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RESUMEN
La producción de néctar es un atributo que es considerado costoso en términos

energéticos y por lo tanto en muchos casos se ha considerado como un atributo
adaptativo. El mesquite míelero es una planta importante y en algunos casos
dominante de las zonas áridas de América y juega un papel significativo en las
interacciones con otros organismos y a nivel de ecosistema, modificando la dis-
tribución de los nutrientes. En la Reserva de la Bósfera de Mapimí, Durango
México, las poblaciones de mesquite tienen proporciones 1:1 de productores y
no productores de néctar en condiciones naturales. En esta tesis, buscamos
las posibles consecuencias que tiene la producción de néctar en varios atributos
tanto de plantas productoras como no productoras de néctar. Realizamos censos
de abejas durante dos periodos de floración (marzo de 1994 y 1995) para saber
cual era el efecto de producir néctar sobre el tipo de visitante. Al mismo tiempo,
evaluamos la fenología de ambos morios (1994-1996) y algunos aspectos de la
viabilidad y captura de polen de cada morfo. Además evaluamos la efectividad
de algunos de los polinizadores más comunes. Para evaluar la función femenina
con más cuidado, evaluamos el éxito de la fructificación de la población, y med-
imos aspectos morfológicos de la flor, analizamos las tasas de entrecruzamiento
de las semillas de cada morfo, y evaluamos el éxito en la germinación de semillas.
Para poder acercarnos a evaluar el costo de producción de néctar, utilizamos
un modelo demográfico modular en donde describimos de manera muy fina el
comportamiento demográfico de ambos morfos tomando en cuenta un aspecto
ambiental y el otro de producción de néctar. La producción de néctar en el
mesquite mielero Prosopis glandulosa además de mantenerse en proporciones
1:1 no ha cambiado entre años sugiriendo que tiene una base genética. Las
consecuencias sobre los polinizadores es clara, con un mayor en el número de
individuos y de especies en las plantas que lo producen. Como consecuencia de
esta mayor tasa de visita, el número de granos de polen y el número de semillas
producidas fue mayor, sin embargo el tipo de visitante es importante ya que al-
gunos de estos no son tan eficientes en el deposito de polen sobre estigmas como
otros. En contraparte, el número de granos de polen es mayor en las plantas que
no producen néctar sugiriendo una inversión mayor a la función masculina. La
consecuencia del incremento en el numero de visitas no conlleva a un incremento
en las tasas de entrecruzamiento (í = 1 para amboos morfos) ni sobre el peso
y la tasa de germinación de las semillas. Demográficamente, la producción de
néctar no juega un papel importante y la dinámica de la población de módulos
se encuentra limitada por recursos y por la variación interanual. Las posibles
rutas evolutivas que pueden mantener este dimorfismo se discuten en donde se
proponen modelos inestables (sustitución de un morfo por el otro, y evolución al
dioicismo) y modelos estables (EEE y genes ligados al sexo) en donde se puede
mantener el dimorfismo de producción de néctar a largo plazo.

TESIS GOM
FALLA DE ORIGEN



ABSTRACT
Néctar production has often been considerad a costly attribute in energetic

terms and in many cásea it has been described as an adaptive trait. The honey
mesquíte is an important and sometimes dorainant species of American arid
environmenta and plays a signiflcant role in plant-animal interactions as well as
at an ecosystem level, where it influences the distribution of nutrients. In the
Mapimi Biosphere Reserve, Duxango, México, a 1:1 proportion of nectarful and
nectarless individuáis can be found in the populations of the honey mesquite,
In this thesis, we describe the consequences of néctar production on several
attributes of both nectarful and nectarless individuáis. For this purpose, we
performed bee censuses during two flowerhig periods (March 1994 and 1995) to
determine the effect of néctar production on pollinator visitation. We also de-
termined plant phenological characteristics for both néctar morphs (1994-1996)
as well as some aspects of pollen viability and pollen capture on stigmas and
evaluated the effectiveness of the most common visitors. Do determine the effect
of néctar production on female function, we determined fruit sets over a three
year period, as well as floral morphology, outcrossing rates, seed weights and
seed germination rates. To determine the cost of néctar production we used a
demographic approach of modular growth for both néctar morphs. Néctar pro-
duction in Prosopis glandulosa was constant throughout the study period and
proportions of nectarless to nectarful individuáis did not change between years,
suggesting that néctar morph could have a genetic basis. The consequences on
pollinators was clear, with an increase in the number and species of pollinators
on nectarful individuáis. As a consequence of this increase, a larger number
of pollen grains were deposited on stigmas and a larger number of seeds were
produced by nectarful individuáis over long time perids, however, the type of
floral visitor played an important role as not all floral visitors were as efficient
in depositing pollen. On the contrary, the number of pollen grains on nectarless
individuáis was higher, suggesting a higher investment towards male function.
The increase in the number of visitors did not have an effect on the outcross-
ing rates (t = 1 for both néctar morphs), ñor in seed weight ñor germination
rates. Demographically, néctar production does not pose an important drain
of resources and modular dynamics was mostly influenced by resources (water
availability) and inter-annual variation. The possible evolutionary routes that
can be followed by this néctar ¡nectarless system are discussed whereby mod-
els leading to instability (substitution of one néctar morph by the other, and
the evolution of dioicism) and stable models in which the dimorphism can be
maintained (ESS and sex-linked genes) are described.



Capítulo 1

Introducción



El dimorfismo en la producción de néctar: Un
acercamiento al proceso adaptativo de

caracteres florales
The first question which has to be answered
on investigating any flower is whether it is a
néctar flower or not because if one regards a
néctar flower as lacking néctar, one will not quite
possibly be in a position to give in any reason why
it has this particular structure but not other.
Christian Kónrad Sprengel (1793)

1. Introducción.

Desde la época de C. K. Sprengel (1750-1816), las flores han sido

consideradas un elemento para la atracción de polinizadores, y una manera

de promover el entrecruzamiento entre plantas (Sprengel, 1793; Darwin,

1862). Las flores presentan varios atributos como el color (Delph & Lively,

1989), la forma (Delph et al, 1996), el tamaño, la presencia de néctar y/o

polen (López-Portillo et al, 1993), fragancias (Williams, 1983), aceites

(Simpson et al, 1977; Bucfrrnann, 1987) que atraen e influyen el

comportamiento de los visitantes a las flores. La expresión de cada uno de

estos componentes florales va a tener un efecto sobre la adecuación de las

plantas, por varias razones como el número de visitas recibidas, la calidad

de la visita, el patrón de forrajeo, y el costo de producir el atributo entre

otros. Por ejemplo, un cambio en el número de visitas puede incrementar la

probabilidad de exportación e importación de polen (Zimmmerman, 1988;

Rush et al, 1995) y además, la planta puede seleccionar la mejor calidad de

polen para la fertilización (Stanton eí a/., 1986; Niesenbaum, 1999). Como



estos atributos tienen efectos tan importantes en el éxito reproductivo de

las plantas, podremos considerar que la selección natural es la principal

fuerza que los modifica. En el caso específico de la polinización, podemos

encontrar varios procesos, cada uno con dinámica compleja, que afectan la

adecuación de las plantas. Por ejemplo, el efecto que el número de visitas de

un polinizador tenga en la dinámica del flujo de polen va a afectar de

manera diferencial el éxito reproductivo de la función hembra (recepción de

polen) asi como de la función macho (donación de polen). Aunque la

dinámica de estos factores es muy compleja, podemos subdividir el proceso

global de la polinización en factores que contribuyen a la adecuación total

de una planta, de tal manera que podemos analizar modelos más sencillos

que al final puedan ser integrados para formar un modelo más general. Al

simplificar cada proceso podemos considerar los factores que influyan en los

costos y beneficios involucrados en producir y mantener un atributo para

después poder generar hipótesis acerca de su evolución. En particular, los

sistemas de polinización, además de los atributos que se han considerado

como adaptativos (aceites, néctar, forma de la flor; Baker, 1983), hay

muchos otros factores no adaptativos (e.g., restricciones genéticas) que

deben ser considerados. Entendemos como adaptación: (1) caracteres que

promueven la adecuación y además fueron "construidos" para esa función,

y (2) una variante fenotípica que goza de una mayor adecuación entre otras

variantes, en un ambiente definido y sin considerar el componente histórico

(Herrera, 1996; Reeve & Sherman, 1993; Williams, 1966). Por lo tanto, al

estudiar la evolución de las flores y la función de la polinización, no solo se

necesita información acerca de cada proceso; sino que además

necesitaríamos incluir un componente histórico (filogenético) y/o un

componente experimental (Armbruster, 1996).



2. Efectos y Consecuencias de los Atributos
Florales.

2.1. Los Efectos de la Interacción con los
Polinizadores.

Los atributos florales tienen varios efectos sobre la conducta de los

visitantes que a su vez afectan la adecuación de las plantas (ver Fig. 1)

(Waser, 1983; Mitchell et al, 1999). Los atributos florales afectan la

conducta de polinizadores de varias maneras :

• Determinan la probabilidad de visita de los visitantes florales. Esto se

puede observar por un incremento en el número de visitas conforme

aumenta el despliegue floral (Gori, 1989; Ohashi & Yahara, 1998).

• Influyen en la secuencia de forrajeo de los visitantes dentro de cada

inflorescencia. El mecanismo conductual se basa en la probabilidad de

encontrar recursos, dado el nivel del recurso encontrado. La conducta

se modifica de tal manera que disminuyen la probabilidad de visitar la

misma flor dentro de la inflorescencia por medio de patrones regulares

(e.g. movimientos básales o apicales constantes).

• Modifican el patrón de forrajeo de los polinizadores después de visitar

una planta. Cuando un visitante floral encuentra una flor o planta con

recompensas, lo más probable es que en promedio las flores o plantas

de la zona van a dar recompensas de la misma calidad, por lo tanto

tiende a quedarse dentro del parche de recursos, haciendo vuelos

cortos y vuelos en ángulos agudos. En cambio, cuando un polinizador

visita una flor sin recompensas, tendería a volar distancias más largas
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Función Masculina
(1) Producción de polen
(2) Exportación de polen

Conducta de los polinizadores
(1) Frecuencia de Visitas
(2) Calidad de laa Visitas

Exportación y flujo de polen
(1) Análisis de paternidad

Atributo Floral

Costos energéticos
(1) Costo de la reproducción
(2) Costo demográfico

Adecuación total *

Función Femenina
(1) Número y calidad
de vastagos, semillas,
fruto

Conducta del polinizador
(1) Patrón de forrajeo
(2) geitonogamia vs. entrecruza

Función femenina
(l)Número y calidad
de vastagos
semillas, frutos, etc

Figura 1: Factores asociados a la producción de atributos florales que afectan
la adecuación de las plantas. Por un lado tenemos los componentes repro-
ductivos que son afectados por la producción de néctar y por otro los costos
asociados a la producción de néctar

con ángulos de vuelo obtusos en busca de un parche con recursos

(Heinrich, 1983; Gilí .& Wolf, 1977).

• Determinan cómo y cuánto polen se deposita en el cuerpo del

polinizador. Los ejemplos más sorprendentes de estos mecanismos se

encuentran en orquídeas. Las polinias son insertadas en posiciones

específicas del cuerpo del polinizador para incrementar la

probabilidad del contacto entre la polinia y la superficie estigmática
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de otra inflorescencia.

• La interacción de la planta con su visitante determinan en gran

medida la dispersión del polen en el espacio. Tanto el patrón de

forrajeo ínter-planta como el intra-planta van a tener efectos

importantes en las tasas de entrecruzamiento (un efecto de acarreo de

polen o "pollen carry-over") y autofertilización (geitonogamia).

La polinización genera una disyuntiva importante entre el visitante

floral y la planta. En el caso de la producción de polen, el conflicto es

especialmente importante, ya que el polen es usado como alimento de las

larvas de algunos polinizadores pero es también la función masculina de la

planta. Por lo tanto un incremento en el consumo de polen por

polinizadores es un secuestro de genes y recursos de la poza génica de la

población de plantas. Sin embargo, plantas en donde no existe una

producción de atrayentes como el néctar, se ha sugerido que hay un

incremento en la producción de polen que funciona como atrayente

(Simpson & NeíF, 1983). Desde el punto de vista del polinizador, las visitas

a las flores están limitadas a encontrar recursos suficientes (que pueden ser

aceites, néctar, polen, etc) que maximizen la función costo-beneficio en

términos de recursos para el visitante. Desde el punto de vista de la planta,

también se va a maximizar la función costo-beneficio (Fig. 2), pero en

términos de garantizar la reproducción (Bell, 1986). Estos tres componentes

de la interacción con el polinizador son, en buena parte, determinantes de

la dispersión del polen (la adecuación por vía masculina). Por ejemplo, un

incremento en la producción de néctar incrementa la probabilidad de

dispersión y depósito del polen (Aizen k, Basilio, 1998), pero también puede

provocar un incremento en la tasa de autofertilización y una disminución



del flujo de polen por la conducta del polinizador (Klinkhamer et al.} 1994;

Mitchell et al, 1999).

2.2. Costos Energéticos de los Atributos Florales.

La producción de atributos florales es costosa en términos energéticos,

por lo que se debe considerar que cada atributo va a ser optimizado (Cody,

1974; Pyke, 1991) (Fig. 2). El valor óptimo del atributo sería aquel en el

cual la distancia entre la curva de beneficios y costos sea la mayor. Estos

costos no solo son en términos energéticos, sino también en términos de

recursos utilizados como el agua, y nutrientes necesarios para mantener los

atributos florales (Ashman & Schoen, 1996). En algunos casos la flores

pueden generar fotosintatos que de alguna manera subsidian el costo floral,

y en otros casos, puede haber una reabsorción de productos que pueden ser

costosos como el néctar (Koopowitz & Marcnant, 1998; Búrquez & Corbet,

.1991). Los costos pueden llegar a ser tan altos que tienen consecuencias en

otros atributos, como en muchos casos que involucran "trade-offe" con

varias características de los frutos (Ashman & Schoen? 1996). De manera

indirecta, la producción de atributos florales también tienen efectos en

atraer polinizadores que no siempre son adecuados, especialmente si

incrementan la autofertilización o dañan las partes florales (Renner, 1983).

En el caso del néctar, se ha demostrado que hay una correlación positiva

entre sü producción y alguna medida relacionada con la adecuación (e.g.,

número de visitas, cantidad de polen exportado e importado, calidad del

polen, etc). Esto se debe a que un incremento en la producción de néctar

provoca un incremento en la tasa de visita que lleva a un incremento en la

exportación e importación de polen. Estos incrementos en polen permiten



una mayor fertilización de óvulos (vía masculina) y una mejor selección de

la calidad de las semillas (vía femenina), aumentando así la adecuación por

ambas vías. Como consecuencia de la atracción el costo tanto energético

(Southwick, 1984; Pyke, 1991) como del incremento en la geitonogamia

(Klinkhamer et al, 1994) provoca una disminución en la adecuación (Fig.

2).

En algunos casos, individuos dentro de una población y hasta en

especies diferentes han desarrollado sistemas de polinización por engaño

(Little, 1983) en donde se incrementa la adecuación al reducir los costos de

producir recompensas. Ejemplos de estos sistemas son frecuentes en

orquídeas (Meiland & Wilcock, 1998), en donde los mimetas que no

producen néctar por lo general tienen una menor producción de frutos pero

no tienen el costo de producir el recurso. En los sistemas en donde hay

plantas que no producen néctar, por lo general hay una sustitución de la

recompensa por fragancias y/o polen (Meiland & Wilcock, 1998). Estos

sistemas casi siempre son mantenidos por algún proceso de selección (e.g.,

selección dependiente de las frecuencias). Por ejemplo, la orquídea mimeta

Orchis israelítica es más exitosa (48?6 %) en presencia de la Liliaceae

modelo Bellevalia flexuosa que produce néctar que en la ausencia (3,8 %)

del modelo (Dafhi & Ivri, 1981)

2.3. Función Femenina y Masculina.

La presencia o ausencia de atributos florales va a tener consecuencias

principalmente en la función masculina de la flor (Bell, 1986). Los modelos

teóricos sugieren que la inversión en caracteres florales esta asociada a la

función macho. Si solo consideramos la asignación secundaria a las

10
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Figura 2: Función de optimización para un atributo floral como el néctar

estructuras de atracción como iguales entre masculino y femenino, en las

flores perfectas necesariamente habría una asignación a la parte femenina

mucho mayor que a la masculina (Bell, 1986). Cierta evidencia empírica

también apoya hacia este hecho. En sistemas dioicos en donde hay

productores y no productores de néctar, la producción de néctar se

encuentra asociada a las plantas masculinas. Por ejemplo, en muchas

orquídeas la producción de néctar esta asociada a las flores masculinas

mientras que las flores femeninas son mimetas (Bino et al, 1982). En

sistemas protrándricos como en el caso de algunas especies del género Agave

(Schaífer & Schaffer, 1977), y en Aplistoema áurea (Aizen & Basilio, 1998),

la producción de néctar esta asociada a la función masculina dentro de la

fenología floral.

Como hemos visto, la presencia/ausencia de atributos florales tiene

consecuencias en varios aspectos relacionados con la adecuación de las

11



plantas. Para poder determinar la importancia en adecuación de algún

atributo, debemos analizar las consecuencias sobre la historia de vida de las

plantas (como el crecimiento y la reproducción) para poder generar

hipótesis que puedan aproximarnos a explicar la evolución de sistemas

biológicos. Esto hace que los modelos de optimización tengan que incluir

todos lo factores que involucran la adecuación de la planta (Fig. 1). Para

esto, necesitamos conocer la mayoría de los factores causales en el proceso,

para poder determinar la importancia relativa de cada factor y así evaluar

las consecuencias generales involucradas en el proceso. Partimos del

supuesto de que un atributo tiene algún efecto sobre los polinizadores

(incrementa el número de visitas, el tiempo de cada visita, etc). Estos a su

vez modifican la dinámica del flujo de polen y la función femenina, que se

traduce en adecuación por las dos vías. Por otro lado, tenemos los costos

asociados de producir el atributo que pueden negar los beneficios obtenidos.

Al juntar estas dos vertientes, podríamos aproximarnos a evaluar como

afecta el atributo en la adecuación final de manera integrada.

3. El caso de Prosopis glandulosa.

Esta tesis trata de explicar la evolución de un sistema dimórfico de

producción de néctar. Se centra en encontrar las consecuencias de producir

néctar sobre aspectos genéticos, reproductivos y demográficos de los

individuos. Para este fin? usamos a Prosopis gandulosa var. torreyana

(mesquite mielero) que es una planta sumamente importante en las zonas

áridas de Norte América al tener asociaciones con un número grande de

especies tanto artrópodos como mammíferos (ver Apéndice 3). El género

Prosopis se encuentra ampliamente distribuido en América. La expansión

12



de las especies leñosas a pastizales ha geerado una serie de metodologías

para el control de estas plagas, sin embargo la importancia y el papel

ecológico que juegan las especies de mesquite en las zonas áridas es

raramente discutido. Por ejemplo, se ha demostrado que suelos asociados a

mesquite se encuentran enriquecidos de Nitrógeno y Carbono libre,

generando así islas de fertilidad en los ambientes desérticos. Sin embargo, el

mesquite sigue siendo considerado como una especie invasiva de pastizales.

Esta invasión se atibuye principalmente a sequías, supresión de fuegos

naturales, sobrepastoreo de ganado y concentraciones elevadas de CO^-

Aunado a estas características ambientales, el rnesqite posee atributos

demográficos que lo hace ser una especie invasora muy eficiente. Por un

lado es capaz de mantener poblaciones al equilibrio en épocas de sequía

comportándose como una planta leñosa perenne, mientras que también

aprovecha los pulsos de recursos para la invasión de los ambientes de

pastizales. Demográficamente, el mesquite puede comportarse como una

planta invasora cuando los recursos son adecuados (ver apéndice 2). Los

factores más importantes que determinan la demografía del mesquite

mielero se componen de dos aspectos, el primero es la cantidad de agua

disponible en un sitio y en segundo término, la variabilidad entre años que

afecta las tasas de reclutamiento por un lado y el crecimiento por el otro.

En años malos (precipitación por debajo del promedio), la demografía del

mesquite mielero esta determinada por la sobreviviencia más que cualquier

otro proceso demograáfico.

Estudiamos una población de mesquite mielero en la cual se ha

descrito un dimorfismo de producción de néctar (proporción 1 : 1 entre

morfos productores y no productores) en varias poblaciones dentro de la

Reserva de la Biosfera de Mapimí (Durango, México López-Portillo et al,

13



1993). Este sistema dimórfico de producir/no producir néctar en

proporciones tan semejantes es único en condiciones naturales y permite

explorar las consecuencias en varios aspectos biológicos que genera éste

atributo floral.

