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RESUMEN

Se estudid la dindmica poblacional y la regeneracion de un especie arbdrea, Quercus
rugosa, con el fin de obtener informacion ecolégica relevante para el manejo de la

poblacion durante un programa de restauracién ecolégica en el Ajusco Medio, D. F.

En el primer articulo se analiza la relacion entre tamafio de semillas y la supervivencia y
crecimiento de plantulas de Quercus rugosa y Q. laurina en condiciones normales y bajo
herbivoria simulada y/o pérdida de los cotiledones un mes después de la germinacion.
Los resultados muestran que: a) el tamario de la semilla influye significativamente en la
supervivencia y en la biomasa final de las plantulas de ambas especies; b) ambas
especies dependen de las reservas contenidas en sus cotiledones un mes después de la
germinacion; c) el tamafio de la semilla influye en la capacidad de sobrevivir a la pérdida
de cotiledones y a la herbivoria en Q. rugosa; d) la presencia de cotiledones y el tamano
de la semilla influyen en el crecimiento posterior a la pérdida de biomasa aérea por
herbivoria en esta especie y, e) las plantulas de ambas especies no pueden reponerse

totalmente a una pérdida de biomasa aérea por herbivoria en una temporada de
crecimiento.

En el segundo articulo se analizan los factores del medio fisico y biético que influyen en
la capacidad de Q. rugosa para establecerse y sobrevivir en los tres principales
ambientes de ia zona. Este trabajo mostré que: a) existe un consumo importante de
bellotas por roedores, aungue una proporcion variable de semillas permanece un tiempo
suficiente para germinar, dadas las condiciones adecuadas; b) la germinacion de
semillas y el establecimiento de plantulas son mas bajas en el sitio perturbado que en el
borde o el interior del bosque; c) las principales causas de mortalidad de las plantulas
difieren entre sitios, destacando la desecacién en el sitio perturbado. En el borde del
bosque se presenta la mayor supervivencia, y en caso de una temporada de secas
extremosa cobran importancia los microambientes que ocupan las plantulas, ya que se
registra una mayor supervivencia en micrositios parcialmente sombreados en
comparacioén con ia de micrositiés abiertos o totalmente sombreados; d) en el borde de
bosque se presenta una correlacion positiva entre tamafo de la semilla y supervivencia

de las plantulas y, e) el crecimiento de las plantulas es menor en el interior del bosque.
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El tercer trabajo, que aborda el estudio de la dinamica poblacional de Q. rugosa en el
borde del bosque mostrd que, en las condiciones actuales, la poblacién se encuentra
estable, con una tasa de crecimiento poblacional de 1.003. Las limitaciones que presenta
el crecimiento poblacional pueden deberse tanto a [as caracteristicas de la especie como
a las condiciones poco favorables del malpais. Se expioré mediante simulaciones el
impacto que tendria la aplicacion de distintas técnicas disefiadas para favorecer el
crecimiento poblacional. La realizacion de aclareos, o eliminacion de ramas de arboles y
arbustos para favorecer el crecimiento de individuos supresos de las categorias de
brinzales (saplings) y juveniles, tiene un impacto limitado cuando se dirige a una sola
categoria de tamafo, mientras que si se aplica simultdneamente a la mitad de los
individuos supresos de las tres categorias consideradas, produce un crecimiento cercano
al 2% anual. La introduccion artificial de plantulas también permite incrementar la tasa
de crecimiento poblacional: si se duplica el ingreso anual respecto de los valores
encontrados en condiciones naturales se obtendria un valor de 1% anual, mientras que
si se triplica la entrada de pléntulas se obtiene 2%. Finalmente, en la busqueda de lograr
un mayor incremento en el crecimiento poblacional, se encontré que ambas técnicas se
pueden combinar, y bajo este escenario se obtienen los mejores resultados, pues el

crecimiento poblacional supera el 4% anual.

En resumen, la reinvasion de encinos al matorral perturbado sélo se produciria, en
condiciones naturales, en tiempos sucesionales muy grandes, dada la tasa de
crecimiento poblacional encontrada. Por ello, si se desea reintroducir esta especie al
matorral perturbado es necesario realizar practicas de manejo cuidadosas encaminadas
a favorecer la regeneracién, i. e. el establecimiento y el crecimiento de las plantulas. No
resulta recomendable la siembra de semillas, y si la introduccién artificial de plantulas,
poniende especial cuidado en la seleccién de sitios semisombreados que simulen el
ambiente del borde del bosque. En el caso de utilizarse plantulas jovenes producidas
en vivero, es aconsejable hacer una seleccién previa de las semillas grandes. La
introduccion artificial de plantulas, conjuntamente con la eliminacién del sombreado que
limita el crecimiento de los brinzales y juveniles ya establecidos, produciria los mejores
resultados. Sin embargo, incluso con la realizacién de estas practicas, la recuperacién de
la poblacion de Quercus rugosa en el malpais no se llevara a cabo en el corto plazo.
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ABSTRACT

The population dynamics and regeneration of an oak population (Quercus rugosa) was
studied in order to obtain relevant ecological information regarding the management of
the population during an ecological restoration program in the Ajusco Medio, D. F.

The first paper analyses the relationship between seed size and seedling survival and
growth of seedlings of Quercus rugosa and Q. faurina on normal conditions and under
simulated herbivory and/or cotyledon loss, cne month after germination. The results show
that: a) seed size has an effects on seedling survival and final biomass of both species,
b) both species depend on their cotyledon reserves one month after germination, ¢) seed
size has an influence on the ability to survive cotyledon loss and herbivory on Q. rugosa,
d) cotyledons and seed size influence growth after an event of herbivory in this species,
and e) seedlings of both species are unable to fully recover from aerial biomass loss by
herbivory in one growing season.

The second paper analyses the physical and biological factors that influence the
establishment and survival of Q. rugosa in the three environments of the study site. The
results show that: a) there is an important seed consumption by rodents, although
variable proportions of seed remain on the ground long enough to germinate, given the
right conditions, b) seed germination and seedling establishment are lower on the
disturbed site than in the forest border or the forest interior, c) the main causes of death
vary between sites, with desiccation being particularty important at the disturbed site, d)
there is a positive correlation between seed size and seedling survival at the forest border
and, e) seedling growth is lower at the forest interior.

The third paper, dealing with the population dynamics of Q. rugosa at the forest border,
showed that under present conditions, the population is stable, with a population growth
rate of 1.003. The limited population growth may be explained both by the specie's
characteristics and by the harsh conditions of the malpais. By means of simulations, the

impact of diverse techniques devised to increase population growth was assessed. The
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removal of tree branches and shrubs that keep saplings and juveniles suppressed has a
limited impact if focused in only one size category, while it produces around 2% if it is
applied to half the suppressed individuals of the sapling and juveniles category. The
artificial introduction of seedlings was also simulated: if recruitment duplicates with
respect to the values found under natural conditions, a 1% annual population growth
would be obtained, while if seedling input is triplicated a 2% is obtained. Finaily, in order
to attain a higher increment in population growth, both techniques can be used
simultaneously, and it is under these conditions that the best results are obtained, with an
annual population growth over 4%.

