey S. pruinosusno se han realizado
estimaciones precisas de depresion por endogamia, si se ha encontrado una disminucion del
fruit sety seed seen las poblaciones manejadassitu que sumado a las bajas tasas de

germinacion encontradas en nuestra investigacion parecen indicar que la reduccion de

111



tamafio de las poblaciones manejadasitu tiene como consecuencia una disminucion en

el fitnessen este tipo de poblaciones.

En este primer estudio los resultados no coincidieron con los reportados
previamente por Rojas-Aréchigaal (2001) y Otero-Arnaiet al. (2003) parés. stellatus
y P. chichipe respectivamente, en los que si se encontré un patron de germinacion asociado
al manejo. Se puede explicar tal diferencia en los resultados debido a que en el estudio
reportado en el Capitulo 1 (Guillébal.,2009) se utilizé una mezcla de semillas. Es decir,
mientras los autores de los trabajos referidos arriba utilizaron semillas de los extremos de
variacion, el estudio de Guillést al. (2009) se efectu6 con una muestra de semillas de
frutos de diferentes tamafios de las diferentes poblaciones estudiadas. Debido a tal
heterogeneidad y a que las especies estudiadas estan en un proceso de domesticacion
incipiente, las consecuencias de la seleccién artificial sobre la germinacién parecen haberse
ocultado. Al cambiar la estrategia de muestreo de las poblaciones estudiadas en el segundo
el panorama fue diferente. En el estudio del Capitulo 2 se analizaron semillas de
poblaciones silvestres y manejadas (manejanlasitu para el caso d®. chendey E.
chiotilla en las que no se encuentran poblaciones cultivad&s)mteinosusP. chichipey
M. schenkiiP. chendey E. chiotilla. En este caso se tuvo cuidado de registrar el tamafio de
las semillas de los frutos con peso promedio con base en estudios morfométricos (Cruz y
Casas, 2002; Arellano y Casas, 2003; Otero-Areé., 2003; Blancast al., 2009; Parra
et al., 2008). En todas las especies estudiadas los frutos y las semillas de las poblaciones
manejadas tenian mayor peso que los de las poblaciones silvestres, lo que sugiere que el
tamafio de las semillas ha sido modificado como consecuencia de la seleccion de frutos de

mayor tamafo por parte de la gente.
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Un patron similar ha ocurrido en otras plantas domesticadas en las que las semillas
no son el principal blanco de seleccion pero en las que el tamafio de las semillas se ha
modificado indirectamente. Por ejemplo, en la pap&gi¢a papaya se encontré que las
semillas de arboles cultivados eran 25% mas grandes y mas pesadas que las semillas de
arboles silvestres y asociado al tamafio de las semillg®orcentaje de germinacion
también fue mayor (Paz y Vazquez-Yanes, 1988). Se encontrd un patron de germinacion
asociado al manejo, en el que las semillas manejadas germinaron en mayor porcentaje en
condiciones Optimas de humedad con respecto a las semillas silvestres. Estos resultados
respaldan la hipétesis de que la seleccion artificial a favor de frutos de mayor tamafio ha
tenido consecuencias indirectas en el tamafio de las semillas y a su vez en la tasa de
germinacion (Rojas-Aréchigat al.,2001; Otero-Arnaiet al.,2003). Esto, a su vez, puede
deberse a que el peso de las semillas esta asociado con el tamafio del embrién, que en las
cactaceas provee de los recursos necesarios para la germinacién y el desarrollo de las
plantulas ya que sus semillas no poseen endospermo y su perispermo es escaso (Nufiez,

2004).

En un punto critico de baja disponibilidad de humedad el patron de germinacion
encontrado en condiciones 6ptimas se invirtio; es decir, las semillas silvestres mostraron
mayores tasas de germinacién que las semillas manejadas. El punto critico fue diferente
para todas las especies. Este Ultimo hecho parece relacionarse con diferencias en cuanto a
susceptibilidad entre las diferentes especies que, a su vez, se relaciona con las adaptaciones
particulares a las condiciones de humedad de los sitios en los que se distribuyen de manera
natural. Pero también se relaciona con el grado de intensidad de manejo de cada especie.