4. Organización de la tesis.

La tesis esta dividida en 5 capítulos y cuatro apéndices, siguiendo el

marco teórico planteado anteriormente (Fig. 1). En el capítulo 2 se describe

cómo la producción de néctar afecta la conducta de los polinizadores, tanto

en el número de visitas como en la calidad de la visita. Esta parte es

esencial para la planta, ya que la interacción con el polinizador es una

relación crítica de la reproducción y por ende de su adecuación (Wilson &

Thompson, 1996). Para este capítulo se realizaron censos durante dos años

en individuos que producen y que no producen néctar, para describir el

comportamiento de los polinizadores en cada morfo, y analizar la calidad de

los diferentes visitantes florales. El capítulo 3 se acerca al problema del

dimorfismo en la producción de néctar desde un punto de vista de caracteres

florales, producción de frutos y tasas de entrecruzamiento, tratando de

entender cómo es alterada la estructura floral y un componente de la

adecuación (función hembra) de la planta. Para esto usamos marcadores

moleculares (isoenzimas) para determinar las tasas de entrecruzamiento, y

realizamos una descripción de los caracteres florales, y un seguimiento de la

producción de frutos a través del tiempo. En el capítulo 4 determinamos las

consecuencias de producir néctar en ambientes desérticos, tratando de

evaluar los costos demográficos a nivel modular. Utilizamos tanto modelos

matriciales como log-lineales para poder describir la importancia del néctar,
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la variación anual y la disponibilidad de agua (factores importantes en

zonas áridas) en los procesos demográficos modulares de P. glandulosa. El

quinto capítulo es un análisis global de la evolución de la producción de

néctar en el mesquite mielero. En especial trato de resumir todo lo

encontrado durante el transcurso de estos últimos años acerca de la

influencia que tiene el néctar en los individuos de P. glandulosa. Intento

explorar varios modelos que puedan explicar el dimorfismo, para poder

llegar a una hipótesis de la evolución de este atributo floral. En el apéndice

1 se describe la metodología que seguimos para empezar a cuantificar el

flujo de polen, que aunque mencionado brevemente en el capítulo 3, amplía

la explicación del componente masculino más allá de solo la parte temprana

del desarrollo. Para esto, describimos el uso de marcadores moleculares más

específicos (microsatélites) para poder cuantificar el flujo de polen dentro

de la población. El apéndice dos describe la demografía del mesquite en

ambientes desérticos y la estrategia demográfica que sigue para adecuarse a

cambios en el ambiente. El apéndice 3 resume características del género

Prosopis que le permiten ser uno de los componentes florísticos más

importantes de las zonas áridas de América. Trata de resaltar la

importancia del mesquite en áreas donde los ambientes son muy fluctuantes

e incluyo algunos aspectos demográficos que ayudaron a entender las

características que hacen de Prosopis glandulosa una especie tan

importante de las zonas áridas de norteamérica. Finalmente, los anexos del

final son los códigos de los programas que utilicé para el análisis

demográfico y un programa de modelos de selección que fue utilizado

brevemente en el cuarto capítulo.
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Abstract

We investigated the plant-pollinator interactions between néctar and

nectarless plants of Prosopis glandulósa var. torreyana in the Chihuahuan

desert. Néctar production has been proposed as an adaptation to attract

pollinators that benefit from this resource, while plants gain in fitness

through pollination. As mesquite species are bee pollinated, we explored

how differences of visitor species diversity and visitor frequency affect

severa! aspects of female ñmction in néctar and nectarless trees. During the

flowering season of 1994 and 1995, for both nectarfiil and nectarless

individuáis, floral visitors were captured at three drfferent times of day.

Flowering phenology (over a three year period)} rates of néctar production,

effects of visitation on pollen receipt and pollen germination rates were

recorded. Néctar production rates were constant throughout the day but

difíered between days. No differences were found in fiowering phenology

between néctar morphs, and proportions of nectarful and nectarless

individuáis within the population remained constant throughout the study

period. Bee species diversity and frequency of visitors were significantly

larger on nectarful than on nectarless plants and only 10% of bee species

were shared by both plant morphs. Our resulte suggest clear diíFerences in

the function played by the plant rewards (i.e. néctar and pollen) to attract

visitors, but no significant differences in fruit set were found between néctar

morphs. Even though flowering phenologies overlap in time and space, the

kind of pollinators between néctar morphs are clearly distinct. The quality

of visitation and the sexual identity of the pollinators could probably be

affecting the frequency of selfing. In addition, the visitation of severa!

generalist bee species results in the same pollination success as few constant

bee visitors that collect pollen. Very low fruit sets are found despite the



high amount of bee species that visit P. glandulosa. These low fruit sets

cernid be due to pollen limitation and inbreeding depression as a result of

selfing or unsuccessful cross-pollination.



Introduction

Plant-pollinator interactions have been extensively studied in the

literature (Bierzychudek, 1981; Cruden et al., 1983)} and pollinator

"decisions" with respect to resource acquisition have generated both an

empirical and theoretical framework (Waser, 1983; Gilbert et al., 1991; Bell,

1986). Formerly, néctar was generally ineterpeted interpreted as an

adaptation to attract pollinators, that benefit from a cajbohydrate rich

resource while plants gain in fitness through pollination (Baker and Baker,

1983; Heinrich, 1975), but this has been recently undermined (Herrera and

Soriguer, 1983).

In spite of this relationship, a large amount of visitors take advantage

of plant resources which can either positively or negatively affect plant

fitness. Positive effects on plant fitness in large visitor coteries offcen occurs

when pollination is achieved by a large number of "bad pollinators" as

compared to an "optimum" or more specialized visitor (Burd, 1995;

Arizmendi et al., 1996; Fishbein and Venable, 1996). Negative effects occur

when néctar robbers damage or alter the flowering structure, eliminating

the possibility of fruit development (Roubik, 1982, 1989), although néctar

robbers might not necessarily reduce fruit sets (Inouye, 1980; Morris, 1996;

Arizmendi et al., 1996).

Maintaining large pollinator coteries could be beneficia! if and when

the expended resource does not prove costly (Harder and Barrett, 1992). If

resources such as néctar prove costly, then robbers or "poor" pollinators

should be discouraged, leading to the possible evolution of restricted

plant-pollinator interactions. Pollinators have been shown to respond to

resource-rich patches and have the capacity of discriminating between

these, depending on the energetic source that is being searched (Falque



et al., 1995). Pollinator visitation frequencies and flight patterns have been

largely analyzed in terms of energética and optimality theory (Heinrich,

1975, 1976) and their activities largely depend on the benefits gained after

probing or scents left behind by previous visitors (Wetherwax, 1986).

Opíimura plant-pollinator interactions have evolved in several ways

(Herrera and Soriguer, 1983; Gilbert et al., 1991; Nilsson, 1992; Pleasants

and Zimmerman, 1979), such as " Bonanza-Blank" resource offering (Brink,

1982; Feinsinger, 1983), flower color changes (Delph and Lively, 1989) and

variable néctar secretion patterns (Brink and de Wet, 1980).

It is thus important, from the plants perspective, to guarantee actual

reproductive success with available pollinators, especially when pollinator

guild variability has been shown on a daily, seasonal and yearly basis

(Fishbein and Venable, 1996; Herrera, 1996) or when flower constancy is

absent (Waser et al., 1996). Both systems can be found in arid

environments where there are large amounts of possible pollinators and low

availability of resources for both plants and pollinatoxs (Linsley and

MacSwain, 1957; Mandujano et al., 1996; Sirnpson et al., 1977; Keys et al.,

1996; Waser et al., 1996). Prosopis is a genus that has a characteristic bee

pollinator syndrome (Simpson et al., 1977). Due to the large floral display

and regular phenology, trees have a large amount of visitors, and are often

used as sites for other activities such as mating sites, áreas were

predator-prey interactions occur, as well as growth sites for different animal

taxa (Simpson et al., 1977). In particular, a dimorphic system of néctar

production between plants has been described for Prosopis glandulosa var.

torreyana (López-Portillo et al., 1993; Golubov et al., 1999) of the southern

Chihuahuan desert, where 1:1 proportions of nectaxful to nectarless

individuáis are intermingled, forming dense scrublands and vegetation ares.



The dimorphic system of néctar production provides a means of describing

néctar variation patterns, availability and changing community of

pollinators, and their influence on plant fitness in the same species.

The aim of this study was to determine the guild of pollinators that

visit P. glandulosa and in particular we describe 1) differences in visitor

guilds between néctar morphs?, 2) assess the differences and identity of

visitors in néctar and nectarless morphs between and within years? and 3)

determine if there is an effect of néctar prodnction on pollen viability and

on female function?

Methods

Study area-Research was conducted in the Mapimi Biosphere Reserve

(MBR), southern Chihuahuan desert (26° N 104° W, 1100 m altitude, 264

mm yearly average rainfall, 21°C mean temperature). Yearly rainfall during

the study period was 138.5 mm in 1994 and 198.4 mm in 1995 (MBR

climatic station). Field work was concentrated in a 1 ha plot of desert

scrubland with P. glandulosa var. torreyana surroirnding a temporal

water-catchment site. In the plot, all reproductive individuáis have been

tagged and their néctar condition determined since 1994 (Gohibov et al.,

1999).

Flowering Phenology-General plant phenological state was recorded

every second day during the 1995 and 1996 flowering season following the

same methods described previously for the 1994 flowering season (Golubov

et al., 1999). We tested if nectarfol and nectarless plants differed in the

number of reproductive individuáis between years (1994-96) by means of

Chi-square on a 2 x 3 contingency table (2 néctar states and 3 years) and

tested for independence.
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Néctar Praduction-During the 1994 flowering season, 11 nectarful

reproductive individuáis of P. glandulosa var. torreyana were randomly

selected. Of these, two individual branches containing mature inflorescences

were also randomly chosen and fresh individual inflorescences were bagged

at dawn with 15 x 20 cm paper bags, to avoid pollinator visitation. Néctar

production curves (accumulated néctar per flower vs. time) were measured

at regular 4 hr intervals from 8:00 hr to 20:00 hr by probing at least 5

individual flowers per tree, sampled on 6 consecutive days. To determine

the rate of néctar production, we fit linear regression models of

accumulated néctar at different times of day. As no differences were found

between individual plants with respect to néctar production, data were

pooled. We used an ANOVA to assess the influence of hour on the volume

of néctar production (Kirk, 1995).

Visitor Surveys-During the 1995 flowering season, we performed

fixed-time capture efforts on 12 trees at three times of day (8.00-10.00,

12.00-2.00 and 16.00-18.00 hr) every second day following the methodology

described previously (Golubov et al., 1999). The sample size was

determined by the time that could be covered in 2 hr intervals (5 minute

capture eíforts per plant) on néctar and nectarless morphs by a single

collector. All visitors that were found were captured using 15 x 20 cm

plástic bags (thorns preclude the use of nets) or directly in lethal chambers.

Captured individuáis were identified at the Museo de Zoología, Facultad de

Ciencias, UNAM, México. This methodology was done for a second

sampling year, and the full list of visitors has now been identified.

Chi-square analysis was performed to assess the influence of time of day on

pollinator abundance (Everitt, 1977).

Pollinator efficiency-During the 1996 flowering season, we bagged new



inflorescences of nectarful and nectarless individuáis and 1 visitor per

inflorescence was monitored for each néctar morph (N = 20 visitors). The

inflorescences where visitation had occurred were immediately collected .

after visitation, and a sample of 10-15 styles were excised, stained with

methylene blue, and number of pollen grains counted. In addition, to assess

the levéis of natural pollination, during the same period, 3 flowers of each

of 6 trees were tagged while immature. Once the inflorescence matured, we

randomly collected one of the tagged inflorescences on each of 3 consecutive

days. Styles of at least 10 flowers per inflorescence were collected and

stained with methylene blue. The presence and number of pollen grains was

determined for each stigma. Data analysis was performed with an ANOVA

having day, and néctar morph as factors.

Pollen performance-The success of pollen germination was assessed by

germinating pollen grains of a single inflorescence in a 10 % sucrose solution

and kept for 6 hrs in a humid chamber. We sampled 10 inflorescences per

plant of 11 plants per néctar morph. The viability of pollen grains was then

determined by staining with Alexanders médium (Kearns and Inouye,

1993). We analyzed the importance of individual trees and néctar morph

on the proportion of viability by means of GLIM ver 3.77 (Royal Statistical

Society) assuming a binomial error distribution (Crawley, 1993).

Results

The number of flowering individuáis during the reproductive season

was similar for both néctar morphs (Table 1), resulting in an equal.

proportion of néctar to nectarless morphs in the study site that did not

change between years (Table 1; x2 = 0.02, df — 2).

With respect to néctar, the rate of production of P. glandulosa

flowers is constant during the day (Fig. 1), with individual flowers starting
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to produce néctar in the moraing (0.063¿Í? ± SE 0.065 by 8 am) and on

average producing 0.16¿¿¿ ± SE 0.01 of néctar per flower per day. We found

no significant diíference of néctar production between plants (N = 11,

P = 0.194), but there were significant differences in standing crop of néctar

at different times of day (F3i43 = 26.75, P < 0.01, Fig. 1). Contrast i-tests

showed the only non-significant difference was between 12:00 and 16:00 hr

(P = 0.06). However, we found difíerences in néctar production between

days (JV = 6 days; F^4S = 4.09, P = 0.01) probably due to the

environmental conditions that prevailed during the study period. For

nectarless individuáis of P. glandulosa, no néctar production was observed

and this character has remained stable in consecutive years (Golubov et al.,

1999).

During the two-year period, a total of 64 species of bees were

identified visiting P. glandulosa. After taxonomic classification to the

species level, 55 species (distributed in 21 genera) were collected during the

first year and only 44 (distributed in 17 genera) were collected during the

second year. However, during the second year, 9 new species were identified

visiting Prosopis flowers (Table 2). Bee diversity was strongly biased

towards the Megachilidae in both 1994 and 1995 (47.11% and 53.68% of all

captured individuáis, respectively) and Colletidae (35.54% and 31.1%)

families followed by Apidae (7.85% and 5.69%), Andrenidae (6.2% and

9.36%), and Halictidae (3.31% and 1.17%). The most abundant genera

changed between years: during 1994, Colletes was the most common genus

(30.72% ) followed by Ashmeadiella (22.18%), while during 1995, Colletes

decreased in importance (24.41%) and Ashmeadiella increased (30.43%).

The genus Megachile remained constant in both years (18.87% and 17.56%,

respectively). Perdita followed in abundance with less than 10 % and the



rest of genera contríbuted in less than 5% to total bee abundance. Species

abundance during 1994 was clearly characterized by more genera (and

species) in low frequency that were not sampled in 1995 (30 vs. 24 species,

respectively). The Mgh abundance category was consistent between yeaxs

for only 8 species, the rest of the species varied in abundance between years

(Table 2). It is thus clear that of the 19 genera visiting P. glandulosa, only

the most abundant species visit nectarless individuáis. The number of

species that visit each tree accounts for cióse to 50 % of total species

diversity found within a given year.

Visitors differ greatly between néctar morphs. Nectarful trees had

97.11% of total captures and nectarless trees had only 2.89% of total

captures during 1994. This changed in 1995, where nectarful trees had cióse

to 92.81% of total captures and nectarless trees had 7.19%. In addition, for

female bees, the captures on nectarless trees remained constant in both

years (2.89% and 2.84% of total captures, respectively). However, male

individuáis were an important component on nectarless trees during 1995

(4.34% of total captures). With respect to time of day, the proportion of

bees was greater at midday during 1994 but this changed towards the

afternoon census in 1995 (x2 = 498, df = 2, P < 0.01). For both years

however, bees were rarely found before 10 am despite abundant néctar

availability, probably as a consequence of their physiological requirement of

temperature for activity.

Sex abundance differed with respect to flowering period. Males

largely visit at the beginning of the flowering period and preferably on

nectarful plants, while female bees are found on both nectarful and

nectarless individuáis, but their abundance is found a few days later with

respect to male bees (Fig. 2). The abundance of species was independent of

10



the specific year (x2 = 0.076, P > 0.01), as was reflected in the similar

abundances of 17 species between years. There were 8 species that had high

abundance in both years, 3 species with intermedíate and 6 species with

low abundance (Table 2). The data suggest that the abundance of these

species on Prosopis flowers is constant over time (at least during these two

study periods), and Prosopis can depend on at least these species to be

present for pollination. The rest of the species differed in their abundance

between years. Similar results were found by (López-Portillo et al., 1993)

where species differed between years and only a few were found in both

years. As fruit sets and outcrossing rates are similar between néctar morphs

(Golubov et al., 1999), the low visitation frequency by the captured species

are affecting pollination. Considering female bees exclusively, these

comprised 5 families in 1994 and 4 families in 1995 (excluding Apidae). In

both years the species that visited nectarless individuáis in the majority of

the cases corresponded to the most abundant genera (mentioned above)

which were also found on nectarful plants (Table 2).

Pollen viability was greatly affected by the specific tree the sample

carne from (X2 — 62.43, #Z = 10, P < 0.01), however we found no differences

between néctar morphs (Xnectarfui = 0.50,XnecíarjeSfl = 0.52;

X2 = 1.711,0$ = lj P > 0.05), suggesting that both néctar morphs provide

viable pollen in the same proportion, with high variability between

individuáis.

There were significant differences in the numbex of pollen grains

deposited between néctar morphs and between consecutive days. Pollen

grains accumulated progressively on the stigmas of flowers (Table 3) and

the mean number of pollen grains differed between the first two days and

the third (P < 0.01). The amount of pollen grains deposited on stigmas
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also differed between néctar morpliSj nectarful individuáis significantly

(P < 0.01) increased (by approximately 30%) the number of pollen grains

deposited on stigmas (fi, 1304 = 83.2, P < 0.01), suggesting that female

function is being benefitted by néctar production (X = 10 pollen grains per

flower over the three days period on nectarless trees vs. X = 15 pollen

grains per flower on nectarful individuáis; Table 3).

The honey mesquite P. glandulosa has a mean of 18 ovules per flower

(Golubov et al., 1999), but mean seed set was lower (X = 11). This

suggests that 30% of the ovules of flowers are not fertilized or are aborted.

The variance between ñowers of the number of pollen grains received (range

= 0-40) varied greatly, but saturated with time (CV(dayi) = 113.82,

CVfayfy = 61.93). The amount of pollen deposited was also a function of

the type of visitor, on average large bees of the Apidae and Apis deposited

large amount of pollen per visit (5.38 and 6.39 pollen grains ~1 flower ~1

visit ~1), while smaller bees also of the Anthophoridae such as Melissodes

tristis deposited less pollen (Table 4). Flies were poor pollinators,

depositing less than 1 grain of pollen per visit per flower while Megachilide

had intermedíate valúes of pollen deposition (2.34 pollen grains"1 flower'1

visit"1).

Discussion

Néctar production is offcen associated to male function, as a

consequence of Batmen's principie, which states that female fitness is

resource limited, while male fitness is limited by access to females (Wilson

et al., 1994). In contrast, néctar production has been associated to female

function in dioecious species (Pyke et al., 1988; Greco et al., 1996), as a

means of attracting pollinators and is associated to male function in

monoeckms and hermaphrodite species. In the honey mesquite, a
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hermaphrodite species, néctar production positively affected visitation and

as a consequence it also played a role in the female fitness function by

increaaing the number of pollen grains received. The proportion of pollen

grains that are deposited (30% more) cernid be one of the factors that is

increasing the fitness of nectarful individuáis by 25% as found peviously

(Golubov et al., 1999). The increase in visitation could also suggest an

increase in male function through pollen export, as has been found for

other plant species (Zimmerman, 1988; Rush et al., 1995). However, under

closer scrutiny, the sexual characteristics of the higher visitation frequeney

on nectarful individuáis may play an important role in the fitness gained

through male function. On one hand, nectarful individuáis provide

resources for a wide range of visitors, and on the othér, nectarless

individuáis provide resources only to a limited number of visiting species.

In addition to attracting female bees, nectarless morphs during the 1995

fiowering season attracted male bees which could possibly have been naive

pollinators. The actual success of pollen transfer by bees other than female

bees must be assessed, as males generally do not possess the structures

needed for pollen transfer but may be causing pollination in a more

haphazard manner. The high outerossing rates and limited self-fertilization

found for P. glandulosa (Golubov et al., 1999) and P. velutina (Keys and

Smith, 1996) suggest the need for cross-pollination, especially as the

resulting cross-pollinated seeds are, on one hand, highly heterozygous

(Golubov et al., 1999) and on the other also benefit from better

germmation rates (Martínez, 1996).

Attraction of pollinators is also affected by plant phenology, especially

as the size and density of floral display can positively or negatively affect

plant fitness through male and female functions (Fritz and Nilsson, 1996).
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Large floral displays would seera to benefit plant fitness, however, it has

been shown to decrease the efficiency of pollen export, with an increase in

geitonogamy (DeJong et al., 1993). In mesquites, flowering phenology

among the different plants is similar within a year (Golubov et al., 1999)

and is also similar between years (this study), supporting the idea that

both néctar and pollen resources are available at the same time period for

access by foragers. Comparing the data with those described previously

(López-Portillo et al., 1993) the proportion of nectarful to nectarless

individuáis seems to remain relatively constant between years (d=46%

nectarful and ±54% nectarless). Even when néctar production rates in P.

glandulosa are constant throughout the day, it also seems to be constant

between years (López-Portillo et al., 1993), néctar resource availability is

variable between trees, which is often associated to bee pollination (Cruden

et al., 1983; López-Portillo et al., 1993). This Mgh variation is probably

coupled to prevailing environmental conditions, giving a patchy nature to

resource availability. In addition, the lack of néctar production on

nectarless trees suggests a genetic basis underlying the system which also

contributed to the segmented nature of resources that are offered to

pollinators. This patchiness could in fact optimize outcrossing rates as the

high frequency of nectarless to nectarfal trees causes pollinators to seek for

resources between trees.