To resume, the re-invasion of oaks to the disturbed shrubland growing on the basaltic
rock only would happen along a large successional time, given the population growth
rate. If this species is to be re-introduced to the disturbed shrubland, it is necessary to
carry careful management practices aimed at favouring regeneration, i. e. the
establishment and growth of seedlings. It is not advisable to use seeds, but it is to
artificially introduce seedlings, taking special care to select semi-shaded microsites that
simulate the environment of the forest border. In case of using young seedlings raised in
a nursery, it is convenient to select large seed sizes. The artificial re-introduction of
seedlings, along with the clearing of the shade that limits growth of established sapling
and juveniles, would render the best results. However, even with these management
practices, the recovery of the Quercus rugosa population in the shrubland will not be
achieved in the short term.
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Introduccién

El género Quercus reviste gran importancia, tanto por su diversidad como porque
incluye numerosas especies de arboles dominantes de los bosques templados del
hemisferio norte. Se calcula que existen alrededor de 450 especies de Quercus
{(Gonzalez Rivera 1993), de las cuales poco mas de un tercio se encuentra en México, [o
que coloca a nuestro pais como el de mayor diversidad de encinos en el continente
americano. La sistematica de los taxa pertenecientes a este género se encuentra
todavia lejos de ser satisfactoria, pero diversos autores coinciden en que nuestro pais
posee entre 150 y 200 especies de Quercus (Rzedowski 1981, Gonzalez Rivera 1993,

Nixon 1993).

En el continente americano se encuentran encinos desde el sur de Canada hasta
el norte de Colombia. En México los encinares, junto con los pinares, constituyen Ia
mayor parte de la cubierta vegetal de las zonas montafiosas. Predominan en areas de
clima templado, aunque se pueden encontrar en otras condiciones climaticas, desde
tropicales hasta semiaridas, por lo que existen encinos en todos los estados de Ia
Republica excepto Yucatan y Quintana Roo (Rzedowski 1981). A esta diversidad de
condiciones ecoldgicas se asocia un intervalo muy amplio de formas de crecimiento,
desde arbustos rizomatosos de baja estatura en pendientes secas y montaias altas,

hasta grandes arboles con contrafuertes en bosques himedos de tierras bajas (Nixon

1983).

[
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A pesar de la gran diversidad floristica, fisonémica y ecoldgica de los encinares
mexicanos, existen aun grandes carencias en el conocimiento biologico de los mismos.
Si bien en fechas recientes se han hecho revisiones taxonomicas pdra varios estados de
la Republica Mexicana, la filogenia del grupo permanece incierta Yy numerosas especies
descritas deben ser revisadas, por lo que aun no existe un estudio completo de las -
especies de Quercus en México (Nixon 1993). En relacion a la ecologia de los
encinares, la mayoria de los trabajos publicados se reduce a descripciones de los
ambientes en los que se encuentran las distintas especies a nivel local o regional, y
aunque existen algunos trabajos que abordan diversos aspectos de la regeneracion y el
manejo de unas cuantas especies (Quintana Ascencio 1989, Eckelman 1995, Moreno et
al. 1995, Garza Caligaris 1997, Zavala y Garcia Moya 1997, Cabrera et al. 1998, Lopez
Barrera 1998), puede afirmarse que no existe informacién ecoldgica basica de la mayor
parte de las especies mexicanas de encinos. Este conocimiento resulta indispensable si
se pretende frenar el deterioro ecolégico en las zonas montafiosas templadas del pais o,
como en el presente caso, si se emprende la restauracién ecolégica de zonas antes

ocupadas por encinares.

Debido a que los bosques de encino generalmente se localizan en regiones
climaticas favorables para la poblacién humana, y a que originalmente ocupaban dreas
particularmente aptas para el desarrollo de la agricultura, han sido de los tipos de
vegetacion mas afectados por el impacto del hombre (Rzedowski 1981). Esto ha tenido
como resultado su eliminacion casi total de los terrenos bajos y poco accidentados,
mientras que en los terrenos escarpados sufren un fuerte deterioro causado por la
introduccién de ganado o por estar sujetos a explotacion forestal. En el primer caso, el

pastoreo intenso y la aplicacién frecuente de fuego ocasionan problemas que van desde
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la ausencia de regeneracion y la degradacion del sotobosque, hasta problemas serios de
erosidn. En el caso de la explotacion forestal, el impacto varia dependiendo del terreno
y de la intensidad de la misma, pero en casos severos puede lievar a _Ia desaparicion
extensiva de zonas boscosas. De acuerdo con Rzedowski (1981), grandes extensiones
de encinares se consumieron en el siglo pasado debido a su explotacion desmedida
para la obtencién de carbén vegetal, que fue el principal combustible de uso doméstico
durante muchos afios en amplias regiones del pais. En la actualidad, a la explotacion
comercial de encinares, (caiculada en 440 x 10° m® por la SARH, Masera et al. 1997),
debe afadirse la realizada para el consumo local de los asentamientos rurales. El
impacto de esta ultima debe ser considerable, ya que la ieRa de encino es el combustible

domestico preferido por la poblacién campesina de las zonas templadas del pais.

Los encinares son el habitat de una gran variedad de animales y con gran
frecuencia ocupan sitios estratégicos en muchas cuencas hidrolégicas, por lo que su
deterioro tiene efectos dafinos, no soélo en la zona donde se produce el disturbio, sino a
un nivel regional. Ademas de la pérdida de biodiversidad que conlleva su eliminacion,
ésta puede ocasionar erosion, desecacién de manantiales, contaminacién del agua,

inundaciones y azolve de presas, entre otros efectos (Gémez Pompa 1985).

Lo anterior implica que tanto la conservacion de estas comunidades, como la
restauracion de al menos una parte de la zonas antes ocupadas por encinares resulta
una tarea urgente. Es en este contexto que se plantea el presente trabajo, el cual
pretende brindar informacién ecologica basica que dé sustento a la restauracion de un

bosque de encinos (Quercus rugosa) en el Ajusco Medio, D. F.
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Los valles intermontanos en que se asentaban muchos bosques de encino y de
pino-encino has estado ocupados desde tiempos remotos, y en la actualidad sobreviven
solo relictos de estos tipos de vegetacion en las regiones densamente pobladas, como el
Valle de Toluca, el Valle de Puebla y Tlaxcala, el Valle de Chihuahua, la Mesa de
Michoacan, los valles de Jalisco, la Llanura de Comitan, y desde luego, el Valle de
México (Challenger 1998). Aunque no se dispone de datos recientes, se sabe que tan
solo en la Sierra del Ajusco, al el sur de la ciudad de México, el avance de la mancha
urbana destruyé entre los afios de 1959 y 1977 un total de 992 ha de bosque de encino,
945 ha de bosque de pino-encino y 800 de pedregal (parte del cual estuvo poblado por
encinos, Benitez et al. 1987). Por otra parte, Aragén (1993) calcula que en el periodo de
1950 a 1991 se perdieron 1314 ha en el Ajusco Medio, zona en que se realizé el
presente trabajo, y concluye que hacia fines de los anos setentas los asentamientos
urbanos irreguiares que se establecieron en esta zona tuvieron un impacto ecoloégico

ireversible, sobre todo en el encinar representado por Quercus rugosa.

Debido a la importancia que tiene el Ajusco Medio para la recarga de los
acuiferos que abastecen a la ciudad de México y por ser una zona que aun alberga una
alta biodiversidad, a partir de 1990 se inicid un proyecto de restauracion ecologica en la
zona sujeta a conservacién ecologica denominada Parque Ecolégico de la Ciudad de
México (Bonfil et al. 1997). Para lograr el restablecimiento de la vegetacién en las areas
perturbadas se considerd necesario estudiar con detenimiento a ciertas especies
importantes para el funcionamiento del ecosistema. Debido a que los encinos son
elementos dominantes del paisaje, se abordé el estudio de las condiciones gue permiten
la regeneracion de la especie mas abundante (Quercus rugosa), asi como el estudio de

su dinamica poblacional.
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El realizar estudios ecolégicos detallados en ambientes perturbados por el
hombre presenta una relevancia dobie. En primera instancia, constituyen el puente entre
la teoria ecolégica y la solucion practica de problemas de restauracion, conservacion y
explotacion de comunidades biologicas. En este sentido la tarea consiste en aplicar los
conceptos ecoldgicos basicos en condiciones particulares, con el objeto de elaborar
herramientas de conservacién y restauracién ecoldgica. En segundo término, las
comunidades alteradas pueden ser sistemas clave para documentar fenémenos
ecolégicos que no son aparentes en ambientes naturales, ademas de aumentar el
cumulo de conocimientos ecologicos basicos de las especies involucradas, De esta
forma, la restauracion ecolégica permite piantear interrogantes basicas y poner a prueba

ideas fundamentales que forman la base de la teoria ecolégica (Jordan et al. 1987).