Asi, en las especies mas intensamente manejadas el punto critico fue identificado en
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condiciones de mayor humedad que en las especies menos intensamente manejadas. Estos
resultado coinciden con los registrados en el estudio de Gutléal. (2009). Las
divergencias entre especies no fueron claras en el tratamiento con mayor disponibilidad de
humedad, como se habia hipotetizado; sin embargo, las diferencias entre los patrones de
germinacion entre las semillas de las diferentes poblaciones fueron mas o menos
pronunciadas de acuerdo con la intensidad de manejo en el punto critico. La conclusién de
estos estudios es que la seleccidon artificial de frutos de mayor tamafio ha afectado de
manera indirecta el tamafio de las semillas y, a su vez ha afectado los patrones de
germinacion, y el grado de susceptibilidad en condiciones de estrés hidrico. Cada especie
tiene diferentes necesidades de humedad para germinar, que se asocian a los sitios en los
gue se distribuyen de manera natural (resultantes de procesos de seleccion natural); sin
embargo, los efectos de la seleccidn artificial son claros y mas evidentes en las especies

mas intensamente manejadas.

2. CRECIMIENTO Y SUPERVIVENCIA DE PLANTULAS SILVESTRES Y CULTIVADAS DE

CACTACEAS COLUMNARES .

En cactaceas columnares el tamafo de las plantulas esté relacionado con el tamafio
de las semillas que las producen. Tal es el cagiaed®cereus beneckei, especie en la que
se encontré que las semillas de mayor tamafio generan plantulas mas grandes que las
producidas por semillas de menor tamafio. Este patrén es explicado por (Ayala-€brdero
al., 2006) debido a la mayor cantidad de reservas metabdlicas que se encuentra en las
semillas con mayor peso. Asimismo, en las diferentes especies que estudiamos
encontramos que las semillas de mayor peso fueron |1& priinosusy S. stellatusy

fueron las que originaron las plantulas mas grandes. Sin embargo, entre estas dos especies
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S. stellatustuvo semillas mas pequefias gBe pruinosusy origind las plantulas mas
grandes, lo que podria explicarse porque las plantulaS. d&ellatuspresentaron un
desarrollo mas rapido inmediatamente después de la germinacion. En las diferentes
especies que estudiamos encontramos que las plantulas derivadas de semillas cultivadas
gue tuvieron mayor peso generaron plantulas mas grandes que las semillas silvestres. Estos
resultados indican que la seleccion artificial tiene como consecuencia un incremento en el
tamafio de las semillas y a su vez en el tamafio de las plantulas que generan.

El tamafio de las semillas también tiene consecuencias en la tasa relativa de
crecimiento de las plantulas. Contrario a lo que podria esperarse, las menores tasas relativas
de crecimiento se registraron 8nstellatuy S. pruinosuy las mayores eR. chichipey
E. chiotilla. Las semillas mas grandes se registraro@. gmuinosuy también la menor
tasa relativa de crecimiento. En las cactaceas columBabemieckeNeobuxbaumia
mezcalaensig N. macrocephalaasi como en otras especies lefiosas se ha encontrado que
la tasa relativa de crecimiento se correlaciona de manera negativa con el peso de la semilla
(Marafnon y Grubb, 1993; Huant¢al.,1995; Swanborough y Westoby, 1996; Loza-

Cornejoet al, 2003; Ayala-Corderet al, 2006; Miquelajauregui y Valverde, 2010). Este
patrén concuerda con los resultados que aqui se reportan. También parece ser acorde con
los resultados observados en plantulaS.deruinosuy P.chichipeprovenientes de

semillas silvestres que tenian semillas mas pequefias y mostraron una mayor tasa de

crecimiento a lo largo del gradiente de luz.

En los casos dE. chiotillay S. stellatugparece haber un efecto mas pronunciado
del riego y de la sombra que del tamafio de las semillas del que derivaron las plantulas; es

decir, no se observé un patrén asociado al manejo. La menor tasa de crecimiento registrado
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en las plantulas de poblaciones cultivadaS dgruinosuy P.chichipepuede explicarse

como consecuencia de una adaptacién a la constancia en las condiciones ambientales que se
presentan en los ambientes cultivados en cambio en las plantulas derivadas de semillas
silvestres una manera de evitar la variabilidad temporal de las condiciones ambientales
podria ser teniendo altas tasas de crecimiento que les permitan tener mayor vigor ante

condiciones poco favorables e inesperadas caracteristicas de los ambientes silvestres.