The adaptive valué of floral traits has been reconsidered, especially

regarding pollinator syndromes (Herrera, 1996). The evidence suggests low

floral specialization to particular pollinators (Herrera, 1996) even though

some examples of specificity do occur (e.g. the Yucca Yízcca-moth

associations). Mesquites seem to have a low floral specialization and we

identified two aspects that could contribute to this fact: (1) Floral
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morphology allowed visitation by a wide range of insect orders (Golubov

et al., 1999), and when considering a specific order (Hymenoptera in this

case), a wide range of visitors were found. (2) The spatio-temporal
q

variation in pollinators undermines the plants possibility to specialization

(Herrera, 1996; Eckart, 1992) as floral traits are subject to varying selection

regimes (Schemske and Horvitz, 1989; Waser et al., 1996).

In the honey mesquite, bee coteries varied widely between both

morphs and between years. On one hand, nectarless individuáis were

benefited by the most abundant pollinators and on the other, nectarful

individuáis increased visitation and quite possibly geitonogamy. Of all

species studied, 8 genera seem to be abundant and constant year to year

visitors of Prosopis glandulosa at MBR, while 5 genera (especially females)

are found on nectarless morphs during the two studied years. The data

suggest that the abundance of these species on Prosopis flowers is constant

over time (at least during these two study periods), and Prosopis possibly

depends on these species for pollination. The rest of the species differed in

their abundance between years making them unpredictable pollinators.

Similar results were found by (López-Portillo et al., 1993) where species

differed between years and only a few were found in both years. As fruit

sets and outcrossing rates are similar between néctar morphs (Golubov

et al., 1999), the low visitation frequency by the captured species are

aífecting pollination. In both years the species that visited nectarless

individuáis in the majority of the cases corresponded to the most abundant

genera (mentioned above) which were also found on nectarful plants. In

arid environments, oligolecty (specialization) is particularly dominant (66

% of bee species Waser et al., 1996). In the case of P. glandulosa, some

species seem to be oligolectic (e. g. Colletes prosopidis and C. algarobiae)
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but many others such as Diadasia are generally considered to be specific to

the Cactaceae (notably Opuntia Mandujano et al., 1996) but may require

the energetic resources provided by P. glandulosa during the dry period.

Regardless of specialization, the visitas to the nectarless morph are

considered good pollinators especially as fruit sets and outcrossing rates do

not differ between nectarful and nectarless morphs.

With respect to individual visitas, given the large amount of pollen

grains produced by flowers (w 35 600 flower - 1 ) , pollinators such as Perdüa

and smaller bees will obtain full pollen loads in a single visit, reducing the

possibility of inter-flower movements. On the contrary, larger bees such as

Megachile would be better pollinators as pollen loads accumulate after

several visits to different flowers, possibly increasing cross-pollination and

therefore fruit sets. Our data suggest that larger bees do in fact deposit

large amounts of pollen on stigmatic surfaces, and flowers need only 2-3

visits to complete seed sets. Other visitas such as flies may only land on

flowers and insert proboscis on each flower, but the amount of pollen that is

transported by these species is one order of magnitude less than those

deposited by solitary bees, and therefore generates low fruit sets. An

example of this inefficient pollination is that of the fly Volucella on the

velvet mesquite {Prosopis velutina), leading to relatively low fruit sets

(Keys et al., 1996). In addition to bad pollination, wasps and flies are

consumers of néctar, mainly acting as néctar robbers and reducing the

resources of the more efFective pollinatas. Our results suggest that the

Megachilidae are the most important visitas of mesquite, because they

have high densities, have more or less constant abundance between years

and are eflacient pollen carriers.

Néctar production has consequences on several aspects of mesquite
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biology. The increase in female function associated to nectarñil individuáis

could be a first step towards the evolution of sepárate sexes in this species,

however, the changing pollinator coteries can undermine the selection

pressure towards dioecy.
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Table 1: Number of flowering nectarful and nectarless individuáis during the
three year study period 1994-96 (N = 358).

Néctar morph 1994 1995 1996
Nectarful 140 129 109
Nectarless 170 160 135
No flowering 48 69 114
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Table 2: Number of individuáis of each bee species captured on nectarful
and nectarless individuáis of Prosopis glandulosa during the 1994 and 1995
flowering seasons.

Family

Andrenidae
Andrenidae
Andrenidae
Andrentdae
Andrenidae
Andrenidae
Andrenidae
Andrenidae .
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Apidae
Oolletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Oolletidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Halictidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megachilidae
Megaehilidae
Megachilidae
Total

Genus

Percuta
Perdita
Perdita
Perdita
Perdita
Perdita
Perdita
Perdita
Apis
Oentris
Centris
Cerattna
Diadasia
Epeolus
Bpeolus
Epeolus
Melissodea
Nómada
Xeromelecta
Zacosmia
Oolletea
Colletes
Colletes
Golletes
Colletes
Colletes
Colletes -
Colletes
Hylaeus
Hylaeus
Agapc-B temen
Agapostemon
Agapostemon
Agapostemon
Di alie tus
Lassioglosum
LosBioglosum
LasBÍoglosum
Antbidium
Anthidium
Anthidium
Ashmeadiella
Ashmeadiella
Ashmeadiella
Aabmeadiella
Ashmeadiella
Ashmeadiella
Ashmeadiella
Aehmeadiella
Ooelioxys
Coelioxys
Dioxys
Dolichostelis
Megachile
Megachile
Megachile
Megachile
Megachile
Megachile
Megachile
Osmia
Stelis
Stelis
Trachosa
24

Species

c allí ce rata
sp. 1
sp. 2
sp, 3
sp. 4
sp. 6
sp. 8
sp. 7
mellifera
paluda
rhodopua
sp. 1
sphae raice arum
mesillae
Bp. 1
Bp. 2
tristis
sp. 1
larra ae
maculata
aJF. perilencus
afF. scopiventri
algarobiae
desértico! a
louisiae
prosopidia
salicicola
widthami
asininus
sp. 1
melliventris
sp. 1
sp. 2
tyreli
spp
sp. 1
sp. 2
sp. 3
cochimi
cockerelli
paróse lae
bigeloviae
breviceps
clypeadentata
gilletei
leucdnzona
melíloti
proBopidis
rhodognatha
aff hunteri
menthae
productus
perpulchea
chilopsida
discorhina
líppíae
newberryae
o dona tos toma
sida) ce ae
spinotulata
subfasciata
elongaventriB
xerophila nv
larreae
64

Number ai bees 1994
Nectarful

1S94

4
2
1

30
3

3
2

1

a
5
2
5

26
I

4
78

91
3
1
1

41
3
34
1
4
6
I

6

1
1

23
1
7

e
10
23
3
96
1
1

12
2

1
1
7
6
11
85
7
7
1
1

. 5
3

705

Ne otarle es
1905

2

1

1

1

4

1

2
1

1

3

1

1

2

21

Number of bees 1995
Nectarful

1994
1

10

3
11
24
2
2

1

4

11
3
4
6

1

28
1

54

8

40
U
3 8

2

4

1

1
13
5
5

99
1
3

4 1
2
S

2
2

84
5
2

15
4
1

GGG

Nectarless
199E

3

2

2

1

2

1

2

2

1

1

1

7
2

4

1

3
2

1

43
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Table 3: Number of pollen grains (± SE) deposited on stigmas of nectarless
and nectarful individuáis during a 3-day period.

Néctar morph Day 1 Day 2 Day 3
Nectarful 12 (0.78) 13 (0.77) 19(0.82)
Nectarless 8 (0.61) 10 (0.62) 11 (0.69)
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Table 4: Average number of pollen grains deposited per visit for different
types of visitors

Family
Apidae
Apidae
Apidae
Halictidae
Megachilidae
Díptera

Bee species
sp. 1
Apis mellifera
Melissodes tristis
Dialuctus
Megachile
sp. 1

X pollen grains visit 1

5.38
6.16
0.87

0
2.34
0.39
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Figure Legends

Figure 1. Mean volume of accumulated néctar (//I ±SE) in inflorescences of

Prosopis' glandulosa in the MBR.

Figure 2. Sex ratio of bee visitors to flowers of Prosopis glandulosa. Squares

indicate 1994 and drices indicate 1995 flowering seasons.
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Capítulo 3

Why be a honeyless honey mesquite?
Reproduction and mating system of
nectarful and nectarless individuáis
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American Journal of Botany 86(7): 955-963. 1999.

W H Y BE A HONEYLESS HONEY MESQUITE?
REPRODUCTION AND MATING SYSTEM OF NECTARFUL

AND NECTARLESS INDIVIDUALS1

JORDÁN GOLUBOV,2-4 LUIS E. EGUIARTE,2 MARÍA C. MANDUJANO,2-4

JORGE LÓPEZ-PORTEJLO,3 AND CARLOS MONTAÑA3

instituto de Ecología, Universidad Nacional Autónoma de México, Aptdo. Postal 70-275,
Cd. Universitaria, UNAM 04510, México D.E; and

instituto de Ecología A. C , Aptdo. Postal 63, C. P. 91000, Xalapa Veracruz, México

Populations of Prosopis glandulosa var. torreyana in the Chihuahuan desert have a fixed dimoiphic system of néctar
production in which half the individuáis produce néctar (are nectarful) and the other half are nectarless. We analyzed the
impact of néctar production on different estímales of fitness, comparing nectarful against nectarless individuáis in size,
mating system, seed traits, and fruit set in a 1-ha scrubland. Of the reproductive individuáis (358), 46% were nectarful and
54% were nectarless. Neither tree size ñor flowering phenology differed between néctar morphs. Fixatíon índices (i7) for
boüi progeny (F = —0.2) and adults (F = —0.45) were negative, and high heterozygosities were found in adults and progeny
(H = 0.45). No differences were found between néctar morphs for Ft H, and single (r, = 1.1) and multilocus (rm = 1.03)
outcrossing rates. Controlled pollinations showed differences between selfing and control treatments with no differences
between néctar morphs. Nectarless individuáis produced significantly more pollen gratns than did néctar producers, but all
other measured floral traits showed no differences. Nectarful trees were visited by pollinators 21 times more often and had
a significantly higher overall fruit set than did nectarless trees. No differences between néctar morphs in seed mass or in
percentage seed germination were found, but heavier seeds tended to have higher heterozygosities. Both morphs had similar
success as females, but nectarless trees had —1% higher male function. We discuss three possible scenarios for the evolution
of the fixed dimorphism in néctar producción, two involving unstable phases (substitution of one morph by the other, and
evolution towards dioecy) and one stable scenario (maintenance of the dimorphic system).

Key words: floral traits; Leguminosae; mating systems; néctar production; outcrossing rates; pollination; polymorphism;
Prosopis glandulosa var. torreyana; seed traits.

Pollination of most angiosperms depends on visitation
by animáis seeking rewards found within flowers (Kevan
and Baker, 1983). Of all floral rewards, néctar is the most
commonly found in angiosperms (Kevan and Baker,
1983; Simpson and Neff, 1983). Its provisión within
flowers influences components of pollinator visitation, in-
cluding plant choice, foraging time, and foraging move-
ments (Zimmerman, 1983, 1988; Hodges, 1993). Plants
might be expected to evolve optimal allocation towards
floral rewards to attract visitors, as increased visitation
rates might prove beneficial in two ways: (1) the proba-
bilities of pollen import and export may increase with
visitation rates (Zimmerman, 1988; Harder and Barrett,
1996), and (2) trie plant can become selective as to which
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pollen grains fertilize the ovules, leading to higher seed
quality (Stanton, Snow, and Handel, 1986). However, in-
creased visitation rate does not always increase seed set
(Klinkhamer, De Jong, and Metz, 1994; Mitchell, 1994).
Excess visitation may lead to lower seed set, because of
higher levéis of selfing, clogging of stigmatic surfaces
with self pollen, and an overall decrease of pollen export
(de Jong et al., 1992; de Jong, Waser, and Klinkhamer,
1993; Klinkhamer, De Jong, and Metz, 1994). In addi-
tion, greater allocation to néctar involves an energy in-
vestment (Pleasants and Chaplin, 1983; Southwick,
1984), which can entail a reproductive cost (Pyke, 1991).
Some plants, however, show strategies to avoid some of
the costs associated with floral displays. These include
food deception mimicries. Within a population in which
most individuáis produce a food reward such as néctar,
nectarless individuáis would have an advantage if they
received floral visitors attracted by nectarful individuáis
while avoiding the costs of néctar production (Little,
1983; Gilbert, Haines, and Dickson, 1991; Dafhi, 1992).
The consequence of such deceptive pollination is con-
specific deceit mimicry (automimicry) or mimicry based
on naiveté, as described by Little (1983). In such a case,
the fitness of nectarful and nectarless plants would be
frequeney dependent: if nectarless individuáis increased
in number, pollination rates for all individuáis in the pop-
ulation would be expected to diminish significantly (Bell,
1986; Gilbert, Haines, and Dickson, 1991). However, few
food deception mimicries have yet been examined; in
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particular studies that quantify the effects of deception
mimicries are not common.

Populations of honey mesquite, Prosopis glandulosa
van torreyana Benson (Mimosoideae), in the Mapimi
Biosphere Reserve of México have a fixed intrapopula-
tion dimorphic system of néctar production (López-Por-
tillo, Eguiarte, and Montaña, 1993). Half of the individ-
uáis within a mesquite population are nectarful, produc-
ing on average 0.51 mg of sucrose equivalents per mil-
Iilitre of néctar, while the other half produce no néctar at
all (López-Portillo, Eguiarte, and Montaña, 1993). Nec-
tarful flowers are visited between 2 and 4 times more
often by a larger diversity of pollinators (29 vs, 5, re-
spectively) corapared to nectarless individuáis. Both néc-
tar morphs have been shown to be self-compatible, but
both display a high degree of inbreeding depression (Ló-
pez-Portillo, Eguiarte, and Montaña, 1993). Two obser-
vations suggest that néctar production in mesquites has a
genetic basis. (1) Néctar production appears to be uncor-
related with environmental factors. During 4 yr (1994—
1997), none of the studied plants has changed néctar
morph (Golubov et al., unpublished data), even under
varying rainfall regimes, This suggests genetic determi-
nation of néctar morph. (2) Nectarful and nectarless trees
at various Chihuahuan desert sites are randomly distrib-
uted in space; even when found surrounding water sup-
plies, proportions do not differ from 1:1 (López-Portillo,
Eguiarte, and Montaña, 1993; López-Portillo, unpub-
lished data). This species, therefore, provides a system in
which the relative fitness valúes of traits associated with
néctar production can be assessed under natural condi-
tions.

Our study examines the relative costs and benefits of
néctar production by comparing traits of nectarful vs.
nectarless plants, specifically addressing the following
question: (1) How is néctar production related with plant
size, outcrossing rates, and seed traits? (2) What is the
relative importance of floral traits and pollinator visitation
on the reproductive success of each néctar morph? and
(3) Do plants that provide néctar have higher fitness than
those that do not?

MATERIALS AND METHODS

Study site—The study was made in the Mapimi Biosphere Reserve
ÍMBR), southern Chihuahuan Desert (26°N104° W, 1100 m altitude, 264
tnra yearly average rainfall mainly in summer, 21°C mean annual tem-
perature, México}. Yearly rainfall during the study period was 13S mm
for 1994, 198.4 mm for 1995, and 234.7 mm for 1996 (MBR climatic
station). Fieldwork was done on a 1-ha área of desert scrubland domi-
nated by Prosopis glandulosa var. torreyana surrounding a seasonal
water-catchment site.

Study species—The honey mesquite, Prosopis glandulosa var. tor-
reyana Benson (Mimosoideae) (hereafter P. glandulosa), is a woody
perennial tree widely distributed in northern México and southeastern
United States (Rzedowski, 1988). This species is a dominant element
in different communities of the Chihuahuan Desert. At MBR, P. glan-
dulosa is found in the bajadas, playas, and arroyos and is the dominant
species that surrounds all water catchments (López-Portillo, Eguiarte,
and Montaña, 1993). Plowering at the study site starts in mid-March
(before the summer rains) and ends in mid-May. Prosopis glandulosa
is mainly pollinated by bees (López-Portillo, Eguiarte, and Montaña,

1993), Iike other species of Prosopis (e.g., Simpson, Neff, and Mol-
denke, 1977; Kcys, Buchmann, and Smith, 1995).

Study population—In 1994, we censused, tagged, measured, and
mapped all individuáis of P. glandulosa within the 1-ha área of desert
scrubland. Tree dimensions were taken as two canopy widths and
hcight. Spatial distribution was analyzed with contingeney tables (100
squares, each 10 X 10 m). Within the study site, the density of indi-
viduáis was 0.13 ind./m2, and of these 0.035 ind./m2 were reproductive.
The study site was subdivided into three plots of contrasting plant den-
sities (low density [LD] 0.07 ind./mI, médium density [MD] 0.22 máJ
m2, and high density [HD] 0.48 ind-Zm2).

During the flowering seasons of 1994 and 1995, we measured néctar
presence of all reproductive individuáis (N = 358). In each plant, we
bagged ñve ñrst-day open inflorescences of two sepárate branches at
dawn. Néctar presence-absence was determined at dusk after collecting
and probing five flowers per inflorescence with graduated 2-u,L micro-
pipettes.

The following traits were measured to assess any possible difference
between néctar morphs other than the production of néctar. Tree size
was calculated as the volume of the tree (using a spherícal model of
plant size) and cube-root transformed for further analyses (Sokal and
Rohlf, 1981). Tree size was ranked into five categoríes, and possible
differences in size between néctar morphs were analyzed by means of
a 2 X 5 contingeney table (Everitt, 1977). To assess differences between
morphs in flowering phenology, we recorded the presence-absence of
mature inflorescences every 2 d between 14 and 30 March 1994 on nine
consecutive observaron dates and differences were tested with a 2 X
9 contingeney table (Everitt, 1977). Finally, to characterize water avail-
ability between néctar morphs, in each of the three plots with different
plant densities, we measured predawn water potentials (Scholander et
al., 1965) for five randomly selected trees ftom each morph (5 trees X
2 morphs X 3 plots, N = 30). During March 1994, predawn water
potentials were measured on two randomly selected shoots per tree us-
ing a pressure chamber (PMS model 1000, Corvallis, Oregon).

Mating system—Outcrossing and population genetics—We estimat-
ed heterozygosity and outcrossing rate of each néctar morph using
starch-gel electrophoresis of progeny arrays. Fresh cotyledons of 10-d-
old emerging seedlings (N = 10 seeds per tree of 30 trees per néctar
morph) from the germination experiments <SEe Seed traits below) were
ground on Tris-citrate buffer (pH 8.3) (Keys and Smith, 1994) and
placed on a 10% starch gel Tris-citrate pH 8.3 substrate (Soltis et al.,
1983). Speciñc staintng and interpretación were done on glutamate ox-
aloacetate transanünase (E.C. [Enzyme Commission number] 2.6.1.1.;
Saidman, 1986), leucine aminopeptidase (E.C. 3.4.11.1.; Solbrig and
Bawa, 1975), esterase (E.C. 3.1.1.1.1.; Saidman and Naranjo, 1982),
and the malic enzyme (E.C. 1.1.1.40.; Murphy et al., 1990). Single (t,)
and multiloci ((„,) outcrossing rates, maternal genotypes, and maternal
and progeny ñxation índices were obtained using the multilocus esti-
mation program (MLT; Ritland, 1990).

Controlled pollination experiments—We tested the importance of self-
ing and the effectiveness of floral visitors through hand-pollination, us-
ing a completely randomized partial hierarchical design (Kirk, 1995).
Hand-pollinations were done on ten randomly selected trees (main plot)
per néctar morph in March 1996, during the peak ñowering period. On
each tree, 15 24 X 12 cm cotton bags (to avoid insect and wind polli-
nation) were used to cover selected branches having immature inflores-
cences. When inflorescences reached maturity, we randomly assigned
ñve bagged branches to each of the following treatments: (1) automatic
self-pollinaüon—bagged inflorescences wim no further manipulation,
(2) forced self-pollination—inflorescences manually self-pollinated ev-
ery 2 d, and (3) open-pollination (control)—mature inflorescences left
open for 5 d and then bagged. As the number of inflorescences varied
between samples, each bagged branch assigned to a pollination treat-
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ment was considered the subplot experimental unit Bags were sprayed
with insecticide every 2nd d to avoid flower loss from various larvae
that consume flower parts.