Debido a que la restauracion activa consiste en gran medida en un proceso de
producir cambios que ocurririan de manera natural dado un tiempo suficiente, pero en un
tiempo mucho menor, la restauracion puede ser considerada como un intento de imitar la
sucesion para poder controlarla (Ashby 1987, Luken 1990). En el caso particular de la
especie que nos ocupa, el establecimiento de los encinares en la zona del Ajusco Medio
ha sido el resultado de un proceso sucesional, en el cual esta especie invadio, a lo largo
de varios cientos de afnos, el drea ocupada por el pedregal o malpais, de la cual fue
eliminada por la perturbacion que significd el establecimiento de asentamientos urbanos
irregulares. Esto llevé a la consideracion de que el estudio del comportamiento
poblacional de Quercus rugosa en los distintos ambientes de la zona permitiria, ademas
de hacer una contribucién importante para la restauracion ecoldgica, probar ideas acerca

de como esta especie, y la comunidad dominada por ella, se desarrolla y funciona.
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Es en este contexto que se plantearon las investigaciones incluidas en la
presente tesis. El analisis ecoldgico realizado se abordé principaimente en el nivel de las
poblaciones. El uso de la herramienta demografica se consideré esencial, ya que
mediante el analisis de los cambios numéricos en distintos estadios del ciclo de vida es
posible comprender las causas de los cambios espaciales y temporales en el tamario de
las poblaciones (van Groenendael et al. 1988, Casweill 1989) y, en este caso, de los
cambios del elemento fisondmico mas importante de la comunidad. La identificacién de
los principales factores, tanto extrinsecos como intrinsecos que regulan el crecimiento
poblacional, permitira evaiuar la pertinencia de diversas técnicas encaminadas a
favorecer la recuperacion de las poblaciones en aquellos lugares de los cuales fue

eliminada a causa de perturbaciones antropogénicas.

Paralelamente al estudio de la dinamica pobiacional, se considerd importante
analizar con mayor detalle los fenomenos implicados en la regeneracion de esta especie.
Estudios previos han reportado problemas con la regeneracion de varias especies de
Quercus en zonas muy diversas (Carvell y Tryon 1981, Shaw 1968, Griffin 1971, Crow
1988, 1992), lo que ha permitido suponer que esta especie, al igual que otras del
género, puede requerir de condiciones muy especificas para su regeneracion exitosa.
Por ello, se decidid abordar el estudio del nicho de regeneraciéon de Quercus rugosa
(sensu Grubb 1977), con el fin de aportar informacién detallada que permitiera entender
mejor la dinamica de las fases tempranas de desarrolio de esta especie en condiciones

naturales, asi como brindar bases sdlidas para la elabaracion de planes de recuperacion.
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Finalmente, se abord6é un tercer nivel de estudio, que aborda un problema
particular que puede tener consecuencias a nivel poblacional. En éste se analizaron
experimentalmente, en condiciones controladas, dos factores que se pensaba podrian
incidir en el establecimiento temprano de las plantulas: el tamafio de la semilla Yy la
herbivoria. Con este trabajo se busco tanto obtener informacién ecologica basica como
contribuir al debate actual sobre el efecto que tiene la variacién en la cantidad de
reservas almacenadas en las semillas en el desempefio de las plantulas, tanto en
condiciones optimas como cuando estan sujetas a algun tipo de estrés, en este caso el
causado por la pérdida de biomasa aérea como resuitado de la herbivoria, En un intento
por alcanzar un mayor nivel de generalizacién y a la vez tener un punto de comparacion,
en esta investigacion se incluyé a otra especie de encino, Quercus laurina (Humb. &

Bondp.), que es comun en la zona de estudio.

Con la finalidad de hacer mas légica y fluida la presentacion, el orden en que
aparecen los trabajos es el inverso al que se esbozé anteriormente, de tal forma que
esta tesis inicia con el estudio mas detallado det desempefio de plantulas en condiciones
controladas y finaliza con e! andlisis de la dinamica poblacional. Con esto se pretende,
en la medida de lo posible, integrar los resuitados mas relevantes obtenidos en los
estudios realizados a un nivel mas fino al abordar un nivel de andlisis mas general. De
acuerdo con lo anterior, en el capitulo |l de esta tesis se presenta el articulo “The effects
of seed size, cotyledon reserves and herbivory on seedling survival and growth in
Quercus rugosa and Q. /aurina (Fagaceae)'. En él se evalian los efectos que tienen la
variacién en el tamafo de la semilla y la presencia o ausencia de cotiledones en la
supervivencia y el crecimiento de plantulas de Quercus rugosa y Quercus faurina un mes

después de iniciada la germinacion, tanto en condiciones normales como en presencia
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de herbivoria (simulada). Mediante un experimento de invernadero se buscé responder a
las siguientes preguntas: 1) ; esta la capacidad de las pilantulas de un mes de edad de
sobrevivir a la perdida de los cotiledones relacionada con el tamario de la semilla?, 2)
¢contribuyen a la supervivencia vy el crecimi_ento posterior de las plantulas las reservas
que en ese momento permanecen aun en los cotiledones?, 3) ¢ la herbivoria y el tamafio
de la semilla interactuan en su efecto sobre la supervivencia y el crecimiento de las
plantulas?, y 4) ;qué consecuencias tiene la remocion de los cotiledones en la

respuesta de las plantulas a la herbivoria?.

En el tercer capitulo se presenta el trabajo titulado “Seedling dynamics of Quercus
rugosa as a tool for its reintroduction in a disturbed landscape”, el cual busca establecer
cudles son los factores que inciden de manera importante en el establecimiento de las
plantulas y su posterior supervivencia y crecimiento en condiciones naturales, con la
finalidad de definir lo que constituye un "sitio seguro” (sensu Harper 1977) para esta
especie. Para ello se adopté un enfoque experimental, evaluando la remocién de
bellotas, la germinacion, el establecimiento de piantutas y su crecimiento ¥ supervivencia
a lo largo de dos afios en tres condiciones contrastantes: el interior del bosque, el borde
del bosgue -que constituye una zona de transicion entre el bosque y el matorral-, y el
matorral perturbado. Del andlisis de los factores del medio fisico y bidtico que afectaron
el desempefio general de las plantulas. asi como de aquéllos que resultaron
particularmente relevantes en cada condicion, se pretende extraer herramientas que
coadyuven al manejo de las plantaciones en la zona del Ajusco Medio y otras similares

en [as serranias que rodean a la cuenca de México.
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En el ultimo trabajo (que se presenta en el penultimo capitulo), titulado “A
demographic analysis of an oak poputatién (Quercus rugosa) in central Mexico:
implications for restoration”, se aborda el analisis de la dinamica poblacional de esta
especie. mediante el uso de matrices de proyeccion poblacional de tipo Lefkovitph
(1965). Esta herramienta de analisis se considerd adecuada, tanto por la relevancia que
tiene el tamaﬁq en el desempefo de los individuos para muchas especies vegetales,
como por la imposibilidad de asignar una edad a los individuos de esta especie, debido a
la ausencia de anillos de crecimiento en su lefio (De la Paz O. comunicacién personal).
En este estudio se planted evaluar el estado de la poblacion bajo las condiciones
actuales proyectadas hacia el futuro (i. e., si se encontraria estable, creciendo o
decreciendo}, asi como identificar aqueilos estadios criticos para la dindmica poblacional.
Adicionalmente se analizé. por medic de la modificacién de algunas entradas de la
matriz, el impacto que tendrian diferentes practicas de manejo disefiadas con el fin de
favorecer el crecimiento poblacional. En virtud de estos resultados se discuten posibles

practicas de manejo dentro del programa de restauracién de la especie en la zona.
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THE EFFECTS OF SEED SIZE, COTYLEDON RESERVES,
AND HERBIVORY ON SEEDLING SURVIVAL AND GROWTH
IN QUERCUS RUGOSA AND Q. LAURINA (FAGACEAE)!