En S. beneckei Ayala-Corderet al. (2006) encontraron que las plantulas mas
grandes tienen mayor capacidad para tolerar condiciones hidricas estresantes, lo que parece
indicar que el vigor de las plantulas esta relacionado con su tamafio y de ello depende la
capacidad del establecimiento. De acuerdo con los resultados del presente estudio, la
acumulacion de biomasa durante el crecimiento puede ser un factor que influye en la
supervivencia de las plantulas, pues se observdo un mayor tiempo de sobrevivencia en las
especiesS. pruinosuy S. stellatugjue son las especies con los mayores tamafnos iniciales
de las plantulas. Pero otros factores también parecen ser importantes. En general, se
encontro que independientemente del tipo de manejo las plantulas sobrevivieron en mayor
numero cuando eran regadas menos. Aunque en las especies estudiadas la humedad es un
factor determinante para la germinacion, durante las primeras etapas de desarrollo de las
plantulas el éxito en la supervivencia depende de multiples factores, entre ellos la cantidad
de radiacion solar.

Patrones similares a los arriba descritos se han observado en varias especies de
cactaceas del Valle de Tehuacan, en las que se ha encontrado un mayor porcentaje de
supervivencia bajo la sombra de especies perennes en comparacion con sitios abiertos y

esto se ha explicado como una consecuencia de una menor radiacién solar que mejora las
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condiciones de temperatura y evita la rapida evaporacion de humedad después de un
episodio de lluvia y la calidad del suelo también mejora (Valiente-Banuet y Ezcurra, 1991;
Godinez-Alvarez y Valiente-Banuet, 1998; Godinez-Alvageal., 2003; 2005; Florest
al., 2004; Castillo-Landero y Valiente-Banuet, 2010). En todas las especies estudiadas se
observé que en el tratamiento con mayor radiacion solar, y consecuentemente mayor
temperatura, las plantulas sobrevivieron un menor periodo y que las plantulas de las
especied. chichipey E. chiotilla que fueron las mas pequefias inicialmente mostraron el
menor tiempo de supervivencia con respec® pruinosug/ S. stellatusEstos resultados
son congruentes con los reportados [@arbeneckei en el que las plantulas provenientes de
las semillas mas pequefias fueron las menos resistentes a las condiciones de sequia o a
condiciones de estrés hidrico (Ayala-Cordetral.,2006).

En relacién con el efecto de la humedad, se encontré que las plantulas sujetas a
menor riego mostraron mayor supervivencia y se observ@Pquehichipey E. chiotilla
parecen ser las especies en las que una alta humedad resulta particularmente perjudicial
para la supervivencia. Esto puede explicarse por la adaptacidon de estas especies a ambientes
con poca disponibilidad de humedad y concuerda con los resultados encontrados en el
estudio de germinacion en el que estas especies mostraron las mayores tasas de
germinacion a bajos potenciales hidricos (Guidéal., 2010). En los casos 8epruinosus
y S. stellatuse observa mayor tiempo de supervivencia a través del gradiente de luz en los
tratamientos de alta humedad que también se asocian a sus sitios naturales de distribucion y
también a los requerimientos de alta humedad para la germinacion (@uién2009;
2010).

En S. stellatusno se encontraron diferencias significativas en la tasa relativa de

crecimiento ni en la supervivencia de las plantulas bajo los diferentes tratamientos
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analizados. Este patron podria explicarse debido a la relativa plasticidad de sus
adaptaciones a diferentes ambientes. Por ejemplo, Hernandez-Gonzéalez y Briones-Villareal
(2007) encontraron que esta especie es fotosintéticamente eficiente en ambientes tanto con
alta como con baja radiacion solar, por lo que puede adaptarse y sobrevivir en condiciones
de alta radiacion solar pero con alta humedad. El escenario puede ser diferente en
condiciones naturales, en donde quiza haya menor disponibilidad de humedad que la de los
tratamientos a los que sometimos a las plantulas dentro del invernadero. Otra explicacion
podria ser el mayor tamafio inicial y el grado de desarrollo de las plantulas con respecto a
las otras especies al momento de sujetarlas a los tratamientos establecidos. Es posible
entonces sugerir que en un experimento futuro seria conveniente considerar el grado de
desarrollo de las plantulas méas que la edad, como se consider6 en el presente estudio.