We assessed fruit set (pods/inflorescence) on 15 May 1996, once pods
were almost fully developed. Fruit set was arcsine-transformed (Sokal
and Roolf, 1981), and data were analyzed using nested ANOVA for
completely randomized partial hierarchical designs (Kirk, 1995). The
experimental model is néctar morph as the main treatment, trees (nested
in néctar morph), and the pollination treatment crossed with néctar
morph and tree (nested in morph). Differences between selfing and con-
trol pollination treatments were analyzed with orthogonal contrasts (So-
kal and Rohlf, 1981).

Floral traits and visitors—To address the possibility of differences
in flower traits between néctar morphs, we selected ten nectarful and
ten nectarless trees of similar sizes within the study site during the 1996
flowering season. From these, we collected ten ñrst-day inñorescences
per tree. Total rachis length was measured, and total number of flowers
per infiorescence were counted. Then, one flower per inflorescence was
selected randomly, and we measured style and stamen length and count-
ed the number of ovules and pollen grains. Given thé symmetry of the
two-parted anther, pollen counts were recorded from half an anther
(Cruden, 1977. We stained ovules and pollen grains with methylene
blue (0.01 g/mL) and counted them under a stereomicroscope at 80X.
Floral measures that did not conform to Shapiro-Wilk normality tests
(for N < 1000) were log transformed (Sokal and Rohlf, 1981). All floral
measurements were analyzed using nested ANOVA (JMP statistical
package, versión 3.1.2; SAS, 1995), considering néctar morph and tree
as factors (Kirk, 1995). Finally, as further indirect evidence of the mat-
ing system, we calculated pollen:ovule ratios according to Cruden
(1977).

We evaluated the abundance and diversity of floral visitors on both
nectarful and nectarless individuáis during the 1994 flowering peak (21
March-6 April). Every 2nd d, on six randomly selected trees per néctar
morph, 5-min fixed-capture efforts were made three times a day (0800,
1200, and 1600). Visitors were captured by using plástic bags (10 X
20 cm), as plant architecture and thoms prevent the use of mesh nets
and visitors to this species are easily captured. Plants were randomized
on a daily basis, to avoid temporal and observer-biased errors. Captured
specimens were identiñed, sexed, and measured (head to tip of abdo-
men), using four size classes: <2, 2-3, 3-4 and >4 cm. Data SEts
include only bees (Apoidea, Hymenoptera), as they are the main pol-
linators of Prosopis (Simpson, Neff, and Moldenke, 1977; López-Por-
tillo, Eguiarte, and Montana, 1993; Golubov et al., unpublished data).
Differential activity of bees with respect to time of day was analyzed
using contingency tables (Everitt, 1977).

Flowering and fruit set—Tb determine differences and variability in
pod production between néctar morphs, we tagged three widely spaced
branches around the canopy of each reproductive tree in 1994. Total
numbers of flowers, nodes, and fruits were recorded for each branch
during two consecutive years. I b avoid losses in counts from dehiscence
and predispersal predation, pods were counted before fully mature
(May). Fruits set was calculated as the total number of developed pods
per total number of inflorescences. To obtain a single estímate of re-
productive success per tree, we averaged and arcsine transformed (Sokal
and Rohlf, 1981) flower and pod counts of all three branches. Fruit set
was analyzed through mulüvariate anaíysis of variance (MANOVA)
with the 3 yr as repeated measures (van Ende, 1993), taking néctar
morph, site, and tree (nested in morph) as factors (JMP, versión 3.1.2;
SAS, 1995). Statistical significance was assessed using exact F contrast
tests, and F adjusted with the Greenhouse-Geisser (G-G) method (SAS,
1995).

Seed traits—To assess differences in seed mass and germination suc-
cess between néctar morphs, we collected pods from all reproductive

individuáis from the site in June 1994 (plants having <20 pods were
excluded from further manipulations). Ten pods from 30 nectarful and
30 nectarless trees were randomly chosen. To reduce the probability of
sampling consanguineous progeny, only one seed (also randomly se-
lected) per pod was used (N = 300 seeds for each morph). Selected
seeds were weighed to the nearest 0.001 g, scarified mechanically, sown
in soil from the original site, and grown in a greenhouse at the Instituto
de Ecología, UNAM, México. Germination was considered successful
when the seedlings had a developed radíele and fully expanded coty-
ledons.

Differences in seed mass were analyzed using nested ANCOVA with
three factors: néctar morph, plot, and parent tree (nested in plot) and
one covariate (tree size; Kirk, 1995). Differences in germination success
associated with néctar morph and parent tree were analyzed using con-
tingency tables (Everitt, 1977). The relationship between seed mass and
germination was calculated using a logistic regression model (Sokal and
Rohlf, 1981; JMP versión 3.1.2; SAS, 1995).

In addition, we related genetic information (see section outerossing
rates and population genetics) to seed mass by means of multiway AN-
OVAs, considering the number of heterozygous loci (0-7; pooling loci
0 and 1 as well as 6 and 7), néctar morph, and tres as factors. Contrast
í tests were performed to analyze the effect of heterozygous loci on
seed mass Sokal and Rohlf. 1981).

Cumulative effeets of néctar production on plant fitness—To obtain
an approximate and relative valué of female and male function for each
néctar morph, we multiplied all characters contributing to each function
(Arnold and Wade, 1984). Among the valúes measured, we considered
number of flowers, number of ovules, fruit set (1994-1996, see Flow-
ering and fruit set above), and seed set to be components of female
function. Numbers of flowers and pollen grains were considered as the
components of male function. Numbers of flowers, ovules, and pollen
grains were recorded from one flower per inflorescence (N = 100, ten
trees per néctar morph). Given the symmetry of the two-parted anther,
pollen counts were recorded from half an anther. Fruit sets were taken
from tagged branches around the canopy of néctar and nectarless trees
during the 3-yr period (1994-1996). Seed sets were taken as number
of viable seeds from 20 pods of five trees per néctar morph. All com-
ponents are multiplicative and, therefore, the error associated to relative
fitness was calculated as: Z = Ao Bo £ (Ao A50 + Bo AA0 + AA0 AfiJ,
where A's are SE associated to each mean valué. This estímate of male
fitness is approximate, because pollen flow and the proportion of seeds
fathered were not estimated.

RESULTS

Of all reproductive individuáis at the study site (358),
46% were nectarful and 54% nectarless; these numbers
were not significantly different from a 1:1 proportion (x2

= 2.51; P = 0.113). Neither tree size (P = 0.211; Fig.
1A) ñor flowering phenology (P = 0.7; Fig. IB) differed
between morphs.

Water availability (measured as predawn water poten-
tials) did not differ between néctar morphs (P = 0.1259)
but was significantly different among plots (F = 5.69, P
= 0.009), being lowest in the LD (x = -0.82 ± 0.08
MPa), as compared to MD {x = -0.58 ± 0.046 MPa)
and HD plots (x = -0.55 ± 0.046 MPa). Nectarful and
nectarless tress were distributed randomly throughout the
whole 1-ha site (x2 - 23.2, df = 99, P > 0.05).

Mating system—Outerossing and population genet-
ics—Seven polymorphic loci were resolved: LAP 1
(three alíeles), EST1 and EST2 (three alíeles each), EST3
(two alíeles), ME (two alíeles), and GOT1 and GOT2
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Fig. 1. (A) Size (as a radias in metres, N = 358) and (B) fiowering
phenology of adult (N = 310) individuáis of nectarful {empty bars) and
nectarless (hatched bars) traes during the 1994 reproductive seaaon.

(two alíeles), while GOT3 resulted in a raonomorphic
band. The fixation índices (F), excluding monomorphic
loci, were negative in progeny and adults, indicating an
excess of heterozygous individuáis at both stages^ F was
lower in parents compared to their progeny, but we found
no significan! differences in F between morphs at either

stage. Heterozygosities were high in both stages, and no
difference were found either (Table 1).

Single and multiloci outcrossing rate estimates (Table
1) indícate no detectable selfing, no biparental inbreeding
(no positive differences between ím and ís; Ritland, 1984),
and especially no differences between néctar morphs.
This indicates that both néctar morphs are outcrossers in
spite of the unrealistic valúes of t (i.e., >1) obtained,
probably caused by the múltiple heterozygosity of paren-
tai genotypes.

Controlled pollination experiments—We found differ-
ences between pollination treatments with respect to fruit
set (P < 0.001; Table 2). The lowest fruit set was for
automatic self-pollination (J = 0.0008 ± 0.002), fol-
lowed by forced self-pollination (% = 0.015 ± 0.012),
and finally open pollination (^ = 0,058 ± 0.023). Both
self-pollination treatments showed a marked decrease in
fruit set with respect to the control (P > 0.05). On the
other hand, fruit set did not differ between néctar morphs
(P - 0.2824, Table 2). The significan! treatment X tree
interactions indicated the high variability between trees
(F = 0.027S, Table 2), but all other interactions were not
significant.

Floral traits and visitors—Nectarless trees produced,
on average, slightly more pollen grains than did nectarful
trees (P = 0.05; Table 3). No other measured floral trait
differed significantly between néctar morphs. However,
for all floral traits, there was great variation between trees
within each morph (P < 0.0001). Comparing pollen:
ovule ratios (Table 3) to those reported by Cruden (1977),
the breeding system of P. glandulosa falls between fac-
ultative autogamy and facultative xenogamy.

The most abundant bee genera visiting both néctar
morphs (Table 4) included Colletes, Ashmeadiella, and
Megachile, with smaller numbers of Melissodes, Exo-
malopsis, Apis, Lasioglossum, and Perdita. Of all genera,
only one species of Perdita and one of Lasioglossum
were only found on the nectarless morph, and then only
in low frequencies (one recorded visit per bee species).
Considering total bee visits to both néctar morphs, there
were no significant differences in bee activity between
different times of day (x2 = 4.61, df = 2, P == 0.1) or
between size classes of bees (x2 = 5.11, df = 3, P =
0.16). Despite these similarities between néctar morphs,
the number of visits differed dramatically, as the number
of bees on nectarless trees comprised only 4.5% of total

TABLE 1. Levéis of heterozygosity, fixation index (F), and outcrossing rates based on seven polymorphic loci (1 SE in parentheses). All estimates
were calculated using MLT (Ritland, 1990).

Heterozygosity

Fixation index

Outcrossing rate

Progeny
Parents
Parentsc

Progeny

y

Overall*

0.4507 (0.02)
0.4507 (0.06)

-0.4463 (0.2)
-0.2124 (0.048)

1.033 (0.023)
1.186 (0.028)

Nectarful"

0.4458 (0.03)
0.4627 (0.1)

-0.4658 (0.1)
-0.2085 (0.003)

1.101 (0.087)
1.232 (0.050)

Ncclarlessh

0.4533 (0.03)
0.4577 (0.1)

-0.4565 (0.1)
-0.2162 (0.004)

1.023 (0.04)
1.173 (0.044)

1 Progeny of 60 parents, ten seeds per parent (N — 600).
b Progeny of 30 parents, ten seeds per parent (N = 300).
1 Inferred from MLT.
ü Based on 1000 bootstxaps.
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TABLE 2. Summary of F atatísücs and significance levéis for ANOVA
in a compfetely randomized partíal hierarchical design testing the
effect of different pollinatíon treatments (opcn-pollinated control,
forced self-pollination, and automatic self-pollination), néctar
raorph (nectarful or nectarless), and tree (N = 20) on fruit set. The
pollination treatment factor was decomposed into orthogonal con-
trasts: (1) control (C) vs. both selfing treatraents (FS and S), and
(2) automatic self (S) vs. forced self-pollination (FS). Fruit set was
arcsine transformed.

Sourco ofvariatioD

Néctar morph
Tree[mnrph)

Treatment
C vs. SF + S
S vs. SF

Néctar morph X Treatment
Treeinioiph] x Treatment

Error
Total

ss

0.099
1.457
2.332
1.865
0.467
0.0015
2.482

10.610
16.985

df

1
18

2
1
1
2

36
240
299

F

1.22
1.17

16.91
27.05
6.77
0.01
1.56

P

0.2824
0.3304
0.0001

<0.001
0.013
0.9890
0.0278

captures. Nectarful trees were visited, on average, 21
times more often than were nectarless trees. Taking into
account only the eight genera that are shared by both
néctar morphs, the visiting ratio is reduced somewhat to
10:1 (nectarful: nectarless). Wasps and files were seen
constantly, but only on the nectarful morph. Both sexes
of bees visited nectarful individuáis, while females alone
visited nectarless trees (Table 4).

Flowering and fruit set—Fruit set was very low in all
years (range = 0.08-0.17 fruits per inflorescence; Table
5). Fruit set varied signifícantly between years (Tables 5,
6) and was highest in 1995. Néctar morph and plot had
a significant effect on fruit set (Table 6), and there was
a nonsignificant trend towards a tree effect (Table 6).
Néctar producers had a higher overall fruit set than did
nectarless trees (Tables 5, 6). The highest fruit set was in
the plot MD (x = 0.1977 ± 0.056) followed by plot HD
(X = 0.1662 ± 0.053), the plots with the highest water
availability; planta in plot LD (j = 0.116 ± 0.038) had
significanüy lower fruit set (P < 0.0001). Variation in
fruit set between plots and néctar morphs among years
resulted in the only significant interaction (Table 6).

Seed íraiis—In 1994, we found no differences between
nectarful and nectarless trees in seed mass (Table 7), but

TABLE 3. Mean valúes (1 SE) of measured ñoral traits for nectarful
and nectarless trees. Significance levéis correspond to a nested AN-
OVA with factors néctar morph and tree {N = 100 flowers per
néctar morph). The pollen: ovule (P:O) ratio was calculated by di-
viding the estímate of pollen grains per flower by the number of
ovules per flower.

Flornl Uail Neclarful (SE) Ncclaricss (SB)

Pollen grains (« anther)"
Ovules per flower
Flowers per inflorescence
Length of anther (mm)
Length of style (mm)
Corolla diameter (mm)
Length of pedicel (mm)
P:O ratío

391
17.88
92.76
4.98
4.75
2.3

39.59
441

(12)
(0.28)
(0.12)
(0.12)
(0.09)
(0.04)
(0.12)
(18)

420
18.34
92.38
4.88
4.89
2.28

38.07
461

(10)
(0.27)
(0.26)
(0.12)
(0.08)
(0.04)
(0.13)
(33)

0.05
0.578
0.967
0.772
0.647
0.838
0.661
0.602

1 Each flower has ten stamens.

there was wide variation within morphs (# = 30.16 ±
0.27 mg, range = 12-58 mg). The main influence on seed
mass related to maternal effects (P < 0.0001; 40% of
total variance, Table 7). Seed mass of both néctar morphs
did not vary among plots, but nectarless trees showed a
slightly reduced seed mass in plot LD, giving a signifi-
cant plot X néctar morph interaction (Table 7). The or-
thogonal contrasts showed seed mass in plot LD to be
different from those in plot MD and HD (P < 0.001),
but plots MD and HD did not differ from each other (P
= 0.66).

We found no significant differences in germination
success between néctar morphs (P > 0.05). Both seed
mass (x2 = 6.43, df = 1, P = 0.0112) and parent tree (xz

= 73.944, df = 29, P < 0.001) had significant effects on
germination success. The mass of seeds was influenced
by both seed heterozygosity (taken as the number of het-
erozygote locí over the six possible; F = 3.2106, P =
0.0009) and tree-related effects (F - 8.395, P < 0.001),
but néctar morph had no significant effect (F = 0.6525,
P = 0.32). Contrast í tests after a significant ANOVA
divided the sampled population of seeds into two cate-
gories (Fig. 2), those having fewer than three heterozy-
gote loci and those having more. There was a slight ten-
dency for heavier seeds to have higher heterozygosities,
but little total variation is explained by this factor (r2 =
0.03, df = 598, P < 0.001).

Cumulative effects of néctar production on plant
fitness—The analyses revealed little difference between
néctar morphs. Thus, to include an overall measure of
plant fitness through either female or male functions, the
mean valúes of some characters important for plant fit-
ness from both nectarful and nectarless morphs are de-
scribed in Table 8. In terms of female function, there is
a large variation associated with each trait; overall, nec-
tarful and nectarless tress did not differ. In contrast, nec-
tarless individuáis had a higher relativo male function
(Table 8), and the error associated indicates the difference
to be significant (Table 3).

DISCUSSION

Our results suggest there are benefits and costs asso-
ciated with the lack of néctar production in P. glandu-
losa. Néctar production has been proposed to be expen-
sive, both in terms of total energy mvestment (>30%;
Pleasants and Chaplin, 1983; Southwick, 1984) and in
reproductive costs (Pyke, 1991). We would expect these
costs to be reflected in nectarful trees having decreased
reproductive output (i.e., fewer flowers, shorter flowering
times) and/or decreased plant growth (resulting in smaller
plants). However, we found no differences in plant size,
flower production, or phenology between néctar morphs.
This could be, in part, because néctar production repre-
sents a low energy cost for P. glandulosa. Negligible
costs of néctar production have also been found by Hard-
er and Barrett (1992) in the bee-pollinated Pontederia
cordata.

Néctar production variability has been shown to affect
pollinator foraging bouts and patterns (Waddington,
1983). In P. glandulosa, néctar production clearly affects
the number, species, and sex of bees that visit each néctar
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TABLE 4. Number of bees and other ñoral visitors, bee sex ratios, and visitor densities on nectarful and nectarless plants. Data set obtained from
nine census dates {21 March-6 April 1994) of six trees per néctar morph at three times of day (0800, 1200, and 1600).

Traiis Df floral visitors Ncciarful

Total no. of bee visits
Sex ratio (female: male)
No. of bee species
Andrenidae
Anthophoridae

Apidae
Colletidae
Halictidae
Megachilidae

Other orders of visitors

423
2:1
58
Andrena 2 spp., Perdila 5 spp.
Epeolus 2 spp., Exomalopsis 1 sp., Melissodes 2 sp., Neopasi-

tes 1 sp., Nómada 1 sp., Triepeolus 1 sp., Zacosmia 2 sp.
Apis 1 sp.
Colletes 8 spp., Hylaeus 3 spp.
Agapostemon 1 sp., Lasioglossum 4 spp.
Anthidium 3 spp., Ashmeadiella 12 spp., Coelioxys 2 spp.,

Megachile 5 spp., Stetis 2 spp.
Coleóptera 4 spp., Díptera 6 spp., Hemiptera 2 spp., Hyme-

noptera (Vespoidea) 3 spp. (Formicidae) 2 spp., Lepidoptera
4 spp., Thysanoptera 2 spp.

20
1:0
15
Perdita 2 sp.
Exomalopsis 1 sp., Melissodes 1

sp.
Apis 1 sp.
Colletes 2 spp.
Lasioglossum 4 spp.
Ashmeadiella 3 spp., Megachile 1

sp.
Díptera 1 sp., Thysanoptera 2 spp.

morph. Néctar production enhanced visitation frequencies
by at least one order of magnitude, as compared to nec-
tarless trees. Similar patterns have been found in dioe-
cious plants in which néctar is associated with female
function (Pyke, Day, and Wale, 1988; Greco, Holland,
and Kevan, 1996). However, the increase in visitation to
nectarful individuáis was not reflected in a corresponding
increase in fruit set. Nectarful trees produced outcrossed
progeny, and these did not differ from nectarless ones.
Probably, néctar collection is increasing rates of selfing
and consequently lowering both fruit and seed set. The
possible cost of increased geitonogamy incurred by néc-
tar production (Klinkhamer, de Jong, and Metz, 1994)
seems to be high for nectarful P. glandulosa plants, es-
pecially when a single effective pollinator visit is suffi-
cient to pollinate a flower, as has been found for the
closely related velvet mesquite, P. velutina (Keys, Buch-
mann, and Smith, 1995). Few but effective pollinators
(i.e., female bees that collect pollen to feed larvae) were
the main visitors of nectarless trees. providing a service
by dispersing pollen and pollinating during their foraging
bouts.

Néctar production does not seen to affect the mating
system of the honey mesquite, even considering the dif-
ferential visitation rates. Prosopis glandulosa, although
capable of selfing, is mainly an outcrosser, producing a
higher than expected proportiori of heterozygote seeds.
Previous pollination experiments on P. glandulosa (Ló-
pez-Portillo, Eguiarte, and Montaña, 1993) have also
shown higher fruit set for cross- than for self-pollinations.
Similar estímales of the mating system were found by
Keys and Smith (1994) for the velvet mesquite, P. ve-
lutina. In P. glandulosa, high fruit abortion rates (up to
four fruits/inflorescence) could mean selection against

TABLE 5. Mean fruit set per inflorescence (1 SE) for three sampling
years (1994-1996). N = number of trees sampled.