CoxNSUELO BonFIL®

Instituto de Ecologia and Facultad de Ciencias,
Universidad Nacional Auténoma de México (UNAM), Apanado postal 70-275, Ciudad Universitaria,
México D.E 04510, México

In a greenhouse experiment. seedling survival of rwo oak species (Quercus rugosa and Q. lawrina) was greatly affected
by the excision of corvledons 1 mo after germinauon. with a greater impact on . laurina. The effect of seed size was also
significant for both species, with a positive correlation between seed mass and survival and growth. The ¢ffect of cotyledon
excision on seedling growih persisted throughout the first growing season in Q. rugosa and was not analvzed for Q. laurina
due to the low number of seedlings that survived cotvledon excision. Sced size significantly affecied seedling height.
diameter, leaf area. and biomass a1 6 mo. Seed size and cotviedon retention affected the ability of Q. rugosa 10 recover
from herbivory, as both factors had a significant e¢ffect on relative growth rates after aerial biomass removal. The resulis
show that seedlings originating from lfarge seeds can better endure loss of cotyledons and aerial biomass and thus are better

equipped to confront siress early in their lives.

Key words:

The role of seed size in seedling performance has re-
ceived considerable attention (Foster, 1986; Mazer, 1989;
Seiwa and Kikuzawa, 1991; Westoby, Jurado, and Leish-
man, 1992). The wide differences in seed size among
species have been related 1o the ecological conditions in
which plants establish, with species from open habitats
having lower average seed mass than species from more
closed habitats (Salisbury, 1942, 1974; Foster and Jan-
son, 1985; Mazer, 1989; but see Kelly and Purvis, 1993).
Large-seeded species also have an advantage in compet-
itive environments (Gross, 1984) and when seedlings ex-
perience defoliation (Armstrong and Westoby, 1993),
shade (Leishman and Westoby, 1994), or moisture stress
(Baker, 1972).

Some of the patterns detected in comparisons among
species are also found within species. In four of five spe-
cies studied, Wemer and Platt (1976) showed that pop-
ulations in an open community had smaller seeds than
those in a more closed community. Wulff (1986) showed
that seedlings of Desmodium panicularum from large
seeds were favored in the early stages of growth in a dry,
disturbed site. McWilliams, Landers, and Mabhlstede
(1968} suggested that large seed size was advantageous
for Amaranthus reiroflexus in the short growing seasons
characteristic of high latitudes, although Schimpf (1977)
argued that moisture availability was more imponant than
length of the growing season, due to the increased ca-
pacity of seedlings from large seeds to establish roots in
deeper soil horizons. Safe-site requirements of small
seeds are more restrictive than those for larger seeds in

! Manuscript received 15 April 1996 revision accepted 29 June 1997,
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aerial biomass removal; Fagaceae: Querens: seed reserves; seedling survival and growth.

Prunella vulgaris (Winn, 1985) and a positive relation-
ship among seed size and seedling establishment and
growth has been reported in a variety of species (Weis,
1982; Stanton, 1984; Weller, 1985), including oaks (Mc-
Comb, 1934; Tecklin and McCreary, 1991). Intraspecific
studies of wild species are critical for gaining an under-
standing of the ecological significance of seed mass, but
in oaks there have been few attempts to explore the re-
lationship between seed size and the performance of
seedlings under a variety of ecological conditions (Tri-
pathi and Kahn, 1990).

Qaks are frequently dispersed by jays and small ro-
dents, which are also their main seed predators (Mellan-
by, 1968; Shaw, 1968; Darley-Hill and Johnson, 1981,
Jensen and Nielsen, 1986; Quintana-Ascencio, Gonzilez-
Espinosa, and Ramirez-Marcial, 1992). It has been ar-
gued that the rapid germination (nondormancy) and es-
tablishment of white oaks allow escape from postdisper-
sal seed predation, since they permit the seedling to es-
cape seed recovery by caching animals (Barnett, 1977;
Fox, 1982). However, the probabilities of survival and
continued growth of a seedling after detachment of the
acorn (cotyledons) may be affected by the amount of re-
serves originally available to the seedling. Herbivory,
frost, drought, and pathogens are other common chal-
lenges facing a seedling early in its life and its ability to
cope with them is likely affected by the presence or ab-
sence of cotyledons, the size of the seed from which it
originated. and the time elapsed since germination.

Although Mexico has the world’s greatest ocak diversity
(around 200 species; Bonfil, 1993; Gonzdlez-Rivera,
1993; Nixon, 1993), very little is known about their ecol-
ogy. Quercus rugosa (subgenus Leucobalanus) is a 15—
20 m 1tall tree, widely distributed in Mexico, that fre-
quently coexists with Q. laurina (subgenus Ervthroba-
lanus), a 15-30 m tall tree (Gonzdlez-Villareal, 1986;
Bello and Labat, 1987). Both species are abundant in the
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fast-disappearing woodland areas of the hills south and
southwest of Mexico City and can be found in pure oak
stands or intermingled with pines at higher elevations.
Natural regeneration of these species is impeded in this
area by predation of germinated acorns and removal of
part or all of the shoot by rabbits and small rodents (C.
Bonfil. unpublished data). although other factors. such as
changes in the disturbance pattern of the stand, may also
play a role,

In this study I evaluate the effects of seed size and
presence or absence of cotyledonary reserves on survival
‘and growth of seedlings of Q. rugosa and Q. laurina. In
the presence and absence of simulated herbivory. My ob-
jectives were to determine (1) whether differences in the
ability of 1-mo-old seedlings to survive detachment of
cotyledons are related to seed size, (2) whether reserves
remaining in the cotyledons at this moment still contrib-
ute to survival and further seedling growth, (3) the inter-
action of herbivory and seed size on seedling survival
and growth, and (4) the consequences of cotyledon re-
moval on the response of the seedlings to simulated her-
bivory.

MATERIALS AND METHODS

During January 1993, acorns were collected from below six different
wees each of (. rugosa and Q. laurina at an elevation of ~2600 m in
the Parque Ecoldgica de 1a Ciudad de México in the Ajusco Hills. The
sampled trees were all taller than 10 m, with well-developed crowns
and located in semi-open forest patches, where it was unlikely that I
would find acorns of other trees below the sampled trees. The seeds
were floated in water to separate viable seeds from those that were
parasitized (mainly by curculionids). Each viable acorn was marked
with a number and its individual mass recorded. A subsample (V¥ = 62
for Q. rugosa, N = 54 for Q. laurina) was oven dried for 48 h a1 80°C
and used to evaluate the relationship between fresh and dry mass and
the proportion of dry mass atributable to coryledons. Histograms of
fresh mass data of all the seeds (1185 for @. rugosa, 1075 for Q. laur-
ina) were used 1o assign each sced to one of three size categories, small
(<1.5 g). medium (1.5-2.5 g for @. rugosa, 1.5-2.0 g for Q. laurina),
and large (>2.5 g for Q. rugosa, >2.0 g for Q. laurina) within ¢ach
species. .