En conclusion, al favorecer el tamafio de los frutos la seleccién artificial ha tenido
efecto indirectamente en un mayor tamafio de las semillas y a su vez sobre los patrones de
germinacion. También tiene efecto indirecto sobre el tamafio de las plantulas y en las tasas
de crecimiento de éstas, es decir, en el vigor de las plantulas y en el éxito diferencial del
establecimiento de éstas en distintos ambientes.

3. CARACTERISTICAS DEL SISTEMA CONDUCTOR DE PLANTULAS SILVESTRES Y
CULTIVADAS
La caracterizacion del sistema vascular de las plantulas aun estd en proceso. Sin

embargo, de acuerdo a nuestras observaciones preliminares, podemos decir que la seleccion
artificial ademas parece tener consecuencias sobre las caracteristicas anatomicas del
sistema vascular de las plantulas. Las observaciones realizadas indican que en las plantulas
manejadas hay un menor nimero de vasos con diametros amplios y en las plantulas

silvestres un mayor niumero de vasos con diametros estrechos. Tales diferencias podrian
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estar determinando el éxito diferencial en la supervivencia durante el establecimiento en los
ambientes silvestres y cultivados. Sin embargo es necesario afinar detalles metodolédgicos
gue nos permitan arribar a conclusiones mas claras.

CONCLUSIONES.

Son diversos los factores que podrian ayudar a explicar las diferencias
morfologicas, fisioldgicas y genéticas entre poblaciones silvestres y manejadas reportadas
en diferentes estudios para las diferentes especies de cactaceas columnares del Valle de
Tehuacan a pesar de que existe elevado flujo génico derivado de la polinizacion y que esta
contrarrestando los efectos de la seleccion artificial: 1) es inminente que existe un efecto
muy importante de la continua seleccion artificial favoreciendo frutos de mayor tamafio y
gue esto a su vez ha tenido consecuencias en el tamafio de las semillas, en la tasa de
germinacion, en el tamafio de las plantulas, en las tasas de crecimiento y posiblemente en
caracteristicas anatdmicas del sistema vascular, como lo hemos reportados en los diferentes
estudios referidos en la presente investigacion; 2) La gente promueve el éxito en la
supervivencia de plantulas cultivadas a través de diversas practicas agrondmicas
tradicionales, por ejemplo tolerando y protegiendo plantulas derivadas de la dispersiéon de
semillas por parte de aves, murciélagos y seres humanos, cuando las plantulas alcanzan la
edad reproductiva la gente decide si se dejan en pie o se eliminan de acuerdo a las
caracteristicas de sus frutos; 3) La seleccion natural actia en los ambientes cultivados
favoreciendo la germinacion y el establecimiento de plantulas derivadas de las mismas o
similares condiciones, de manera similar las semillas y plantulas derivadas de poblaciones
silvestres germinan y se establecen mejor en tales ambientes. Son estas las razones de
mayor importancia que proponemos como las principales causas que estan determinando

diferencias en las frecuencias fenotipicas y genotipicas entre poblaciones silvestres y

119



manejadas, sin embargo es necesario realizar diversos estudios en los que se conozca si el
flujo génico es verdaderamente alto, en la mayoria de los estudios de genética de
poblaciones de las especies estudiadas se han realizado estimaciones indirectas que indican
el flujo génico via polen es alto, pero es necesario hacer estimaciones directas para tener un
resultado més contundente, en cuanto al flujo de semillas no sabemos exactamente qué esta
ocurriendo, al parecer hay un elevado flujo de semillas por el tipo de dispersores de las
especies pero no se tiene una aproximacion al respecto. Los estudios que se realizaron bajo
condiciones controladas permiten una aproximacion que ayuda a entender lo que ocurre en
condiciones de campo. Constituyen una aproximacion metodolégica para comprender
angulos poco estudiados acerca de las consecuencias evolutivas determinadas por el manejo
humano bajo procesos de domesticacion.
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