Ycar

1994
1995
1996

Average

TVee morph

Nccinrful (W » 149)

0.16 (0.106)
0.17 (0.165)
0.14 (0.143)
0.156 (0.05)

Neciarlcss (/V = 172)

0.11 (0.08)
0.17 (0.18)
0.08 (0.10)
0.12 (0.04)

homozygote progeny (<1% of seeds sampled were ho-
mozygous for all loci) or selection favoring the more het-
erozygous individuáis (Eguiarte, Perez-Nasser, and Pi-
nero, 1992), although these aspects must be fully ex-
plored. We found that fruit set, especially of nectarless
morphs, is affected by environmental factors. Felker and
Lee (1992) also found an environmental inñuence on fruit
set of P. glandulosa var. glandulosa, although they did
not describe a néctar dimorphism.

Seed mass is an important component of plant fitness,
through its effects on time of germination, seedling es-
tablishment, competitive ability, survival, and fecundity
(Stanton, 1984; Kalisz, 1989). In our study, germination
and mass of P. glandulosa seeds were unaffected by néc-
tar morph but seemed to be partially influenced by ma-
ternal and environmental effects. Maternal effects can be
ascribed in part to environmental conditions that deter-
mine the amount of resource invested in the seeds by the
parent (Roach and Wulff, 1987), such as those found for
nectarless trees in the low water availability áreas (plot
LD). These maternal and environmental effects on seed
traits (e.g., mass) have been found for other species as
well (Kalisz, 1989; Waser, Shaw, and Pnce, 1995) and
usually affect a large percentage of total variation (40%
in this study). We also found negative F estimates (even

TABLE 6. Multivariate nested analysis of variance with repeated mea-
sures ¡n time (1994-1996) of ¿he fruit set (arcsine transformed) of
nectarful and nectarless individuáis. Data correspond to three plots
•f contrasting densities in 1-ha scrubland of the Chihuahuan Desert.

SaurCE oí varialion

Between subjeets1

Néctar morph
Plot

Néctar morph X Plot
Within subjeets"
Year
Year X Néctar morph
Year X Plot
Year X Tree(p|nI]

Year X Néctar morph X Plot

df

1, 146
62, 146

169, 146
2, 146

1.8837, 275.02
1.8837, 275.02
3.7674, 275.02
311.41,275.02
3.7674, 275.02

F

4.82
S.12
1.26
2.08

6.04
0.18
0.97
1.20
3.23

p

0.0296
0.0004
0.0703
0.1274

0.0033
0.8207
0.4167
0.0558
0.0148

" Exact F.
b G-G adjusted F.
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TABLE 7. Analysis of covariance of seed mass of nectarful and nectar-
less plants, using plant size as a covariate. Data correspond to three
plots of contrasting densities.

Source of variaüon

Néctar morph
Plot

Tree size
Plot X Morph

Error
Total

ss

1.805
309.758

10 720.71
4.926

180.798
15 256.941
26 476.212

df

1
2

30
1
2

563
599

F

0.0666
0.6509

13.1869
0.1818
3.3358

p

0.7965
0.5282
0.00001
0.67
0.0363

I

in seeds) and strong heterosis, correlated with seed mass,
similar to those described in several long-lived perenni-
als, mainly conifers (Ledig, 1986) and tropical palms
(Eguiarte, Perez-Nasser, and Pinero, 1992; Eguiarte et al.,
1993). The advantages of generating outcrossed progeny
in reíation to selfed progeny have been documented for
many plant species (Charlesworth and Charlesworth,
1987; Mandujano, Montaña, and Eguiarte, 1996). This is
especially important when heterosis is coupled to seed
mass and the latter associated with higher germination
rates (A. Martínez, Instituto de Ecología, A. C. unpub-
lished data),

We found higher fruit set and lower pollen counts on
nectarful morphs. These two components of fitness are
pivotal for understanding total reproductive success in
plants (Bell, 1985; Zimmerman, 1988). In reíation to fe-
male function, the nectarful morph had higher success
only in fruit set, but overall, female function did not dif-
fer between néctar morphs. Higher fruit sets have been
found to be associated with higher néctar production
(Pyke, Day, and Wale, 1988). Nonetheless, the nectarless
morphs had higher pollen counts, which suggest a slight-
ly (7%) higher male function. This "fitness accounting"
is a crude approximation and must be interpreted care-
fully. Nevertheless, it is still surprising to find differences
in male function between néctar morphs. Ongoing re-
search is quantifying pollen flow, in order to estímate a
more realistic component of male function (Golubov et
al., unpublished data).

The evolutionary forces involved in the origin and
maintenance of the néctar dimorphism in P. glandulosa
are still unknown. We can rule out a possible reíation
with resource availability for several reasons. Firstly, if
néctar production were associated with water condition,
measured water potentials should be different between
néctar morphs, and we found that the plots having dif-
ferent water availability still maintained a 1; 1 proportion
of nectarless to nectarful trees. Secondly, both néctar
morphs have a spatially random distribution, and if the

a

T
25

a

T

66

b

130

b

181

b

142

b

T

56

38

36

34

32

30

28

26

24

Number of heterozygous loci

Fig. 2. Seed mass frequency with respect to heterozygote loci. Val-
úes having the same letter did not differ significantly in contrast com-
parison t tests (P < 0.05). Bars indícate 1 SE, and numbers within bars
indícate number of seeds in each locus category (W = 600).

morph depended on microsite conditions, we would find
different proportíons at different sites and in different
years. In all studied sites, the proportíons of néctar
morphs are the same, and individuáis have not shifted
between néctar morphs during the study period. We con-
sider that there is enough evidence to conclude that the
néctar dimorphism has a genetic basis. Three main sets
of scenarios could be proposed for the evolution of the
néctar dimorphism in P. glandulosa: (1) the population
is an unstable phase in the evolution of néctar production.
This scenario would result in populations with varying
proportions of nectarful to nectarless trees. However, the
empirical evidence presented here does not support the
hypothesis that nectarful plants have higher fitness, so we
would not expect them to displace nectarless tress. We
could also consider that néctar production as a relatively
cheap expense and this selectively neutral, however, this
seerris unlikely given the large difference in pollinator
behavior. If we consider a case of floral automimicry, we
would not expect the morphs to be in equal proportions
(López-Portillo, Eguiarte, and Montaña, 1993). (2) The
population is in an early stage of sexual differentiation.
In this respect, nectarless plants would be evolving to-
ward males (higher pollen) and nectarful trees towards
females (higher fruit set). While we found differences in
one component of female functíon (fruit set), there are
no overall differences between morphs. Fruit set was
higher for nectarful trees, but the overall female function

TABLE 8. Mean valúes (± 1 SE) for traits contributing to plant fitness through female and male functions in nectarful and nectarless individuáis.

Morph
No. of Ilowcrs per

inflorcscenco
No. of ovulcs or poUen

grolns per flowcr
Fwit sel (3 yr) per

ínflorcEcence Seed sel per fruli Relativo ñincss

Female function
Nectarful
Nectarless

Male function
Nectarful
Nectarless

92.76 (0.12)
92.38 (0.26)

92.76 (0.12)
92.38 (0.26)

17.88 (0.28)
18.34 (0.27)

391 (12)
420 (10)

0.156 (0.05)
0.123 (0.04)

11.09 (0.3)
10.38 (0.3)

I (0.38)
0.75 (0.29)

0.93 (0.032)
1 (0.033)
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did not differ between néctar morphs and even though
male function did differ, the component we measured
(pollen production) only represents a fraction of total
male success; the proportion of pollen that reaches re-
ceptive stigmas has not been evaluated. In addition, néc-
tar production is generally expected in males when there
is sexual dimorphism, as a consequence of Bateman's
principie, which states that female fitness is resource lim-
ited, while male fitness is limited by access to females
("Wilson et al., 1994). Even though néctar production has
been associated with female function in dioecious species
as a means of attracting pollinators, it is associated with
male fitness in monoecious species. Comparad ve studies
of pollen flow and paternity analysis between néctar
morphs will help estímate the relative contributions of
male and female function of each néctar morph. (3) The
populations are in a stable dimorphic state. This scenario
would be the result of a complex balance between the
different evolutionary forces mentioned in the above sce-
narios. This néctar dimorphism could be analogous to
other sexual or morphological dimorphisms (dioecism
and heteromorphy; Smith, 1963; Richards, 1986).

Additional experimental manipulation may help deter-
mine whether the differences found between nectarful
and nectarless trees are directly associated with the pres-
ence of néctar, or are associated with correlated characters
such as age (e.g., Zimmerman, 1988; Mitchell, 1994).
Unfortunately, the heritability of néctar production is dif-
ficult to assess through progeny, as age at maturity is
probably —20 yr. However, ongoing studies measuring
the costs of floral néctar production, monitoring pollina-
tor activities, and quantifying pollen flow should help re-
veal how this dimorphism is maintained.
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Absfcract.

Néctar production in angiosperms is conaidered to represent a reproductive cost,

and has been associated to a decrease in fruit set or an overall decrease in the

energetic budget of the plant. Populations of Proaopis glandulosa var. torreyana

(honey mesquite) are a suitabíe syatem to evalúate the demographic costs of néctar

production, as populations are composed of a 1:1 proportion of nectarful to

nectarleaa individuáis. The study was carried out in a population of 404 individuáis

of Prosopis glandulosa var. torreyana found in an área with differing water

availability in the Southern Chihuahuan Desert. The possible costs of néctar

production was assessed on 1212 shoots of the honey mesquite that were tagged in

1994 and followed until 1998. We used two methods of analysis to describe the

effect of néctar production on modular population dynamics: matrix analysis and

log-Iikelihood models. Water availability and the varying environmental conditions

affected plant growth, but néctar production did not have an effect on the

demographic parameters we measured. The valúes of X did not differ between

B 2001 Kluwer Academia Publishers. Printed in the Netkerlands.

chap4kluwer.tejt; 27/09/2001; 11:36; p . l



2 Golubov et.aí.

néctar morphs and the only Lmportant effects we detected were the year to year

variation and water availability. Furthermore, the elasticity of each demographic

process (growth, fecundity, retrogression and staais) between néctar morpha did

not differ. The log-likelihood models suggested a similar pattern but conld

discrimínate the importance of each factor (néctar morph, year and site) on

module fate. We were not able to detect a demographic cost of néctar production

in the honey mesquite. The absence of a demographic response could be due to the

negligible cost of producing néctar fbr this species or the resources allocated for

growth are different from those allocated for reproduction. Our results suggest that

the modular fates of mesquites are mainly determined by environmental factors.

Keywords: cost of néctar, effects on néctar production, deaert plants, matrix and
log-línear models, modular analysis of demographic parameters

1. Introduction

Néctar production has been suggested to be a costly floral attribute

(Southwick, 1984) and under the principie of allocation, the energy

and/or reaources devoted to néctar production would not be available

for other functions, such as growth or other floral attributes

(Zimmerman, 1988; Zimmerman and Pyke, 1988). These costs would

decrease growth and/or survival in the plants producing this floral

reaource, comparad to plants not investing in its production. It is

diflicult to find systems in which the cost of néctar production can be

assessed under natural conditions. However, because populations of

Prosopia glandulosa var. torreyana at the Mapimi Biosphere Reserve

have a dimorphic system of néctar production (whereby half the

individuáis of any given population produce néctar while the other

half never produce néctar, López-Portillo et al., 1993, Golubov et al.,

; 27/09/2001; 11:36¡ p.2
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1999a), this species is ideal to assess the cost of néctar production.

Furthermore, flowering and growth occur simultaneously in Prosopis

(Simpsonet al., 1977; Golubov et al., 1999a), suggesting that

common resources may be involved in the production of both

reproductive and vegetative structurea.

Incorporating reproductive attributes into the demographic behavior

of plants ia of importance because floral traits are related to plant

reproductive fitness through male and female functions (Bell, 1985).

However, floral attributes, which are part of the cost of reproduction

are quite often neglected (Zimmerman, 1988), even though they raay

represent a high energetic cost (Southwick, 1984; Pyke, 1991). For

example, a positive correlation between successive reproduction

events coupled with an eventual decrease in plant size was

demonstrated uaing matrix modele on modular growth (McGraw and

Antonovics, 1983) and specifically, the cost of néctar production has

been associated to a decrease in growth (Pyke, 1991). However, there

have been no studies that interpret the cost of a floral attribute in

demographic terms, even though néctar is the most ubiquitous

attractant among angiosperms and constitutes part of the rewards

usually sought by the majority of pollinators (Kevan and Baker,

1983).

Individual plants may be considered a population of repeated parts or

modules (Bazzass and Harper, 1977), which can be defined as a

countable, iterated unit of construction. The interpretation of the

demographic behavior of modules (i.e., a node, an internode and its

associated meristem, Harper, 1977) can be considered equivalent to

the demographic processes (growth, survival and reproduction)

occurring within an individual. The modular approach to plant
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demography has been previoualy used to study intraspecific and

interspecific competition (Jones, 1985; Flores-Martínez et al., 1994),

to determine the ecológica! effects on module demography of

competition with nurse plants, to understand growth in extreme

environments (Maillete, 1987; López-Portillo et al., 1996), and to

asseas the efíects of herbivory (Whitham and Mopper, 1985; Haukioja

et al., 1990). However, only a few studies have implemented an

explicit matrix population model (Maillete, 1982; Florea-Martínez

et al., 1994; Lehtilá et al., 1994) despite the benefits of being able to

describe fine scale growth in terms of age or stage (Caswell, 1989),

specially as age is not a good predictor of plant performance and in

many cases is difficnlt to determine (Mandujano et al., 2001).

Furthermore, sensitivity and elasticity analyses can also be done at

the modular level, increasing the potential of this tool to understand

the processes involved in modular dynamics and to determine the

causal factors behind the demographic behavior, both at the modular

and at the individual level.

For the purpose of this paper, we studied the consequences of néctar

production on the modular dynamics of mesquitea over a 4-year

period to asaess the coat of néctar production in the dimorphic

systera. Additionally, we investigated the effect of environmental

factors and néctar production on modular dynamics, employing

log-linear modela.

2. Methods

Field work was conducted within a 1-ha plot of desert scrubland in

the Mapimí Biosphere Reserve MBR (26 °N, 104 °W, 1100 m
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altitude, 264 mm yearly average rainfall mainly in summer, 21 °C

mean animal temperature), surrounding a temporal water-catchment

área. Annual rainfall for the period 1994-1998 was 138.5 mm, 198.4

mm, 234.7 mm, 210.4 mm and 157 mm reapectively. During the 1994

flowering season, we tagged three branches in each of 404 reproductive

individuad in a NT SE and SW orientation (ca. 120° separation

between branches). On each branch, we counted the number of

modular units and the number of newly produced shoots (Fig. 1),

which are easily distinguished by the soft bright green tissue. This

recording method was repeated yearly for the 1995-98 reproductive

seasons. Néctar presence was determined by sampling 5 flowers of

each of two infiorescences per tree using 2 pl micropippettes. Néctar

sampling was done at dusk, in inflorescences bagged for at least 8 hr.

In addition to demographic data, our 1-ha study site site was

subdivided into three sub-plots according to water conditions (humid

site HS, intermedíate site IS, and dry site DS) inferred from the

measurement of predawn water potentials (Golubov et al., 1999b). We

tagged a total of 1212 shoots, 46% of which corresponded to the

nectarful condition and 54% corresponded to the nectarless condition.

Of all individuáis, 62 were in site HS (humid site), 281 were in site IS

(intermedíate site) and 61 were found in site DS (dry site).

2.1. MATRIX MODELS

To compare modular growth of nectarful and nectarless individuáis,

we constnicted size-structured transition matrices (M) for each

annual transition, using the followñig size-class limita in number of

modular units (MU): 1-20, 21-40, 41-60, and > 60. Fecundity was

defined as the number of new shoots produced per size-class at time
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t. Two demographic processes were considered in the first row of each

matrix, fecundity (.Fy=sum of new shoots produced in a given year

by a shoot in size class j¡ total number of shoots in size-class j), and

the probability of retrogression to the smallest size class (-ñ¿j=number

of shoots of size i at time í + 1, which were in category j at time

í/total number of shoota in size j at time í, when i <j). The main

diagonal contains the probability of stasis or survival in the same

class (Sij= number of shoots in size-class i at time í + 1, which were

already in this size-class at time f/total number of shoots in this

same class at time t), the lower diagonals contained transition

probabilities of growth to higher size claaaes (G^number of shoots

in size-class i at time í + 1 which were in size-class j at time í/total

number of shoots in size class j at time i, when i > ¿), and the upper

diagonals contained retrogression in size by death of MU's (Rij). This

yielded a matrix of the fonn:

' O H ~r -^11 J&Yl 4* F\2 -ñl3 "h .^13 xtj4 •

^22 -*t23 Ü24
G32 S33 Ü34

(*42 G43 544 /

The resulting transition matrices were constructed accordiag to the

three £actora year, néctar conditions and water status: four study

years (Y, 1994-98), two néctar conditions (N, nectarful and

nectarless) and three water statua aub plots or sites (HS, IS and DS).

Thus, there were a total of 24 transition matrices. For each matrix,

we calculated the dominant eigenvalue A, and its associated right and

leffc eigenvectors (w, v). We also conducted standard sensitivity and

elasticity analyses (Caswell, 1989; deKroon et al., 1986). As transition

probabilities and fecundities are meaaured in different scales, the

sensitivity analysis is dimcult to interpret, so we used an analysis of
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elasticity that measures the proportional change in A given a

proportional change in in eadx cell entry of M (deKroon et al-, 1986)

which allows the interpretation of relativa contribution of each

demographic process to A in each sub plot (Caswell, 1989). This

analysis was used to determine the routea and importance of

demographic processes. We asaigned confidence intervals on A by

performing 1000 bootstraps estimates and detercnining the 95%

percentile limits (Meyer et al., 1986; Caswell, 1989).

2.2. LOG-LINBAR MODELS

To determine whether the fates of modules varied between years, sites

and néctar conditions we conducted comparisons employing log-linear

modela (Caswell, 2000). This method provided a means of testing

specific hypotheaes by comparing the resulta to a nuil model. In

general, the method adjusts a log-linear model to the transition

frequencies, after adding 0.5 to each cell (Fingleton, 1984). The effect

of initial module condition (I, the frequency of shoots in size-class i

at time í) on the final átate of modules (F, frequency of ahoots in

size-claas j at time í +1) was evaluated. In addition, we tested the

effect of néctar condition (N), site (S) and year (Y) employing a

5-dimenaional contingency table. The full model aaaumes that all

terms and all higher order interactions contribute to predict cell

frequencies. The nuil hypothesis is therefore a reduced model in which

terms that are assumed not to be important for predicting cell

frequencies are set to 0. In our specific case, this was done by setting

the FN, FY and FS interaction terms to 0 as well as all higher

order-interactions that involved these terms (Biahop et al., 1975). We

then tested the effect of néctar condition, year and site on the fate of
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modules. This was done by aaseaaing tlie goodness-of-fit of models

that corresponded to each hypothesis, that resulted in the models

that assessed the effect of néctar condition, site and year on module

fates. In addition, we fitted models that included the interaction

terms between FY and FS. A lack of fit of the model would suggest

an important effect of one or more of the parameters tested (Bishop

et al., 1975; Caswellj 1989). The significant models were then

collapsed by initial states in order to determine how each factor

afíected the fate of each module belonging to a specific initial state.

All log-linear analyses were conducted with GLIM (Society, 1993).

3. Results

3.1. MATRIX MODBLS AND ELASTICITY ANALYSES

The finite rate of population increaae (A) was consistently lower in

nectarless trees compared to their nectarful counterparts in the four

yearly intervals (Fig. 2, Table 1), but, confidence intervals obtained

through 1000 bootstraps indicated that such differences were not

significant (Table 1). Overall, the population of mesquite modules is

growing at a high rate, even though this growth rate may vary

considerably between sites and néctar morphs (A = 1.69 — 2.64, Table

1). Both néctar morphs had similar demographic behaviors between

sites and years (Fig. 2 and 3), but the valué of A was highest in site

IS, and lowest in site DS. Between years, the highest growth rate

corresponded to the first year (1994-95, Table 1), probably because of

the infhience of higher rainfall during the previous season (293.4 mm,

the highest during the study period).
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There was no correspondence between water availability and the

elasticity of demographic processea. Water availability was similar

between sites HS and IS (X = -0.55 ± 0.046MPa and

X = -0.58 ± 0.046MPa) and both of these differed significantly from

DS (X = -0.82 ± 0.08MPa). These water conditions were fonnd to

be consistent between yeara (C. Montaña unpublished data). Site HS

had particularly low valúes for retrogression (shoot death) and fche

lowest valúes for growth cauaing the elasticity of stasis to be the

highest (Fig. 2). This behaviour, together with intermediate fecundity

valúes suggeat that these modules are growing at slow rates with

decreased growth and death rates. On the contrary, the site IS had

the highest fecundity and growth, but the highest mortality of

modules (retrogression). The combination of high growth and

retrogression caused the valúes of stasis to be the lowest. As expected,

site DS had the lowest valúes of fecundity, but contrary to our

expectations, had intermediate valúes of the other three demographic

processes (growth, stasis and retrogression).

The year 1994-95 was characterized by intermediate valúes of

fecundity, retrogression, stasis and growth (Fig. 3). The lowest rainfall

found during this period (138.5 mm) resulted in the low growth,

fecundity and high stasis recorded during the 1995-96 season (Fig. 3).