In May 1993, the seeds were soaked for 24 hina | g/L giberellic
acid solution, which had been shown to synchronize germination in
previous trials. Seeds were then placed horizontally on trays containing
agrolita (a porous inert material that retains moisture). Every other day
the trays were watered and the sceds inspected 1o record the date of
germination, which was defined as the day when the radicle reached
0.5 cm in length,

Two weeks after germination, the agrolita was carefully rinsed off the
roots and seedlings were transplanted 1o black plastic bags (24 cm long.
10 cm diameter, with drainage holes) filled with homogenized soil from
the study site. Two weeks later, when scedlings were 1 mo old. each
member of a given seed size class was randomly assigned to one of six
experimental treatments. This gave a total of 18 treatments, with the three
factors considered being seed size (small, medium. and large). level of
simulated herbivory (0. 50, or 100% of shoot length removed) and re-
moval of cotyledons fpresence-absence). These levels of herbivory are
frequently observed in nature, and in both cases (30 and 100%) usuzbly
enail a complete loss of leaf area, becausc the young, tender Jeaves are
concentrated on the upper hulf of the shoot, In this study, the 100%
herbivory treatment entailed cutting the shoots 2 cm above the soil.

Cotyvledon excision and simulaled herbivory were applied simulta-
neously. The time of 1reatment application was chosen because previous
trials had shown that earlier detachment of cotvledons causes death of
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seedlings, and in nature acomn removal is most likely soon after ger-
mination, while it is still attractive and nutritious, At this moment all
seedlings had completed their first burst of shoot elongation and had
expanded leaves. which indicated relative homogeneity of developmen-
131 stage among seedlings (Hanson et al., 1986) at the time of ireatment,
although there was some variation in the completion of leaf elongation.

This design allowed assessment of the impact af shoot removal on
survival and growth of seedlings coming from different sced sizes and
10 evaluate the role plaved by the remaining cotyledonary reserves in
the presence and absence of herbivory. As oak zermination is hypogeal
there are no confounding effects of any coniribution from cotyledonary
photosynthesis.

Twenty-five seedlings of (3. rugnsa were assigned 10 each of 18 treat-
ment combinations. Due 1o poor germination, only 17 Q. laurina sced-
lings were available for each treatment. During application of treat-
ments, shoot height and number of Jeaves were recorded and those
seedlings that kept their cotyledons were superficially uneanhed and
reburied in the same way as those from which cotyledons were re-
moved. The black plastic bags were covered with white plastic bags to
avoid excessive heating by the sun and seedlings were placed in a
sursery covered with green plastic mesh that provided shade and al-
lowed rainwater to pass through. Seedlings were placed on wire-mesh
1ables in a completely randomized design. with a border row of extra
seedlings around each table to minimize edge effects. Rainfall was sup-
plemented by watering 10 maintain the soil moist,

Stanting on 15 July (3—4 wk after application of treatments), seedling
height and total number of leaves were recorded 1wice a month and the
length of each leaf was measured once a month. Toial leaf area was
estimated by means of a previously developed regression of leaf area
vs. leaf length (2 = 0.917. N = 93 for 0. rugosa and ¥ = 0.963, N =
183 for (. laurina). Seedlings were harvested at the end of November
1993, 5 mo after treatments, and total shoot length, basal diameter, and
leaf area were measured (leaf area meter, Delta T Devices, Cambridge,
UK). Seedlings were oven dried for 48 h at 80°C and each seedling pant
(root, shoot, and leaves) was individually weighed. The total growth
period of 6 mo corresponds to the normal oak growing season at the
caollection site.

Mean seed masses of the two species were compared by a z test. The
relationship between seed fresh and dry mass of each species was ex-
amined by regression. Data on survival were analyzed by means of logit
analysis for binomial data (i.e., proportions), using the GLIM 3.77 sta-
tistical package (Crawley, 1993). By using a logit wransformation (p/q,;
where ¢ = 1-p) of p {in 1his case proportions surviving), the model
linearizes the observed values of the proportions and relates each ob-
served value to a predicted value. The latter is obtained by the logit
transformation of the value emerging from the linear predicior, which
is a linear sum of the effects of one or more explanatory variables.

Data on size of seedlings coming from different seed sizes were com-
pared before treatments were applied by means of a Kruskal-Wallis test.
Variables measuring final size and biomass of each seedling part were
analyzed by means of ANOVA. MANOVA was used to examine the
three biomass response variables (root, shoot, and Jeaves). When nec-
essary, data were transformed in order to fulfill the requirements of
homoscedasticity for the ANOVAs. Relative height growth rates (RGR)
were analyzed 10 control for differgnces at the moment of 1reatment
application.

RESULTS

Seed mass—The two species differed significantly (¢
= 6.25, P < 0.001, N = 1185 for Q. rugosa, N = 1075
for Q. laurina) in their mean seed masses. Although the
magnitude of the difference was small, the range of vari-
ation of seed sizes was quite different in the two species
(Fig. 1, mean = 1,99 g, SD = 1.14 for Q. rugosa and
mean = 1.75 g, SD = 0.48 for @. laurina). There was a
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0.4 TaBLE 1. Survival (proportion) of Quercus rugosa and Quercus laur-

ina seedings in the presence and absence of cotyledens (+/— cot)

at three levels of simulated herbivory. The numbers in parentheses

indicate the expected values of the logistic model. Since herbivory

0.3 did net bave a significan effect in Q. laurina, the expected values

% o rugosa

! M 0. Jaurina

Frequency
o
i+

0.1
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4.3 5.5 6.5

Seed mass

Fig 1. Frequency disiributions of fresh seed mass classes of Q. ru-
gosa and Q. laurina,

strong correlation between acorn fresh and dry masses
for both species (r* = 0.998 for Q. rugosa, = = 0.997
for Q. lauring), as well as between total fresh mass and
cotyledon dry mass (> = 0.995 for Q. rugosa, 1= = 0.992
for Q. laurina), allowing me to consider seed fresh mass
as a good indicator of the amount of reserves available
for seedling growth. Additionally, it has been shown in
other oaks that there are high correlations between seed
size and contents of ash, energy, and storage compounds
(Triphati and Kahn, 1990). The embryo (including cot-
yledons) accounted for a high proportion of total seed
dry mass (53-75% for Q. rugosa. 53-68% for Q. lauri-
na).

Seediing survival—Seed size had a clear effect on sur-
vival of Q. rugosa, with seedlings from large seeds hav-
ing the highest and seedlings from small seeds the lowest
survival (Table 1}). Within each size class, survival was
lowered by removal of the cotyledons and by increasing
levels of shoot removal. The effects of cotyledon remov-
al, seed size, and herbivory were highly significant (P =
0.001 for all three cases), and the interactions between
these variables were not (P > 0.4 in all cases).

It is necessary to note here that, because logistic mod-
els are bounded by zero and one, the effect of a given
change of the independent variable on the dependent vari-
able (probability of survival) is nonlinear, increasing
when the values of the dependent variable are most dis-
tant from their upper and lower asymptotes (zero and one,
respectively). Accordingly, the fitted logistic model pre-
dicts a quantitatively larger effect of cotyledon removal
on small-seeded seedlings, where survival is expected to
drop 17% (from 0.98 to 0.81) as a result of the removal,
while the predicted drop in large-seeded seedlings is only
0.8% (from 0.999 to 0.991). Likewise, the effect of the
highest level of herbivory was quantitatively larger on
small-seeded seedlings, where survival drops 13% as a
result of biomass removal, while the drop in large-seeded
seedlings is only 0.6% (Table 1). Thus, in spite of the
absence of statistically significant interactions in the lo-
gistic model, the biological effects of both herbivory and
cotyledon removal display a strong synergism in small-
seeded seedlings.

are the same for all three herbivory levels,

Seed size

X Smail Medium Large
Herbivory
5y + cot,

— cot + ot = 0l = oot = ol

Quercus rugosa

0 1.00 0.81 1.00 0.95 1.0G 0.96
(0.979y (0.81) (0.994) (0.944) (0.99%) 0.991)

50 0.91 .52 1.00 0.73 .60 1.00
(0.917) (0.507) (0.978) (0.803) (0.997) (0.965)

100 .80 0.36 0.95 0.71 1.00 0.92
(0.547) (0.339) (0.956) (0.671) (0.993) (0.933)

Quercus lauring

0 075 022 069 023 083 035
50 0.55 021 067 007 083 006
100 0,50 0.1 056 000 095 006
(074 (0.139)  (0.636) (0.094) (0.823) (0.209)

In contrast to Q. rugosa, cotyledon loss caused greater
mortality in Q. laurina and seed size did not compensate
for this loss (Table 1). The effects of seed size (P =
0.052) and cotyledon removal (P < 0.001) were signifi-
cant, with the predicted drop in survival due to cotyledon
joss 60% in both large and small-seeded seedlings (Table
1). Herbivory (P = 0.12) and the interactions among vari-
ables were not significant (size X herbivory P = 0.31;
size X cotyledon P = 0.24; herbivory % cotyledon, P =
0.08). Resuits for Q. laurina must, however, be treated
with caution because some seeds and seedlings showed
evidence of pathogen attack (probably a fungus), reduc-
ing survival even in seedlings from the control group.
Most mortality in both species occurred during the lst
mo after the application of treatments and those seedlings
unable 1o resprout after 4 wk soon died.

Seedling growth—Quercus rugosa—The effect of
seed size on height was evident throughout the growing
season, regardless of the level of herbivory. At the mo-
ment of application of treatments, there were already sig-
nificant differences in height (Kruskal-Wallis H = 14.45,
P = 0.007) and number of leaves (H = 19.37, P = 0.001)
between seedlings coming from different seed sizes. Leaf
development was greater in scedlings from medium and
large seeds (median = 5 leaves) than from small seeds
(median = 3 leaves).

Herbivory, as expected, resulted in a pronounced re-
duction in height in all cases, and seedling height was
further reduced by the removal of cotyledons. Without
herbivory, loss of cotyledons did not have a very pro-
nounced effect on height, except for a small reduction in
seediings from small seeds. In seedlings with cotyledons,
height was similar between those that lost 50 and 100%
of their shoot, but differences between these herbivory
levels were greater in seedlings from small and medium
seeds without cotyledons (Fig. 2A-C).

Seed size, herbivory, and cotyledons, as well as all
second-order interactions, had a significant effect on
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TasLE 2. ANOVASs on relative growth rates.

Effect F Jf Il
Q. rugosd
Size 12.28 2 <0.001
Herbavory 792.57 1 <0.001
Cotyledons 59.65 1 <0.001
Size X Herb. 8.65 2 <0.001
Size X Cat. 4.34 2 0.014
Herb X Cot. 15.79 i <0.001
SXHXC. 1.76 3 0.173
Error 215
Q. lawrina
Size 1.03 2 0.362
Herbivory 59.95 1 <0.001
Size X Herb. 0.29 2 0.747
Error 62

RGR (Table 2). This analysis excluded seedlings without
herbivory, due to differences in variability in the response
of seedlings with and without herbivory. In general, seed-
lings with 100% herbivory had higher RGRs than those
with 50%, and RGRs increased with seed size. The lack
of cotyledons caused a reduction in RGRs in all cases,
although this reduction was smaller in seedlings from
large seeds. Differences between seedlings with and with-
out cotyledons were more pronounced in the 100% her-
bivory treatment than in the 50% shoot loss.

There was a highly significant effect of the three fac-
tors on final shoot height, leaf area, basal diameter, num-
ber of leaves, and mean area per leaf (Table 3). The her-
bivory X cotyledon interaction was significant for almost
all of them, due to the fact that the effect of increasing
levels of herbivory was amplified by the absence of cot-
yledons. The seed size X herbivory interaction was sig-
nificant in some cases, while the seed size X cotyledon
interaction was not in most cases. The third-order inter-
action, significant in two cases, is difficult to interprer.

The conspicuous effect of herbivory on shoot height
persisted until the end of the experiment, with seedlings
that suffered 100% herbivory half the final height of
those without herbivory. It also reduced leaf area in all
seed sizes, although little difference was observed be-
tween 50% and 100% herbivory (Fig. 2D-E). In large-
seeded seedlings that kept their cotyledons there was a
noliceable recovery in leaf area towards the end of the
growing season. The effects of herbivory were always

TaBLE 3. Quercus rugosa: F statistics and probabilities for ANOVAs,
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mitigated by the presence of cotyledons, with 50-150%
more final leaf area relative to seedlings without cotyle-
dons.

Cotyledon retention had the largest influence on both
total leaf area and mean area per leaf, while herbivory
affected total leaf area more than individual leaf area.
Seedlings that suffered herbivory and lost their cotyle-
dons generally had the fewest leaves. Herbivory caused
a greater reduction in the diameter of seedlings coming
from small seeds than from the other seed size classes.

MANOVA showed that the three variables studied had
highly significant effects on the biomass (dry mass) of
the various seedling parts (P < 0.0001). ANOVAs were
then carried out to analyze their effects on the biomass
of each seedling organ (Table 3), with all three variables
having a significant effect on total, root, shoot, and leaf
dry mass. In all cases, the most conspicuous effect was
due to cotyledon retention, followed by herbivory and

seed size. The seed size X herhivory interaction was sig-

nificant in all cases, due to the greater impact herbivory
had on dry fnass of small-seeded seedlings. Mean total
dry mass responded in a manner similar to that of seed-
ling parts. In general, the two levels of herbivory had a
similar effect, but were clearly different from the control
group (Fig. 3). There was also a trend for the effect of
cotyledon retention to be more conspicuous when her-
bivory occurred.

The proportion of dry mass accounted for by the root
(root mass ratio) in seedlings that did not experience her-
bivory differed significantly with seed size (small = 0.47,
medium = 0.48, large = 0.53, F =52, df =2, 8; P =
0.007). The presence or absence of cotyledons did not
affect this relationship.

Quercus laurina—The low number of seedlings sur-
viving in treatments where cotyledons were detached did
not allow a sound comparison between the growth pa-
rameters of seedlings with and without cotyledons, so
comparisons were made only among those treatments
with cotyledons. As with Q. rugosa, 1 mo after germi-
nation there were already significant differences in height
(Kruskal-Wallis A = 12.39, P = 0.002) and leaf number
(Kruskal-Wallis B = 7.48, P = 0.24) among seedlings
from small, medium, and large seeds.

Differences in height due to herbivory were main-
tained in seedlings of the three size classes throughout

Seed size Herbivory Conledons Size X Herb. Size X Cot. Herd X Con, SxHXC
Variable F I F P F P F 4 r r F P F P
df reatment? daf 2 daf 2 df 1 df 4 daf 2 df 2 df 4
Shoot height 2281 <Q.00001 27475 <0.00001 98.32 <«0.00001 1.01 NS 345 0.033 646 0.002 2,50 0.043
Leaf area 28.76 <0.00001 63.86 <0.00001 97.56 <0.00001 2.31 NS 0.27 NS 372 0.03 1.86 NS
Diameter 69.36 <0.00001 11145 <0.00001 139.78 <0.00001 5.03 0.000 096 NS 0.35 NS 332 001
No. leaves 389 002 3347 <0.00001 746 0.007 6.81 0.00003 234 NS 6.93 0.001 207 NS
Mean area per leaf 31.86 <0.00001 17.72  <0.00G01 96.09 <0.00001 072 NS 0.31 NS 344 003 1.89 NS
Biomass
Shoot 86.83 <0.00001 18645 <0.00001 251.25 <0.00001 268 0.03 0.89 NS 5.50 0.005 4.38 0.002
Leaves 4897 <0.00001 70.57 <0.00001 145.89 <0.00001 4.39 0.002 0.26 NS 4.06 Q.02 3.24 0.01
Root 90.49 <0.00001 86.60 <0.00001 14576 <0.0001 4.37 0.002 0.48 NS 6.01 NS 312 0.02
Toul 101,41 <0.001 123.25 <0.00001 219,18 6.12 0.601 0.89 NS 10.34 0.00005 4.68 0.043