Even though low fecundity was observed during this period, a higher

rainfall was recorded which probably affected modular dynamics by

increasing growth and retrogression and reflecting in a decrease in

staais. The highest rainfall recorded during the study period (234.7

mm, 1996-97 study period) also corresponded to an increase in

fecundity during the following year (1997-98 season), with a

consequent decrease in stasis, growth and retrogression. The valúes of
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A for both néctar morphs were negatively and significantly correlated

with retrogression (branch death r = 0.36, P < 0.05) and positively

correlated with fecundity (r = 0.37, P < 0.05), suggesting that new

shoot growth and death are important processes in our estimation of

growth.

Growth was consistently lower in site DS. The nectarful population

had alightly higher elasticity valúes for growth and fecundity, and

lower mortality (retrogression) than those of the nectarless population

for site IS; however, this pattern was inverted in site DS. Although

these demographic processes were reversed, the importance of stasis

affected the pattern of demographic processes buffering the possible

effects of the other processes and maintaining the valúes of A for the

nectarless morph below those of the nectarful morph (Fig. 2), even

though these valúes were not significant. The largest difference in

mortality ratea occurred during the 1997-98 season when the

nectarless morph was strongly affected by module mortality. The

resulting decrease in retrogression for the nectarful morph was

probably responsible for the increase in A found during this period.

Contrary to what would be expected if néctar production were costly,

the nectarful subpopulation of modules had consistently higher valúes

of A in the driest site (DS). Our results indicate that the importance

of different demographic processes vary between years and sites but

are not significantly different between néctar morphs.

3.2. LOG-LINEAR MODBLS

The reduction in deviance from the first log-linear analysis involving

the effect of initial state (I) on the final condition (F) suggested that

modular behavior is strongly determined by initial modular size (x2 =
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3522, df=12, P < 0.01). The appropriate nuil raodel of conditional

independence was therefore NSYF, IF (N=nectar morph, S=site,

Y=year, F=fate and I=initial átate). To determine the effect of néctar

condition (N) on module fate, we fitted the model NSYF, YSFI

(Table 2). In addition, to test the effect of year (FY) and site (FS) we

fitted the modela NSYF, NSFI and NSYF, NYFI respectively. The

test that involved néctar condition fit the data, suggesting that néctar

condition is not important in determining modular fate. The lack of

fit of the models that had either year or site suggested that one or

both of these factors were reaponaible for the lack of fit. In order to

determine if these factors interacted, we fitted models that contained

the interaction term FY x FS. These modela, containing the site and

year interaction fit the data, suggesting that both year and site

contribute significantly and independently to the fate of modules

(NSYF,YSFI; Table 2).

The most important eflects on modular fate were both site and year

(Table 2). When we decomposed the significant models to determine

the relative importance of each of these factors on the initial states,

these models suggested that the smaller size classes were affected by

both the site (S) and the year (Y) (Table 3), and the largest size-class

(> 60 modules) were unaffected. Significance of the site was given by

size-class 2 (21-40 modules) during 1995-96, by size-classes 2 and 4

during 1996-97, and by size-classes 1 to 3 during the 1997-98 season.

The only consistent effect of site was for stage 2 that affected modular

fate in three out of four transitions. With respect to year, íate of

modules in size-classes 1 (1-20 modules) and 2 were consistently

affected throughout the study period, with a decreasing effect for

larger modules (Table 4). Year to year variation affected modules in
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aize classes 1 and 2, by means of modular death (Table 5), suggesting

that these branches are affected to a larger extent by lack of

resources. This model is consistent with the reaults provided by the

matrix models, a aignificant effect of site and year-to-year variation

on module fates.

chap4kluwer.tex; 27/09/2001; 11:36; p.12



Running headline: cost of néctar production on modular demography 13

4. Discussion

Néctar has been thought to represent a significant coat to

reproduction in planta (Pleasants and Chaplin, 1983; Southwick,

1984; Pyke, 1991), but evidence suggests small energetic costa of

néctar production (Harder and Barrett, 1992). Our resulte employing

both matrix and log-linear analyses also suggest that néctar

production doea not conflict with plant growth (modular dynamics).

Both matrix and log-linear analyses showed similar patterns: an

important effect of year to year variation, dne to the varying rainfall

regimes, as well as an important effect of the microclimatic conditions

within each site. The efíects of environmental heterogeneity are

similar to those found when measuring complete individuáis of

mesquite (Golubov et al-, 1999b). However, the valúes of A (always

above equilibrium) when studying modules were consistently higher

than those for the demography of individual plants of adulta for both

néctar morphs. When comparing their demographic processes,

however both modular and individual tree elasticity analyses show

that mesquites behave as perennial trees (Silvertown et al.,

1992; Golubov et al., 1999b) in terms of the sensitivity of A to the

different matrix elements, and this contribution is domiiiated by stasis

(Golubov et al., 1999b). The results presented here suggest that

néctar production in honey mesquites does not represent a cost in

terms of vegetative growth. If this were not the case, we would expect

a negative relationship between the presence of néctar and modular

growth which would be reflected in lower valúes of A for nectarful, as

compared to nectarless individuáis. Surprisingly, however, A was

consistently lower in the nectarless population, and in DS (assuming
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water-resource limitation). This was remarkable, particularly because

the study period experienced below average rainfall.

The lack of evidence to support a significant cost of néctar production

could be due to several characteristics of mesquites. The production

of foliage in Prosopis coincides with the reproductive season, and they

both rely on resources (mainly rainfall) that were most likely obtained

the previous season (Golubov et al., 1999b). This maltes the energetic

expenditure on néctar and growth to be in part supported by

resources, generated by foliage, that are being produced during the

current reproductive season. This was demonstrated in part by the

differences between sites, by the important site specific effects that

contributed to differences in modular fates. The effects of difíerent

site specific conditiona has been previously documented for difíerent

factors such as the importance of large environmental conditions

(Horvitz and Schemske, 1995; Mandujano et al., 2001), interspecific

competition (Flores-Martínez et al-, 1994), year to year variation

(Golubov et al., 1999b; Mandujano et al., 2001) and density effects

(Harvell et al., 1990).

Néctar production does not pose a significant drain on plant resources

as suggested by the results or does not have the same limiting factor

underlying the activities of growth and reproduction. Unfortunately it

is diflicult to discrimínate between these two possible explanations.

Mesquites are well known to be adapted to arid environments

(Simpson et al., 1977; DeSoyza et al., 1996), being facultative

phreatophytes that exploit water resources from áreas that are 0.3 m

deep, regardless of individual size (Ansley et al., 1990; DeSoyza et al.,

1996). In addition shoot growth, the production of foliage, and

reproductive events (where néctar is involved) are all temporally
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equal, suggestiiig that resources such as water can be considerad to be

coming from a common pool. This effect was in part a result that

water availability liad a significant effect on canopy growth, probably

dne to the extreme arid conditiona found during the study period that

clearly affected modular dynamica. The environmental effect was

especially true for branches in the smallest size classes (branchea

having < 40 modules), that were usually affected more often in

varying environmental conditions. Contrary to what (López-Portillo

et al-, 1996) reported, we found a significant effect of site on the

demographic behavior of modules. However, this difference could be

due to higher water availability in our study because the site is

surrounded by a water catchment that accumulates water after heavy

rainy seasons. However, water availability did not entirely explain the

demographic procesaes involved in the population as A was

consistently lower in HS than in IS. Further studies regarding other

aspects of modular growth (such as the investment of modules to

sexual reproduction, by the production of flowers) would be

important.

Arid environmenta pose important constraints on resources, because

of the unpredictable ramfall periods and extreme temperatures

(Noy-Meir, 1973). Heterogeneity of resources can be due to abiotic

factors such as temporal and spatial variability and to biotic factors

such as the creation of islands of fertility by the effect of certain

species (e.g. mesquite). The unpredictable nature of arid

environments can make the demographic processes to be dependent

on environmental cues and therefore unpredictable too (Golubov

et al., 1999b). Studies that use matrix modela that span several years

or habitats have now tried to incorpórate environmental heterogeneity
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into the modela (Bierzychudeck, 1982; Oostenneijer et al.,

1996; Mandujano et al-, 2001). In the case of mesquites, year to year

environmental variation was an important component of modular

dynamics. We have previously shown that mesquites are particularly

able to change demographic behaviors between years (Golubov et al.,

1999b). In addition to year to year variation, ecological conditions

specific to certain sites also play an important role in modular

dynamics. These can be due not only to different water availability

but alao to other factors such as competition and herbivory. We can

therefore conclude that modular fates in mesquites are determined by

factors other than néctar condition, and that prevailing environmental

conditions the prime detenninants of modular fate in P. glandvlosa.
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Tables

Table I. Valúes of A (upper and lower 95% confidence
intervals after 1000 bootstraps) for modules of néctar-
ful and nectarless individúate over a four year study
period.

Study period Nectarful Nectarless

1994-95 2.64 (2.10-3.39) 2.34 (2.08-2,64)

1995-96 2.36 (2.06-2.71) 1.90 (1.74-2.12)

1996-97 1.69 (1.56-1.84) 1.58 (1.43-1,80)

1997-98 2.14 (1.97-2.33) 2.01 (1.87-2,17)
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Table II. Log-linear analysis of nectaxful and nectarless mesquite
module transition frequencies for a four-year period at 3 sites,
Parameters in. the models stand for N=nectar morph, I = initial
module state, F= final module state, Y = year and S = site

Model Deviance df p

NSYI, IF (nuil model) 611.49 368 < 0.01

NSYI, FISY (néctar) 162.40 192 0.9408

NSYI, FINS (year) 43427 288 < 0.01

NSYI, FINY (site) 246.34 256 < 0.01

NSYI, FINS, FIYN (year x site) 186.53 192 0.597
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Table III. Deviance of the collapsed
models that take into account the
effect of site (S) and year (Y) on mod-
ular fate depending on initial modular
states (I). * significant at P < 0.05,
** aignificant at p < 0.01

Stage (I) Site (FS) Year (FY)

1 89.916* 115.24**
2 102.12** 131.63**
3 97.026** 109.2 **
4 60.278 78.206
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Table IV. Significance of the effect of site on fate for each
initial module state (FS) for each of four initial states (I) and
m each sampling year (Y), Numbera in bold are significant at
a = 0.05

Initial
State

1
2
3
4

Module

(I)

1994-95

0.313
0.616
0.549
0.943

Year(Y)

1995-96

0.854
0.052
0.339
0.292

1996-97

0.337
0.007
0.708
0.034

1997-98

0.001
0.001
0.001
0.11

chap4kluwer.tex; 27/09/2001; 11:36; p.23



24 Golubov et.ai.

Table V. Significance of the effect of year (Y) on modular fate (F)
for each initial state (I) and each site (S). Numbera in bold are
sígnificant at a = 0.05

Initial Module State (I) Site(S)

l{Humid) 2(Intermediate) 3(Dry)

1
2
3
4

0.017
0.015
0.661
0.918

0.001
0.001
0.001
0.001

0.002
0.027
0.093
0.765

chap4kluwer.tex; 27/09/2001; 11:36; p.24



Running headline: cost of néctar production on modular demography 25

Figure Legends

Figure 1. Honey mesquite shoot. n indicates nodes counted, and g

indicates new growth in terms of number of shoots. In this case, n = 4

and g — 1.

Figure 2. Mean valúes of elasticity for different demographic processes

(growth, fecundity, retrogre33ion and stasis) for the three sites. The

symbols stand for S=stasis, R=retrogression, G=growth and

F=fecundity. The top portion of the graph corresponds to the valúes

of A for the three sites. The solid Unes correspond to the nectarless

morph, and the dotted lines correspond to the nectarful morph.

Figure 3. Mean valúes of elasticity for the different demographic

processes (growth, stasis, fecundity and retrogression) during the 4

year study period (1994^98). The symbols stand for S=stasis,

R=retrogression, G=growth and F=fecundity. The top portion of the

graph corresponds to the valúes of A for the three sites. The solid

lines correspond to the nectarless morph while the broken lines

correspond to the nectarful morph.
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Discusión y Conclusiones Generales

Se lia propuesto que la producción de néctar tiene consecuencias sobre la

adecuación de las plantas. Aún cuando el atributo de producción de néctar

sea muy común, en condiciones naturales es rara la condición de no

producirlo, simplemente por la presión selectiva tan fuerte en contra de los

no productores que ráapidamente serían eliminados de la población.

En los 7 años de seguimiento de la población de mesquite mielero, hemos

encontrado que la producción de néctar genera algunas diferencias. En

primer término, las proporciones de productores y no productores de néctar

son similares en varios sitios dentro de la Reserva de la Biosfera de Mapimí.

La condición de producir néctar se ha mantenido constante a lo largo del

estudio, las plantas productoras de néctar no han dejado de producirlo,

sugiriendo que no es un carácter plástico que cambie en el tiempo o

dependiendo de los recursos, y que es un atributo que tiene un origen

genético. Aún con diferencias de agua generada por el presón (diferencias

en potenciales hídricos) las plantas han mantenido su morfo.

Hay muchos estudios en donde demuestran la existencia de plantas que

producen néctar y plantas que no producen néctar (p. ej. Begonia, varias

especies de orquídeas). Se han postulado varias hipótesis acerca de las

características genéticas de la producción de néctar y su interacción con el

ambiente. Por un lado, existe una gran variabilidad de producción de néctar

que tiene una influencia ambiental, por ejemplo, la temperatura, la

humedad relativa y la tasa de visita determinan la tasa producción de

néctar. Por otro lado, los estudios que han tratado de descriminar el

componente genético de la variación de producción de néctar han

encontrado que la heredabilidad (h2) de la producción de néctar puede ser

de hasta 0.65, pero presenta mucha variación (Boose, 1997). Los estudios
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genéticos en algunos casos han encontrado varios loci del atributo por

medio de modelos de genética cuantitativa (quantitative trait loci, QTL) de

tal modo que la producción de néctar y otros atributos florales (tamaño de

los pétalos, heterostilia, genes de autoincompatibilidad) son generados por

un grupo de genes que tienen una interacción importante con el ambiente

(Bradshaw et al, 1998).

Fenológicamente ambos morfos de P. glandulosa se comportan se manera

similar, permitiendo el intercambio genético entre ambos. La presencia del

recurso néctar en las plantas generó cerca de 20 veces mas visitantes florales

y mayor número de especies (63 especies vs. 25 especies), y de todos los

polinizadores, solo se comparten el 10 % (2 son exclusivas del morfo sin

néctar). Además, existe variación temporal en el tipo de visitantes (55

especies en 1994 y 44 especies en 1995). La calidad de los visitantes es

claramente diferente, las moscas y algunas abejas como Melissodes tristis

que aunque pueden ser muy abundantes son relativamente peores

polinizadores que otras especies de abejas (e.g., Megachüe, Apis mellifera).

La función femenina es mayor en las plantas productoras de néctar, y esta

dado por un incremento en el número de granos de polen recibidos. Este

incremento puede además ser la causa del incremento en el número de

semillas producidas por este morfo. Por el contrario, las plantas que no

producen néctar, producen un mayor número de granos de polen

favoreciendo así la función masculina. Sin embargo, aunque las tasas de

visitas florales son tan diferentes entre morfos, la tasa de entrecruzamiento

de los dos morfos es igual, produciéndose un exceso de heterócigos, que se

encuentra ligeramente correlacionado con el peso de la semilla.

Genéticamente, no parece haber un efecto de la producción de néctar, sin

embargo se requiere de una análsis más fino para determinar cómo es el
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flujo de polen en la población. Para esto, el uso de marcadores moleculares

hipervariables parece ser una herramienta prometedora (Ver Apéndice I).

Demográficamente, tanto a un nivel modular como de los individuos, la

producción de néctar no parecer ser una fuga de recursos o que le imponga

limitantes al crecimiento o reproducción, como se ha sugerido para otros

sistemas (e.g., Southwick, 1984). Desde el punto de vista modular, los .

factores más importantes son la cantidad de recursos (en este caso el agua),

y los cambios entre años. Los módulos más afectados fueron los de tamaños

pequeños, mientras que los módulos de tamaños grandes raramente fueron

afectados por recursos o variaciones interanuales. Un factor (no incluido en

este trabajo) que esta en seguimiento es la importancia de los depredadores

(p. ej. Oncyderes spp.). Estas especies llegan a matar hasta un 30% de las

ramas de la población.

En especial, un sistema dimórfico de producción de néctar como el descrito

en Prosopis glandulosa es raro en condiciones naturales, y como hemos

encontrado, la produccón de néctar en el mesquite mielero tiene varias

posibles explicaciones. En general propongo dos posibles escenarios para la

evolución del dimorfismo en Prosopis glandulosa, uno estable y el otro

inestable. Es difícil encajonar todas las variantes posibles para obtener los

resultados que tenemos en condiciones naturales, sin embargo traté de

abarcar los modelos posibles de tal manera que cada escenario contiene vías

alernatvas que pueden dar el mismo resultado. En cada caso trato de

explicar el razonamiento que seguí, lo que se esperaría ver bajo el supuesto

del escenario que se propone, y una explicación de porqué lo podemos

rechazar o aceptar como posible ruta evolutiva. Cada escenario tiene una

explicación, ya sea por medios experimentales descritos en los capítulos de

la tesis o por simulaciones que desarrollé. En las siguientes secciones se
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presentan estos posibles escenarios y se describen posibles rutas a seguir en

el futuro.

1. Las funciones de adecuación y la teoría
de la asignación sexual

La evolución del dimorfismo de caracteres sexuales de plantas se basa

principalmente en la teoría de la asignación sexual. El suspuesto pincipal de

esta teoría se encuentra centrado en la idea de una disyuntiva (trade-off)

entre la asignación de los recursos hacia la función femenina y la función

masculina. Por lo tanto, una dismunición en la inversión hacia una función

podría estar compensado por un incremento en la otra función (principio de

la compensación de Darwin; Charlesworth & Charlesworth, 1978a). Esta

teoría de la asignación del sexo ha generado hipótesis acerca de la evolución

de los sistemas de apareamiento en plantas. Una parte central de los

modelos son las curvas de ganancia en adecuación (fitness gain curves) que

describen la inversión a funciones masculina y femenina y la ganancia en

adecuación por cada vía. Por lo general la inversión representa una

proporción de recursos invertidos (a) a una función en particular. Las curvas

de ganancia en adecuación son funciones de tipo exponencial, en donde:

Wm = bav™ (1)

a es la proporción de recursos asignados a la función, b = una constante que

define la proporción sexual de la población, Wm la adecuación vía masculina

y vm es una tasa a la cual se gana o se pierde adecuación. Dado que los

recursos son limitados y por el principio de compensación, la proporción de

recursos asignados a la función hembra se calculan como 1 — a por lo que:
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Wf = 6(1 - a)v* (2)

Por lo tanto, la adecuación total de una planta hermafrodita (o bien

monoica) está definida por:

(3)

que quiere decir que la adecuación total esta determinada por la

contribución por vía femenina (Wf) y la contribución por vía masculina

(Wm) (Charnov, 1982). En flores dioicas, alguna de las funciones no se

encuentra, por lo que a = 1 para ambas asignaciones y las funciones se

reducen a una sola función de ganancia de adecuación:

W = bav (4)

Para poder determinar los valores optimizados y las estrategias estables, es

necesario poner la adecuación de una función sexual en relación a la función

contraria, de tal manera que:

La forma de las curvas de ganancia de adecuación van a determinar la

estabilidad evolutiva de los sistemas de apareamiento. El hermafroditismo

siempre es estable si las dos curvas muestran una saturación (v < 1,

diminishing retuTns, Fig. 1 D y E) y el dioicismo es estable si los dos se

aceleran (y > 1, Fig. 1 C). Si la curva masculina es lineal (ó v < 1) y la

femenina se satura, entonces el hermafroditismo sería estable (Fig. 1 E).

Con especies cosexuales de plantas, las formas de las curvas determinan la

asignación sexual a nivel poblacional. Los individuos dentro de la población
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deben de ajustar su asignación sexual de tal manera que incrementen su

adecuación.

Las proporciones sexuales en todos los tipos de sistemas reproductivos en

plantas parten de una pregunta principal: ¿cuál es el equilibrio bajo

selección natural donde los posibles genotipos tienen diferentes

contribuciones genéticas por vía masculina y femenina? Las situaciones

estables de un atributo son estrategias evolutivamente estables (EEE).

Suponiendo que hay una población de individuos con un atributo Z e

introducimos a la población un genotipo raro con un atributo alternativo Z,

podemos ver si Z se seleccionan a favor o en contra. Si para algún atributo

existe una Z tal que todas las variantes son seleccionadas en contra,

entonces a Z se le denomina una EEE. Dentro de las EEE pueden haber

estrategias puras (el caso arriba mencionado) o estrategias mixtas en donde

el atributo cambia de Z a Z con cierta probabilidad, dando como resultado

polimorfismos estables (Charaov, 1982).