<0.00001

» df ervor: 235 for size variables, 233 for biomass variables.
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Fig. 3. Tortal dry mass of seedlings of Q. rugosa. Back, seedlings with cotyledons: front, seedlings without them.

the growing season. Relative height growth rates were
not significantly affected by seed size nor by the seed
size X herbivory interaction (Table 2; Fig. 4A-C). The
growth plots for seedlings without cotyledons, although
produced with small sample sizes, suggest that cotyledon
loss had a great impact on both seedling height and Jeaf
area, as was the case for Q. rugosa (Fig. 4C, F). Due to
a high variability of shoot height in this species, the ho-
moscedasticity requirement could not be fulfilled and this
variable was not analyzed by ANOVA,

Final leaf area and basal diameter were both signifi-
cantly affected by seed size and herbivory (Table 4, Fig.
4y, Total number of leaves was significantly affected by
seed size, while mean area per leaf was affected by her-
bivory. Seedlings from large seeds had an average of 3.5
more leaves than seedlings from small- or medium-sized
seeds and those without herbivory had larger leaves.

MANOVA of biomass data of the various seedlings
parts showed a significant effect of both seed size and
herbivery (P < 0.0001). The individual ANOVAs
showed that, with the exception of shoot mass, seed size
was more important than herbivory in the biomass at-
tained at the end of the season, although both variables
had significant effects on almost every seedling part (Ta-
ble 4). The strong effect of herbivory on shoot mass, as
on height, indicates that seedlings are unable to recover
from loss of aerial tissue in one growing season.

Seedlings from large seeds had a clear advantage in
most cases, while there were not always differences be-
tween seedlings from small- and medium-sized seeds.
Herbivory resulted in a clear decrease in total dry mass.
Seed size did not have a significant effect on root mass
ratio in this species.

DISCUSSION

Differences among species in average seed mass were
relatively small, but the results agree with the reported
tendency for white oaks (subgenus Leucobalanus) to
have larger seed sizes than red oaks (subgenus Eryrhro-

balanus) (Sork, 1993). The variation in seed size found
in O. rugosa was large, even though only within-popu-
lation variation was examined. In the Ajusco Hills, this
species has a wide distribution, whereas Q. laurina oc-
cupies more protected, humid sites with well-developed
soils. The variation in seed size may give Q. rugosa the
ability to establish in a mosaic of microsites with differ-
ent physical and biotic conditions, thus broadening its
regeneration niche (sensu Grubb, 1977).

Survival was greatly reduced by cotyledon removal in
both species, demonstrating that the reserves remaining
in the seed 1 mo after germination still contribute 1o seed-
ling survival. Survival after cotyledon excision was high-
er in @. rugosa than in Q. laurina, indicating a more
extended dependence on these reserves in the latter.

My results have implications for the hypothesis of non-
dormancy as a means of escaping postdispersal seed pre-
dation, as the probabilities of surviving cotyledon de-
tachment are significantly higher in large-seeded seed-
lings. Predators would prefer to excise the cotyledon as
early as possible, before its food reserves are consumed
by the seedling. However, early excision of the acorn
greatly reduces the chances of a successful escape. For
the species considered here, previous trials showed that
seedlings are unable to survive if cotyledons are removed
7-15 d after genmination (C. Bonfil, unpublished data).
For most species, we do not know the time required to
attain complete independence from cotyledonary re-
serves, both in terms of survival and growth, a factor that
could have ecological relevance.

In both species there is a clear effect of seed size on
seedling growth, both initially and at the end of the grow-
ing season. In Q. rugosa the effects of seed size and
cotyledon retention become meore important when seed-
lings suffer herbivory. Higher relative height growth rates
are associated with cotyledon retention, and the consis-
tent increase in RGRs with seed size both in seedlings
with and without cotyledons shows the importance of
having a large supply of reserves at germination.
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TABLE 4.  Quercies lawrina: F statistics and probabilities for ANQVAs.
Seed size Herbivary Size X Herb.
Variable r P F r F ¥
df treatment® df 2 df 2 df 4
Leaf arca 997 0.0001 +.14 0.02 1.89 NS
Diameter 7.25 0.001 143 0.015 1.56 NS
No. leaves 378 0.03 .57 NS 0.89 NS
Mean area per leaf 210 NS 4.14 0.02 .55 NS
Biomass
Shoot 18.22 <0.00001 42.27 <0.00001 2.19 NS
Leaves 12.76 0.00002 3.02 0.02 1.00 NS
Root 19.98 <0.00001 199 NS 1.22 NS
Tozal 26.09 <(.0001 15.11 <0.00001 1.94 NS
* df error: 77.

The removal of 50% of the shoot resulied in the loss
of most leaves and frequently produced shoot dieback.
This, combined with the higher subsequent RGR of
plants in the 100% shoot loss treatment, resulted in both
levels of herbivory having similar final sizes and bio-
masses (Figs. 2—4). In nature, total removal of the shoot
by herbivores is more frequent. Growth was generally
reinitiated from lower buds, often resulting in the devel-
opment of two new branches. This pattern is common in
oak seedlings (Crow, 1988) and branches of oak trees
{Heichel and Turner, 1984), which form more lateral
branches as a result of defoliation (Hilton et al., 1987).

In Q. laurina, seed size significantly affected seedling
sizes 1 and 6 mo after germination, weakly affected sur-
vival, and did not affect RGR between 1 and 6 mo. This
suggests that differences among seed size classes in
height at 6 mo are determined principally in the 1st mo.

The relationship between seed and seedling size in
oaks has been described before (McComb, 1934; Triphati
and Kahn, 1990; Tecklin and McCreary, 1991). My study
shows that in Q. rugosa the capacity of seedlings to re-
cover from herbivory is mediated by seed size, since the
decrease in number of leaves, diameter, and total dry
mass of seedlings that suffered herbivory diminished with
increasing seed size. Nevertheless, differences in height
and biomass between uncut seedlings and those that suf-
fered artificial herbivory were maintained until the end
of the study period. Welker and Menke (1990) also found
that severely defoliated Quercus douglasii seedlings did
not accumulate biomass to levels that approached non-
defoliated secdlings.

The fact that seed size has an effect even when coty-
ledons are excised shows that 1 mo after germination,
differences in supply are already evident and have im-
portant consequences for the seedlings. This reinforces
the view that in oaks the seed reserves are quickly di-
rected to the root (McComb, 1934; Grime and Jeffrey,
1963), where they remain available for seedling resprout
(Matzuda and McBrde, 1986; Crow, 1988; Walters, Kru-
ger and Reich, 1993) after disturbance-caused death of
aerial biomass. The positive relationship found between
seed size and root mass ratio also supports this idea, al-
though it was found only in . rugosa. In this species
root biomass was reduced by herbivory, a fact that may
reflect the utilization of stored reserves in the production
of a new shoot. Parker and Patton (1975) found that de-

foliation of Quercus velutina seedlings caused a depletion
of the starch reserves in the roots.

In an environment where the .aerial biomass of young
oak seedlings is frequently lost due to the action of her-
bivores and/or harsh climatic conditions, seed size plays
an important role in determining which individuals will
prevail. However, given the large intrapopulation varia-
tion in seed size, other ecological factors, such as dis-
persal, seed predation, and water relations may confer an
advantage to different seed sizes (Stanton, 1985). Safe-
site requirements could also differ for seeds of different
sizes, The study of different groups of species would
yield important insights into the adaptive significance of
seed size in diverse ecological contexts and also help to
evaluate the relative contributions of historic 4nd ecolog-
ical factors to the responses observed.

LITERATURE CITED

ARMSTRONG, D. P, axp M. WESTOBY. 1993. Scedlings from large seeds
tolerate defoliation better: a test using phylogenetically independent
conmtrasts. Ecology 74: 1092-1100.