La derivada de la curva (ecuación 5) de adecuaciones entre una función y la

otra da el resultado de las estrategias evolutivamente estables de la

población en donde se maximiza la adecuación. En la figura 2 se muestran

diferentes modelos en donde se cambió el coeficiente de la asignación a los

recursos (femenino y masculino) para generar cuatro posibles situaciones

estables: 1) Poblaciones en donde la ganancia en adecuación es una función

lineal de la asignación, hace una estrategia estable para cualquier

asignación (Fig. 1 A) , 2) La EEE es el hermafroditismo en donde puede

variar la asignación de los recursos dependiendo de los coeficientes (Fig. 1 D

y E), 3) La EEE es el dioicismo en donde los individuos que tienen

cualquier estrategia diferente a las puras (flores femeninas o flores

masculinas) tendrían una adecuación menor (Fig. 1 C y D) poblaciones en
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las cuales hay más de una estrategia estable (Fig. 1 B). Estos modelos

sugieren que la forma de la asignación de los recursos determina los puntos

estables de la EEE.

2. Escenario Inestable

En casi todos los escenarios inestables, las proporciones de productores de

néctar y no productores de néctar van a ser alteradas de las proporciones

que observamos (1:1). Esperaríamos una desviación de las proporciones

para favorecer a uno u otro morfo. En cualquier situación de inestabilidad

individuos que posean un carácter (como en nuestro caso el néctar) que le

confiera una ventaja (o desventaja) a los individuos, va a incrementar (o

diminuir) en frecuencia en la población. Dentro de esta categoría, hay

varias posibilidades por las que se pueda dar una separación, y discuto las

razones por las cuales he descartado.

2.1. El néctar como atributo lábil

En primer término, podríamos considerar que la producción de néctar es un

sistema que depende de los recursos (lábil), similar a lo que se reporta para

cambios sexuales en plantas (Freeman et al, 1980; Klinkhamer et al, 1997).

Si suponemos que la producción de néctar le confiere un costo a los

individuos (especialmente en zonas áridas donde el agua es un recurso muy

limitado), esperaríamos, por lo tanto que en sitios en donde hay mas

recursos exista una mayor proporción de productores de néctar y en zonas

pobres haya una menor proporción de productores de néctar como se

encuentra en otras especies (Bowker et al, 2000). La mayor parte de la

evidencia empírica indica que los cambios en atributos sexuales están

relacionadas en su mayoría a efectos ambientales tales como la
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precipitación, temperatura, humedad y tamaño (Klinfchamer et al.) 1997).

La evidencia que obtuvimos no muestra esta tendencia. Por un lado, si el

atributo de producir néctar estuviera asociado a factores ecológicos (como

la presencia de recursos), los potenciales hídricos de las plantas con y sin

néctar serían diferentes, porque las plantas productoras de néctar tendrían

un potencial hídrico más negativo por perder agua durante la producción de

néctar. La presencia de un presón en el sitio de estudio puede considerarse

como un experimento en condiciones naturales que simuló diferentes

cantidades del recurso agua. En los tres sitios, no hay desviaciones en las

proporciones de productores y no productores de néctar (1:1), aún cuando

hay diferencias marcadas en los potenciales hídricos. Adicionalmente, al

estudiar la población por más de un año, comprobamos que las diferencias

en la precipitación de un año a otro no provocaron cambios dentro del

mismo individuo en el atributo de producción de néctar entre un año y

otro. Nuestras observaciones muestran que durante los últimos 6 años, y en

diferentes poblaciones, la proporción de individuos productores y no

productores de néctar no se desvió de 1:1, lo que significa una alta

repetitibilidad (100%). Si el atributo estuviera relacionado con el tamaño

esperaríamos una relación con la producción de néctar. La evidencia que

tenemos sugiere que la producción de néctar no es un atributo lábil, por lo

que podemos descartar el efecto ambiental sobre su producción. En este

estudio el efecto ambiental fue muy importante desde el punto de vista

demográfico. El efecto del sitio y del año tuvieron importantes efectos en el

crecimiento del mesquite mielero (Apéndice 2). Sin embargo, no podemos

adjudicar las diferencias de producción de néctar a recursos, ya que los

árboles crecieron lo mismo, y especialmente en los ambientes secos en donde

se esperaba una diferencia notable, al contrario, el valor de A fue de manera



consistente menor en los no productores que en los productores de néctar,

sugiriendo que no es un problema energético. Hay evidencia de que el

néctar esta asociado a condiciones ambientales como los niveles de recurso.

2.2. Selección

En este escenario, necesariamente encontraríamos diferencias en la

adecuación de las plantas. Podríamos pensar en que los árboles productores

de néctar van a desplazar a los no productores, simplemente por los

beneficios que ofrece el néctar para atraer polinizadores (si se considera que

la adecuación es una función de el número y tipo de visitas). Suponiendo

que éste fuera el caso, partimos del supuesto de que para generar

proporciones 1:1 se necesitaría un escenario en donde los alelos sean

totalmente codominanteSj dando un fenotipo de tipo néctar (digamos AA)

y un fenotipo de tipo no néctar (digamos aa). Los fenotipos híbridos

suponemos que tienen una desventaja selectiva fuerte ya que no hay un

fenotipo intermedio de producción de néctar. Del capítulo 2, encontramos

diferencias en la función macho. Sabemos que los árboles sin néctar

producen alrededor de 25 % más semillas que los no productores de néctar

(coeficiente de seleccón sobre los árboles no néctar 1-0.25=0.75 y Fig. 2). Si

hacemos esta simulación, encontramos que en pocas generaciones (< 10) los

individuos con néctar sustituyen a los no productores de néctar. Si

realizamos la misma simulación suponiendo que los no productores de

néctar tienen una ventaja al producir 7% más polen que los productores de

néctar (coeficiente de selección sobre los néctar S=l-0.07) también vemos

una perdida de los productores de néctar al ser reemplazados. En el tercer

caso, tenemos la combinación de los dos coeficientes de selección y aunque

tarda unas generaciones más, los productores de néctar reemplazan a los no
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productores de néctar.

8 10 12
Generaciones

14 16 18 20

Figura 2: Simulación de diferentes escenarios de selección. En todos los casos,
los híbridos son penalizados (W=0). Caso (1): Escenario en donde los produc-
tores de néctar tienen una ventaja sobre los no productores de néctar. Caso
(2): Los no productores de néctar tienen una ventaja sobre los productores
de néctar. Caso (3): Los productores y no productores tienen un coeficiente
de selección diferente de 0.

Es claro que en cualquiera de estos escenarios, alguno de los morfos

rápidamente desplazaría al otro. Ademas, podríamos pensar en poblaciones

en diferentes estados de divergencia, algunas poblaciones con proporciones

similares y algunas poblaciones con proporciones diferentes a las

encontradas. No hemos encontrado evidencia que nos haga pensar en este

sistema de desplazamiento (ver programa selection.c en los anexos para más

detalles del modelo). Solo en el caso en que tuviéramos coeficientes de

selección idénticos, podríamos pensar en un sistema estable, sin embargo

con una pequeña diferencia en adecuación rápidamente tendríamos un

escenario inestable.
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2.3. El carácter es selectivamente neutro

En este caso, hay varías consideraciones, como el sistema genético que

subyace el dimorfismo y el costo de producción de néctar. Si consideramos

un sistema en el cual el carácter néctar es selectivamente neutro y el costo

de producir néctar es muy bajo, entonces estaría regido por deriva génica y

mutación. Tenemos evidencia de que la producción de néctar no es costosa

para P. glandulosa (Capítulo 3 y 4). Si consideramos que la mutación es

mínima, el carácter estaría regido puramente por deriva génica. Esto nos

daría como resultado diferencias en las proporciones de los alelos (que

definen la producción de néctar) que resultaría en proporciones diferentes

de individuos con producción de néctar entre las poblaciones. En nuestro

caso, de las poblaciones muestreadas, tenemos proporciones iguales de

productores y no productores de néctar.

3. Escenario Estable

3.1. Selección dependiente de las frecuencias

Dados los costos energéticos de producción de recompensas, en algunas

especies han evolucionado sistemas que eliminan los costos de la

producción, desarrollando sistemas de engaño de atrayentes. En estos casos,

la adecuación de los individuos en una población va a ser determinada por

selección dependiente de la frecuencia. Este tipo de selección puede tener

dos formas: 1) positiva: un individuo incrementa su adecuación conforme

aumenta su frecuencia genotípica en la población y 2) negativa: en donde la

adecuación de un individuo incrementa conforme baja su frecuencia

genotípica en la población (Fig. 3). Cuando hay selección dependiente de la

frecuencia positiva, la adecuación de un fenotipo (que esta determinado por
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un genotipo dado) incrementa hasta llegar a la fijación. Cualquier

desviación de este genotipo daría como consecuencia una disminución en su

adecuación y sería rápidamente eliminado de la población. En cambio, con

la presencia de selección dependiente de la frecuencia negativa, la selección

puede llevar al mantenimiento de polimorfismos (Ridley, 1998) y el

mantenimiento del sexo en plantas (Antonovics & Ellstrand, 1984).

3.2. Selección dependiente de las frecuencias

En términos de recursos florales hay varios ejemplos de selección

dependiente de la frecuencia (SDF), y los ejemplos son especialmente claros

en mimetismos Batesianos en donde miembros dentro de una especie

mimetizan a miembros de la misma especie. Por ejemplo, en muchas

orquídeas, las flores que no producen néctar (por lo general las femeninas)

mimetizan la forma floral a las flores masculinas que tienen recompensas,

creando así un sistema en el cual ganan adecuación sin tener el costo de la

producción de recompensas. En estos casos, la adecuación de las flores sin

recompensa va a incrementar conforme se encuentren en proporciones muy

bajas, ya que la probabilidad de ser visitada por insectos es alta. Conforme

aumenta la frecuencia de las flores que no tienen recompensa, la tasa de

visita va a disminuir al igual que la adecuación de los individuos dentro de

la población (Gilbert et al, 1991). Otros ejemplos de selección dependiente

de la frecuencia se pueden ver en el color de las flores de Ipomoea purpurea

(Clegg & Epperson, 1988) en donde los polinizadores prefieren morfos

oscuros, pero dentro de la población, los morfos blancos tienen mayores

tasas de entrecruzamiento y menores tasas de visita. Conforme aumenta la

proporción de flores blancas, las tasas de autofertilización aumentan y las

tasas de visita diminuyen. Patrones similares fueron encontrados en relación
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al tamaño de la flor y la cantidad de néctar producido en Polemonium

(Cresswell & Galen, 1991). Otros ejemplos en los que la selección

dependiente de la frecuencia es importante, incluyen los sistemas de

incompatibilidad genética (Richards, 1997) en donde se mantienen varios

alelos de incompatibilidad dentro de la población, sistemas heterostílicos en

donde los morfos pin y thrum se mantienen por SDF (Lloyd & Webb? 1993)

y habilidad competitiva en poblaciones dioicas (Richards, 1997). En

poblaciones ginodioicas, la frecuencia de las plantas femeninas va a estar

determinada por la cantidad de plantas masculinas que afectan la cantidad

(y a veces la calidad) de polen que puede haber en la población. Pocas

plantas hermafroditas y las plantas femeninas van a a estar limitadas por

polen, mientras que en poblaciones con muchas plantas hermafroditas, las

plantas femeninas van a tener una ventaja sobre las hermafroditas

(Charlesworth, 1993).

La función más importante de las flores es la atracción de polinizadores

para la importación y exportación de polen. Se ha reportado que un

aumento en el número de visitas de los polinizadores lleva a una mayor

cantidad de óvulos fecundados (Zimmermanj 1983; Winsor et al, 2000), y

una mayor proporción de polen dispersado. Sin embargo, el aumento en el

número de visitas no siempre conlleva a ventajas (Klinkhamer et al, 1994).

Por lo tanto, esperaríamos una reducción en las ganancias netas de la

planta conforme aumentan las visitas. Por ejemplo, si 2 visitas son

suficientes para la fertilización del 80 % de los óvulos, cuatro visitas no van

a duplicar el número de óvulos fertilizados. En consecuencia, esperaríamos

que las plantas evolucionaran para optimizar los recursos invertidos en las

flores, maximizando el número de fertilizaciones por unidad de inversión a

caracteres secundarios de recompensa (Bell, 1986). Bajo este escenario,
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Adecuación

** masculino,

Frecuencia de plantas femeninas y maculinas

Figura 3: Adecuación de atributos con respecto a la adecuación vía masculina y
adecuación vía femenina cuando la función se encuentra bajo selección dependiente
de la fecuencia. P* es el punto de equilibrio en donde se maximizan las dos funciones
sexuales.

podemos evaluar cuál sería la proporción óptima de plantas con y sin néctar

dentro de la población. En poblaciones donde existan plantas con néctar y

plantas sin néctar, los visitantes estarían sujetos a encontrar recompensas

con cierta probabilidad. Si la proporción de plantas sin néctar aumenta, la

población va ha ser menos visitada y por ende disminuiría la adecuación de

los individuos que la conforman. En una población de puros productores de

néctar, una mutación que no produzca néctar va a ser favorecida o

aumentaría en frecuencia, por el simple hecho de que se beneficia por la

presencia de las plantas que si producen néctar que están atrayendo a los

polinizadores (Gilbert et al, 1991). Esto llevará a tener una estrategia

evolutivamente estable (Smith, 1978) que para el mesquite, la producción

de néctar y la no producción de néctar son estrategias puras ya que no

pueden cambiar de morfo (Ver capítulo 3). Modelamos una estrategia
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evolutivamente estable (ESS) modificando lo propuesto por Bell (1986). Del

capítulo 2 y 3, encontramos que los visitantes a las plantas sin néctar eran

hembras y abejas, por lo que suponemos que las abejas son las principales

polinizadores del mesquite (López-Portillo et al, 1993).

3.3. Genes ligados al sexo

La determinación sexual en plantas monoicas se ha concentrado en especies

agrícolas principlamente. Aún cuando la determinación sexual no ha sido

identificada de manera explícita, se ha demostrado que en ciertas

condiciones la determinación sexual de las plantas puede ser modificada de

manera muy similar a la herencia sexual en animales. Por ejemplo, en Vitis

vinifera y Asparagus officinalis (especies de origen dioico), la

autofecundación de hermafroditas dan como resultado progenie con plantas

femeninas y progenie con plantas "masculinas" en una proporción de 1:3 en

donde la condición heteróciga (XY), que produce una hermafrodita lleva los

genes de masculinidad. De tal forma que cuando hay cruzas de tipo XY x

XY se genera una planta ginomonoica (XX), 2 hermafroditas (XY) (que

contienen el gene de "masculinidad") y una andromonoica (YY). En estas

especies, la evolución hacia el diocismo pudo darse por 3 vías principales:

(1) Un gene que confiera la esterilidad masculina en plantas gmomonoicas,

(2) un gene que confiera ganancia en la función femenina en plantas

andromonoicas, y (3) un incremento en el desequilibrio de ligamiento de los

genes que confieren mayor o menor grado de masculinidad o feminidad,

llegando a la formación prácticamente idéntica a los sistemas en donde hay

genes ligados al sexo (Richards, 1997). Los genes que confieren mayor o

menor funcioninalidad sexual se pueden generar por cambios en los tiempos

de madurez de los órganos sexuales femeninos y masculinos, cambios en los
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arreglos morfológicos de la flor y cambios en la cantidad y calidad de polen

(Charlesworth & Charlesworth, 1978b).

Se ha sugerido que los atributos florales en las plantas son moldeadas por

selección natural, por los efectos que tienen sobre la adecuación. Los

atributos florales tienen importantes consecuencias. En primer término, los

efectos de producir néctar fueron muy importantes en 2 aspectos

principalmente: (1) el número de visitantes florales y (2) los componentes

sexuales de cada morfo. La diferencia más marcada en los visitantes florales

fue el número y tipo de visitantes. En nuestro caso, los individuos del morfo

néctar son 20 veces más visitadas que las del morfo sin néctar (Capítulo 2 y

3). Además, el tipo de visitante es diferente, el morfo néctar es vistado

exclusivamente por abejas solitarias hembra. El hecho de ser visitado por

abejas hembras es muy importante, ya que son las responsables de la mayor

parte del flujo de polen (son las colectoras y acarreadoras). Los demás

visitantes (abejas macho, avispas y moscas) pueden tener un papel en el

flujo de polen pero su eficiencia es mucho menor. El número de visitantes no

cambia entre años, sin embargo, la dominancia específica del los visitantes

si. Estos cambios posiblemente hayan tenido efectos sobre las plantas.

Sabemos que la cantidad de frutos producidos difiere entre años y entre

morfos. Aunque no podemos determinar causalidad entre los visitantes y las

diferencias en la producción de frutos, si hay una correlación.

La producción de néctar no tiene efectos sobre la fenología de la población.

Desde el punto de vista genético, la producción de néctar no le confiere

ventajas al que lo produce, ya que los índices de fijación (F) fueron

negativos y las heterocigosis altas (H=0.45), sin diferencias entre los

morfos. Aún dadas las diferencias tan grandes en visitas florales (1 vs. 20)

entre morfos, las tasas de entrecruzamiento no fueron diferentes de 1 para
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ambos casos. Si tomamos el componente femenino, tenemos que los

productores de néctar producen ligeramente más semillas que las que no

producen néctar (25% más), y no hay diferencia el peso de las semillas

entre morfos. Sin embargo, encontramos que las semillas más pesadas son

consistentemente más heterócigas. Al hacer cruzas controladas,

encontramos que existe cierto grado de autoincompatibilidad pero no dada

entre morfos, sino dentro del individuo.

En cuanto al costo de poducir néctar, al evaluarlo desde el punto de vista

demográfico, encontramos que producir néctar no le confiere un costo a la

planta. En procesos demográficos, son mucho más importantes los factores

amiéntales como la disponibilidad de agua y la combinación de ambientes

entre años.

Claramente, la producción de néctar afecta tanto la función macho como la

función hembra. En cuanto a la función macho, los resultados sugieren que

no hay diferencias en el flujo de polen entre productores y no productores

de néctar. El papel de los polinizadores es tan importante que aún cuando

no se produce néctar, el flujo de polen es homogéneo en la población.

Prosopis galndulosa es un componente importante de las zonas áridas en

América (Apéndice 3). Es un recurso explotado por animales y plantas, y

tiene efectos importantes a nivel de ecosistema, modificando la cantidad de

nitrógeno, carbono y agua en los suelos donde se encuentra. En muchos

casos se han descrito los efectos nocivos del mesquite, porque modifican la

homogeneidad de los ambientes de pastizal, concentrando los recursos en

"islas de fertilidad". Aún si consideramos estos efectos, las ventajas

asociadas al mesquite son mayores.
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4. Perspectivas

Como primer acercamiento, un estudio paralelo que se va a realizar es la

presencia de un nectario por vías histológicas. La presencia de un nectario

en plantas que no producen néctar significaría que se ha perdido la

habilidad de producir néctar recientemente, la no existencia del nectario

nos sugeriría que la ausencia de producir néctar es un carácter con origen

antiguo. Como se dijo en la introducción general, nuestra visión de

adaptación en este trabajo ha sido enfocado a una en el cual se ignora la

historia evolutiva del atributo, en este caso, el néctar. Realmente para

obtener la parte histórica y reforzar el carácter adaptativo de atributos

florales como en este caso el néctar, necesitaríamos usar el método

comparativo, en el cual sabríamos la relación que existe entre las especies

del género Prosopisi y además sabríamos la presencia/ausencia de este

carácter en las diferentes especies. Si realmente encontramos algún patrón,

se podría deber a 2 razones: 1) un componente histórico o arrastre

filogenético y 2) realmente el néctar constituye un atributo adaptativo.

Para diferenciarlos, se tendría que probar que el néctar es adaptativo en

todos las demás especies en donde se encuentra el dimorfismo. Un segundo

aspecto mucho más complicado de definir es el origen del dimorfismo. La

producción de néctar es un carácter continuo, por lo tentó estaría sujeto al

campo de la genética cuantitativa y su control estaría mediado por varios

genes. En nuestro caso, al tener un dimorfismo tan claro, suponemos que es

un proceso más complicado. Por un lado, pocos genes (1 tal vez 2) median

la presencia o ausencia de néctar, y por otro, ya que se define producir

néctar, la tasa de producción estaría definida por varios genes. Descubrir los

genes responsables de la producción de néctar realmente sería parte central

del estudio a futuro, aunque el trabajo de encontrarlo sea inmenso. La
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descripción de este sistema genético sería realmente innovador.
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Flujo de polen en el mesquite mielero
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Abstract

We evaluated the mating systems of nectarful and nectarless individuáis in

a natural population of Prosopis glandulosa var. torreyana. We selected 10

individuáis (5 per néctar morph) as potential female parents and randomly

selected 40 seeds of diíferent pods from each individual. The surrounding

trees were fingerprinted as potential fathers of the selected seeds. We

extracted DNA from the tissue of parents and seedlings and all samples

were subject to PCR with intsersimple sequence repeats (ISSR) primers

that yielded high polimorphism that could be used to identify potential

parents. The analysis of paternity was determined using a maxinium

likelihood approach. We suggest a possible mechanisin by which the

dimorphic system of néctar production is maintained.