BAKER, H. G. 1972, Seed weight in relation to environmental condi-
tions in California. Ecology 53: 997-1010.

BaRNETT, R. J. 1977. The effect of burial by squirrels on germination
and survival of oak and hickory nuts. American Midland Naiuralist
98: 319-330.

BELLO GoxzALEZ, M. A., axD ], N. LABAT. 1987. Los encinos (Quer-
cus) del estado de Michoacdn, México. SARH, CEMCA. Cuader-
nos de Estudios Michoacanos 1.

BonFiL, C. 1993, La riqueza de los encinos. Ciencias 29: 13--15.

CrawLEY, M.J, 1993. GLIM for ecologists. Blackwell Scientific Pub-
lications, London.

Crow, T. R. 1988. Reproductive mode and mechanisms for self-re-
placement of northern red oak (Quercus rubra)—a review, Forest
Science 34: 19-40

DaRLEY-HILL, S., axD W. C. Jounsoxn. 1981, Acorn dispersal by the
Blue Jay (Cyanocitia cristata). Qecologia 50 231-232.

FosTER. S. A. 1986. On the adaptive value of large seeds for tropical
moist forest trees: a review and synthesis. Boranical Review 52:
260-199.

. AND C. H. JaNsoN. 1985, The relationship between seed size
and establishment conditions in tropical woody plams, Ecology 66:
773-780.

Fox, J. E 1982, Adaptation of gray squirre] behavior to autumn ger-
mination by white oak acorns. Evelution 36: 800-809,

GonzALEZ-Rivera, R. 1993, La diversidad de los encinos mexicanos.
Revisia de la Sociedad Mexicana de Historia Narural Vol. Esp.
(XLIV): 125-142.

GONZALEZ-VILLAREAL, L. M.

1986, Contribucién al conocimiento del

e

™

[}



e e

- e e — e T e

......C_......................_....

*

January 1998)

género Queercus (Fagaceae) en el estado de Jalisco. Insttuto de
Botdnica. Univ. de Guadalajara. Coleccién Flora de Jalisco.

Grime, 1. P, axD D. W JEFFREY, 1965. Seedling cstablishment in ver-
tical gradients of sundight. Jourmnal of Ecalogy 53: 621642

Gross. K. L. 1984. Effects of sced size and growth form on seealing
cstablishment of six monocarpic perennial planis. feumal of Ecol-
ogy 72 369-387,

Gruee. P. 1977. The maintenance of species richness in plant com-
munities: the importance of the regeneration niche. Hiological Re-
view 52: 107-145,

Hansox, P ), ET AL. 1986. A morphological index of Quercus seedling
omogeny for use in studies of physiology and growth. Tree Phyvs-
iology 2:173-28).

HeicHeL, G. H., axp N. C. Turxer. 1984, Branch growth and leaf
numbers of red maple {(Acer rubrum L.} and red oak (Qucrcus
rubra L.): response to defoliation. Qecologia 62: 1-6.

Hiton, G. M., J. R. Packras, axD A, T Wiuts, 1987, Effeqts of
experimental defoliation on a population of pedunculate oak 1 Giser-
cies robur L), New Phyiologist 107: 603-612.

JExsex. T. S.. axp O. F NieLsex. 1986. Rodents as seed dispersers in
a heath-ouk wood succession. Oecologia 70: 214-221.

KeLLy. C. K. axD A. PURVIS, 1993, Seed size and esizblishment con-
ditions in tropical trees. Oecologia 94: 356-360.

LeisHMAN, M. R, anxp M. WESTOBY. 1994, The role of large seed size
in shaded conditions: experimental evidence. Funcrional Ecology
8: 205-214.

MaTzepa, Koo axp ). R.McBRIDE. 1986. Difference in szedling growth
morphology as a factor in the distribution of three oaks in central
California. Madraio 33: 207-216.

Mazer, §. L. 1989, Ecological. taxonomic and life history correlates
of seed mass among Indizna dune angiosperms. Ecological Mono-.
graphs 39: 153-175.

McCome, A. L. 1934, The relation between acorn weight and the de-
velopment of one year chestnut cak seedlings. Journal af Forestry
32: 479-484,

McWiLniasms, E. L. R. Q. LANDERS, AND 1. P MaHLsTEDE. 1968, Van-
ation in seed weight and germination in populations of Amargmihus
retrofiexus L. Ecology 49: 290-296

MeLeaxnsy, K. 1968, The effects of some mammals and birds on re-
generatton of oak. Journal of Applied Ecology 5: 339-366.

Nixoxn, K. C. 1993, The genus Quercus in Mexico. In T. P Rama-
moorthy, R. Byve, A. Lot, and J. Fa [eds.). Biological diversity of
Mexico: origins and distribuiion, 439-458. Oxford University
Press, Oxford.

PaRKER. J.. axD R. L. PaTTON. 1975, Effects of drought and defoliation
on some meiabolites in roots of black oak seedlings. Canadian
Journal of Forest Research 5: 457-463.

QUINTANA-ASCENCIO, P, M. GONZALEZ-ESPINOSA, AND N. RAMIREZ MAR-
CiaL. 1992, Acom removal, seedling survivorship, and seedling
growth of Quercus crispipilis in succesional forests of the high-

BONFIL—EFFECTS OF SEED S1ZE AND HERBIVORY ON (QUERCUS SEEDLINGS 87

lands of Chiapas, Mexico. Bulletin of the Torrey Bowanical Club
119: 6-18.

SaLisBURY, E. J, 1942, The reproduciive capacity of plants. G. Bell
and Sons. London.

1974, Seed size and mmass in relation ro environment. Pro-
ceedings of the Reval Socicty of London B186: 83-88.

SchpF, D. ). 1977, Seed weight of Amaranthus retraflexus in relation
1o moisture and length of growing season. Ecology 58: 450--453.

SEmwa. K., axp K. Kiktzawa. 1991, Phenclogy of tree seedlings in
relation 10 seed size. Canadian Jowrnal of Botany 69: 532-538,

SHaw, M., W. 1968. Faciors affecting the natural regeneration of sessile
oak (Quercus perrae} in Nonth Wales. I1. Acorn losses and germi-
nation under field conditions. Jowrnal of Ecology 56: 565-583,

Sork, V. L. 1993, Evolutionary ecology of mast-seeding in temperate
and tropical oaks (Quercus spp). Vegetario 107/108: 133-147,

STANTON, M. 1984, Seed varation in wild radish: effect of seed size
on components of seedling and adult fitness. Ecology 65: 1105-
1112,

1985. Seed size and emergence time within a stand of wild
radish (Raphanus raphanisinan L.): the estublishmem of a fitness
hierarchy, Oecologia 67: 524-331.

TECKLIN, J.. axp D. D. McCrEary. 1991. Acorn size as a factor in
early seedling growth of blue oak. USDA Forest Service General
Technical Reponn PSW-126: 48-53.

TripaTHL, R. S.. axD M. L. Kanx. 1990. Effects of seed weight and
microsite characteristics on germination and seedling fitness in two
species of Quercus in a subtropical wet forest. Oikos 57: 289-296.

WaLTERS. M. B., E. L. KRUGER, axp P. B. REICH. 1993, Growth, bio-
mass distribution and CO, exchange of nonhern hardwood seed-
lings in high and low light: relaiionships with successional status
and shade 1olerance. Oecologia 94: 7-16.

WELKER, J. M.. axp J. W, Me~ke. 1990, The influence of simulated
browsing on lissue water relations, growth and survival of Quercus
douglasii (Hook and Arn.) secdlings under slow und rapid rates of
soil drought. Funciional Ecology 4: 807-817.

WELLER. 5. J. 1985, Estzblishment of Lithospermum carolinense on
sand dunes: the role of 