Introduction

Fitness of hermaphrodite plant individuáis comes from two routes: male

and female fiinctions (Richards, 1997). The female component mainly

contemplates the selection of adequate pollen for fertilization and the

production of seeds, and related constituents for dispersal (mainly fruit

production). The male counterpart consists of the production of pollen and

the successful fertilization of ovules of the same genet (autogamy and

geitonogaray) or different genets (xenogamy). In natural environments and

under experimental treatments, female components are relatively easy to

quantify as the production of seeds gives a rough estimate of female fitness.

On the other hand, the male component is harder to follow as pollen

production is not always a good estimate of male function, while pollen

removal is a much better estimate (Ashman, 1998). The importance of

studying male function is clear as this component has been considered a

major forcé in the evolution of floral display of some species (Bell, 1985;

Bertin, 1988), and is a major evolutionary forcé shaping genetic diversity

within and among populations (Levin & Kerster, 1974). Most theoretical

and empirical studies suggest an important male component in the

evolution of floral display but only under the assumption of low variability

between fruit and pollen quality (Bertin, 1988). Many studies rely on pollen

production and some estimates of pollen flow through fluorescent dyes and

pollen carryover but these studies are often plagued by assumptions that

are not always met (Handel, 1983; Campbell, 1991). However, in some

cases, pollen removal has correlated with siring success (Ashman, 1998).

Even though one of the most promising approaches to quantitatively assign

pollen flow is through paternity assignment (Adams et al., 1992), relatively

few studies have used this approach mainly because of two reasons. (1) The



theoretical background needed for these studies was developed in the early

1970's, but the molecular techniques needed to assign paternity were

limited in the amount of variation that could be obtained. Until recently

paternity assignment has had two main developmental routes, paternity

exclusión analysis and a máximum likelihood approach (Adams et al, 1992;

Milligan & McMurry, 1993). Unfortunately neither approach yields

optimum resultSj the former can only be used in small isolated or controlled

populations and only sometimes may this approach be userul (Chakraborty

et al, 198S) while the latter may not always assign the correct parentage to

some seeds or when the probability of parentage is the same between two

individuáis the sampled offspring is discarded. In addition, the likelihood

approach biases paternity towards homozygotes (Devlin et al, 1988).

However, the fractional paternity approach can solve the problem of bias

towards homozygotes by assigning paternity fractionally to all

nonexcludable males, the fraction being the proportional contribution in

the transition probability function (Devlin et al, 1988). (2) In addition, to

accurately establish paternity, the studies often require large amounts of

information that increase sample sizes dramatically. This has caused

studies to be limited by the number of individuáis in the popnlation and

have often been reduced to laboratory and controlled conditions. With the

advent of molecular techniques, the analysis of a large number of variable

markers is possible, and the theoretical tools are also well developed for a

large number of marker types (Luikart & England, 1999; Lewis & Snow,

1992), that can even include male characters in the analysis (Smouse et al,

1999). Even after the development of an increasing numbers of markers

that can be obtained relatively quickly, natural populations are usually

difficult to follow, especially as a large proportion (> 60%) of gene flow



occurs from individuáis outside the sfrudied population (StreifF et al, 1999;

Dow & Ashley, 1996; Krauss, 1999), even though in some cases, paternity

can be assigned with higher efficiency (Krauss, 1999).

The honey mesquite is a perennial tree found in the the arid environments

of the Southwestern USA and in many parts of northern México

(Rzedowski, 1988). This species is of particular interest for paternity

analysis because of two main observations: (1) néctar production seems to

be determined genetically, affecting the number and sex of visiting bee

species (Golubov et al, 1999) and (2) the proportion of nectarful to

nectarless individuáis is not different from 1 (López-Portillo et a¿.5 1993).

Given the fact that the dimorphism of néctar production causes a

differential behavior of visitors and the condition does not change from year

to year, pollen flow within the population of the honey mesquite will likely

be experiencing differential pollen flow. Previous studies have shown an

increase in pollen production in nectarless individuáis and an increase in

seeds in the nectarful individuáis. In addition, nectarful individuáis receive

a larger amount of pollen grains (see chapter 1, this thesis). This evidence

suggests that néctar production is increasing female function, not expected

under Batemans principie. The purpose of this manuscript is to determine

the consequences of néctar production on pollen flow within and among

nectarful and nectarless individuáis under natural conditions. We wanted

to answer the following questions: 1) What is the relative contribution of

necatrful and nectarless individuas to the pollen pool, 2) what proportion

of seeds is sired by each néctar morph and 3) how many parents are

responsible for siring all the seeds within a pod.

Methods

Pollen flow Individuáis within the Mapimí Biosphere reserve (MBR) were



tagged and néctar condition established with 2 ¡A micropippetes. Leaf

tissue of all reproductive individuáis in a 1 ha plot of desert scrubland was

collected. Of all individuáis, we selected 10 individuáis to function as pollen

receptors (potential mothers). The potential parents that were relatively

isolated were selected in order to reduce the number of parents that had to

be sampled for assigning paternity. All reproductive individuáis witMn a 15

meter radius of the potential mother were sampled (Figure 1). Pods of the

selected maternal individuáis were collected and a single seed per pod was

extracted (iV = 40 seeds per tree) to avoid cosanguineous progeny and a

possible bias towards a single parent.

Siring success. To determine the number of parents within a pod, ten

randomly selected pods were collected from five nectarful and five

nectarless individuáis. All the seeds withiin the pod were extracted and

seed position within the pod as well as each individual seed weight were

recorded. Differences between néctar morphs and individuáis in seed traits

were analyzed by ANOVA, having néctar morph and individuáis as factors

and the specific seed trait as the response variable. To determine the

number of parents, we partially followed the procedure descibed by

Ellstrand (1983). Briefly, the maternal genotype is scored and the

genotypes of each ofispring within each fruit is compared to the maternal

genotype. Those banding patterns that differ from the maternal genotype

are therefore the paternal contribution. Scoring and comparing between

offspring will also indicate the number of parents that were involved.

DNA extraction and PCR methods Seeds were cleaned with sterile

water and a dilute chlorine solution and germinated in petri dishes on 1%

bacteriological agar. Seedlings were collected and stored at -70 C until

used. Adult plant tissue was collected in the field and dried with silica gel.



DNA of both adults and seedlings was extracted with a 2X CTAB protocol

(Milligan, 1998). Samples were then subject to PCR with one of 8 ISSR

primers under the following conditions: 1.5 min @ 92°C, 35 cycles of 40' @

94 °C; 45' @ 44 °C and 1.30 @ 72 °C, followed by 455 @ 94 °C, and 5min @

72 °C. The following ISSR (intersequence repeats) primers were used (note

that some are degenerate Wolfe & Listón, 1998): (CT)8-TG, (CT)8-RG,

(CA)6-RY, (GT)6-RG, (GT)6-AY5 (GT)6-YR, (CA)6-RG and CAA(GA)5

after PCR optimization. PCR producís were then run on 7%

Acrylamide-bisacrylamide gels and silver stained Dean k. Milligan (1998).

Gels were scanned and bands were analyzed using DNA/GUI versión 2.0.

Individuáis were identified by the presence/absence of banding patterns due

to the dominant nature of these raarkers. The resulting data was then used

to infer the most likely parents using a máximum likelihood approach

(Milligan & McMurry, 1993). We used ISSR primers as they have proven to

be useful in genetic studies, especially in detecting clona! diversity and

fmgerprinting closely related individuáis (Wolfe & Listón, 1998; Esselman

et a¿., 1999; Zietkiewicz et al, 1994; Nagaoka & Ogihaxa, 1997). ISSR

bands were scored as present (1) or absent (0) for each DNA sample.

Results

The amount of seeds between pods difíered greatly (range = xx - xx). Seed

weights did not diífer between positions within a pod ñor between néctar

morphs but significant differences were found between individuáis (F=kk)

All the primers that were used in the analysis resulted in múltiple banding

patterns, however optimum resolution was obtained only through an

optimization procedure of the buffer solution for PCR. Most primers

yielded more than 5 bands that could be easily scored (Figure 2). The

selected primers generated bands ranging in size from 220 to 1400 bp.

7



Discussion

Few studies on pollen fiow have been done on natural populations due to

the difficulty of assigning paternity. Some studies have been successful in

assigning paternity but populations can be considered controlled due to the

low frequency of individuáis in the population (Kaufman et al, 1998).

Others have used specific phenotypic of genetic markers that characterize

individuáis. We would expect an asyrametric contribution of pollen flow

biased towards nectarless individuáis, that would be increasing male

function, while nectarful individuáis produce more fruits. In addition, the

number and quality of visitation differes greatly within years and between

years (Golubov et al., 2001), which would affect the quality of seeds. Few

studies have assessed múltiple paternity within fruits, even though múltiple

paternity has become a widespread issue in breeding systems of animal

species. Experimental studies have suggested that increasing the number of

pollen donors often increase the seed set of individual fruits (Janzen et oí.,

1980). Purthermore, múltiple paternity is well documented from those

studies of pollen flow (Levin, 1981). But relatively few studies have

quantitatively described múltiple paternity in wild populations. Theoretical

predictions vary as to the extent and benefits of múltiple paternity in seed

plants. On one hand, sexual selection would favour those maternal plants

bearing multiple-sired progeny (Janzen, 1977), on the other, pollen

competition in multiseeded fruits would strongly favour single-sired fruit

(Levin, 1975). ISSR primers have proven to be excellent markers to identify

closely related individuáis (such as clona! organisms).
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Figure Legends

Figure 1. Representaron of sampling procedures. Greek letters indícate the

amount of pollen flow between the potential parents and the focal parent.

Figure 2. Acrylamide/bis-acrylamide gel sil ver stained. The primer used

was CG6nn.
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Sommary

1 To assess the effect of annual environmental variability on the long-term popula-
tion dynamics of the invasive woody perennial Prosopis glanduíosa var. torreyana
(honey mesquite), we employed elasticity analyses of annual, mean and periodic
matrix models. Growth, survival and reproduction were recorded for 1306 indivi-
duáis in a 1-ha plot over a 4-year period. The volume of each individual was esti-
mated, and transition matrices with nine size classes were constructed. Standard
matrix analysis was performed, and the relative importance of individual life-cycle
components to changes in the finite rate of population íncrease (A) was determined.
2 Periodic matrix analysis projected a 29% annual increase in population size
(A= 1.29), while annual projection A-values varied between 0.99 and 1,44, For both
methods, elasticity of seedüng recruitment was always very low in all 4years, and
the highest elasticities were generally associated with permanence in the same size
class.
3 Periodic and annual projections predícted similar elasticity patterns, with the
relative contritmtion to a change in X of different demographic processes changing
between 'good' and 'bad' years. However, annual matrices identified two bad
years, with Fecundity and growth elasticity decreasing relative to survival, whereas
periodic analysis identified only one such year, and elasticity changes were seen
only in fecundity and survival.

Key-words: demographic parameters, demographic triangle, demography, elasticity,
invasive species, Ufe history, mesquite, periodic matrices, Prosopis glandulosa, sensi-
tivity

Journal of Ecology (1999) 87, 955-962

© 1999 British
Ecological Society

Introduction

Projection of demographic data has provided a tool
by which the dynamics of populations can be
explored in detail (Pinero et al. 1984; van
Groenendael & Slim 1988; Svensson etal. 1993;
Horvitz & Scheroske 1995; Caswell 1997). The bene-
fits include allowing the estimatiou of extinction
probabilities, the prediction of the invasiveness of
both native and non-native species, and the study of
life-history evolution. Sensitivity (Caswell 1978,
19S9) and elasticity analyses {de Kroon etal. 1986)
allow the contribution of different demographic pro-

•Correspondence: Jordán Golubov (fax + 52 5546 5665;
e-maUjgolubov@miranda.ecologia.unam.mx).

cesses to be assessed, and this has improved our
understanding of population dynamics as well as
allowing comparisons to be made across taxa and
populations (Silvertown etal. 1993, 1996; Franco &
Silvertown 1996).

Projections of population growth must consider
the temporal variation of demographic parameters
{Tuljapurkar 1985; Nakaoka 1996). For long-lived
perennials, the ways in which the effects of such var-
iation over their lifetime influence their dynamics
are not readily approximated by short-term demo-
graphic analyses (Cain & Damman 1997; Damman
& Cain 1998). Environmental heterogeneity may
interact with a sequence of intrínsic biológica! pro-
cesses that only take place over long períods of
time, and it is therefore necessary to assess popula-
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tion dynamics of perennial species over long time
periods. This is especially true for species inhabiting
extreme environmental conditions where speciflc
demographic processes, such as growth and repro-
duction, may be límited to occasional 'opportunity
windows'(sensu Eriksson 1989). Several models have
accounted for this variation by including a stochas-
tic environmental component (Tuljapurkar 1985,
1989; Huenneke & Marks 1987; van Groenendael &
Slim 1988; Nakaoka 1996; Damman & Cain 1998).
We used periodic matrix models (a subset of sto-
chastic models in which the assumption of time-
invariance is relaxed; Skellam 1966) and their asso-
riated sensitivity and elastidty analyses (Caswell
1989; Caswell & Trevisan 1994). We assumed that
the matrices reflect the range of environments
enoountered and that population growth can be
described in a hypothetical habitat that cycles
among the environments observed (Caswell &
Trevisan 1994). We used a demographic study oF
Prosopis glandulosa var. torreyana over a period of
4years to determine (i) how .elasticity analysis of
periodic matrix models provides information on the
impact of different demographic processes at differ-
ent stages of the environmental cycle; and (tí) how
the use of this method in conjunction with annual
and mean matrix models improves our understand-
ing of the natural dynamics of populations.

Materials and methods

Prosopis glandulosa var. torreyana (Benson)
Johnston (honey mesquite), a woody perennial, has
a wide distribution in the south-western United
States and northern México (Burkart 1976;
Rzedowski 1988). Mesqiútes are a common, often
dominant, species of arid and semi-arid ecosystems
and typically bloom in spring before the main rainy
season (Simpson & Solbrig 1977). They are consid-
ered to be aggressive invaders (Glendening 1952),
although prior to livestock introductions they had
been conñned to mesic drainages and upland slopes
and have only recently expanded into grasslands
(Polley eíal. 1994). A population of honey mesquite
in a 1-ha plot of desert scrubland surrounding a
water catchment in the southem Chihuahuan desert,
México (26°29' to 26°52' N and 103°32' to 103a58'
W; 264mm mean annual rainfall; 20.8 DC mean tem-
perature; Montaña 1990), was censused annually
from March 1994 to March 1998. Rainfall was
below average throughout the study period
(138.5mm, 198.4mm, 234.7mm and 210.4mm, in
1994-97, respectively; data from Mapimi Biosphere
Reserve climatic station). In March 1994 the 1-ha
plot contained 1306 individuáis, of which 418 were
reproductive adults. Because of its relatively round
crown, the size of each mesquite can -be estimated as
the volume of a sphere the radius of which is half

the average of three plant measurements: height and
two orthogonal horizontal widths. For each repro-
ductive individual we calculated the yearly fruit set
by averaging the number of pods recorded on three
tagged branches of known volume per plant and
extrapolating to the total volume of the plant.
Fecundity per size classy at time í was calculated as
the total number of seedlings recruited between
times / and t + 1, weighted by the proportional con-
tribution of an average individual in that size class
to the total fruit set at üme t.

Use of Moloney's (1986) algorithm suggested that
the population should be divided into nine size
classes. Seedlings and small plants (volume =
vol <, 0.8 m3) were considered to be size 0, with size
1 representing volumes (in m3) 0.8 < vol£ 1,7; size
2, 1.7 < ix>/£2.2; size 3, 2.2 < no/S 3.7; size 4,
3.7 < vol £ 4.7; size 5, 4.7 < vol < 5.4; size 6,
5.4 < vol •& 6.5; size 7, 6.5 < vol < i; and size 8,
vol > 8. With this classification we constructed four
annual transition matrices to derive three kínds of
models. First, the four annual matrices per se. These
contained the transition probabilities and contribu-
tions of an average individual at each of the differ-
ent stages of the life cycle for each of the four yearly
intervals of study (A = {atf}, where i, j = 0, 1,. . . , 8;
Caswell 19S9) and were used to describe the popula-
tion growth in individual years, which could be
classed as 'favourable' (A > 1) or 'unfavourable'
(A < 1). Secondíy, the mean matrix was obtained by
averaging each entry in the four annual transition
matrices, and thirdly, a periodic matrix was pro-
duced by multiplying all four annual matrices
sequentially (Caswell 1989; Caswell & Trevisan
1994).

In the deterministic analyses (for annual and
mean matrices), population growth was projected by
multiplying each annual matrix (A), or the mean
matrix, by a column vector (n) that incorporated the
number of individuáis in each of the nine size
classes. Thus n, + | = An, or, assuming matrix A
remains constant for a length of time t, n, = A'na,
where n0 is the initial population. The properties of
this model are weíl known (Caswell 1989) and they
include the facts that the dominant eigenvalue of the
matrix is equivalent to the finite rate of population
increase (A), i.e. n, + ] = An,, and that there exist a
right eigenvector and a left eigenvector associated
with A, which describe the stable size distribution
(w) and the reproductive valué distribution (v),
respectively. We then calculated the sensitivity of A
to small changes in each matrix element, a¡j
(s¡f = dX/da^ = Vi Wy/vw, where v¡ is the ¡th element in
the reproductive valué eigenvector v, Wj is thejth ele-
ment in the stable size distribution vector w, and vw
is the product of the two vectors, a scalar; Caswell
1989). We also calculated the elasticity matrix
(eij = sy (a/j/A); de Kroon etal. 1986) the elements of
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which are the proportional change in X that results
from a proportional change in each a¡¡.

In the periodic analysis, product transition
matrices could be used to represent the effect of
annual demographic variation assuming a cyclic
environment. The dynamics of the population over
a cycle can be described by the periodic matrix pro-
duct (Caswell & Trevisan 1994):

reach B(/r + ' ' (i.e. in this case stop at B(4) because
m = h + 1). That is:

where each matrix B corresponds to one phase of
the cycle. The cycle has a duration of m time units
and AÍ/JÍ is the matrix product that projects the
population through the whole cycle, starting at
phase h. In our case, each phase lasted 1 year and
we assumed the cycle had a duration of 4years
(m = 4), the duration of the study. The product
matrix that projects the population through the
whole cycle, starting in phase 1 (1994-95), is there-
fore:

n(f + 4) — Av ' tl(f)

with Am indicating that the projection starts in
phase 1, and BC1J to BC4J indicating the four annual
projections (1 = 1994-95, 2 = 1995-96, 3 - 1996-
97, and 4 = 1997-98). The long-term growth rate
over the cycle is given by the dominant root of the
product of the periodic matrices and can be written
as X1'. Due to the cyclic arrangement X1' is the same
for all hs and its valué can be represented simply as
X. This valué can be used to give an annual X by
either taking its m-root or by converting it first to r
(r — In Xfm, where m scales it to the time step con-
sidered, in our case 1 year) and then taking its anti-
logarithm.

Our study compriscd 4years (we had four annual
Bc/l) transition matrices) and the elasticity valúes of
each phase of the cycle could therefore be estimated
by calculating four periodic A*-'1* matrices, and their
corresponding four sensitivity matrices (SJp), for
cycles 'beginning1 in years 1994-97 (i.e. h = 1, 2, 3,
4). The sensitivity of X to changes in each entry of
one of the matrices in the cycle (B^) was calculated
as (Caswell & Trevisan 1994):

SCO rn(A—11 n(lt—2} n ( l ) n(nt) nfm— I)
n ^ ^ |ü O . . . O JJ l j . . .

© 1999 Brítish
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(notice the formula exeludes Bc''', and T is the
transpose of the matrix product). For exampíe, to
calcúlate the sensitivity of X to changes in each ele-
ment of B(3\ cyclically permute the individual
matrices Bt2) to B(1). When the latter appears at the
right-hand end of the product matrix continué with
B(m* (in this case m — 4) and carry on until you

The corresponding elasticity valúes were finally cal-
culated as (Caswell & Trevisan 1994):

where bf* is each entry of matrix B^ . All matrix
analyses were performed with MATLAB®(The
MathWorks 1995).

Because there was no reason to suspect our study
period repeated itself indefinitely, we relaxed the
assumption of a strict sequence of matrices and
simulated all possible permutations of the four
matrices in the cycle (nPn = n\¡n = (n - 1)!; Zar
1996). The projections that resulted from this pro-
cess generated the distribution of possible outeomes
given our 4-year data set and provided a confidence
interval for the rate of population growth. The elas-
ticities of different demographic processes for each
product matrix were calculated and their confidence
intervals were obtained with the percentile method
(Meyer elal. 1986; Caswell 1989). To test the
assumption of the first-order Markov process of the
matrix models, we fitted a log-linear model
(Bierzychudek 1982; Caswell 1989; Horvitz &
Schemske 1995) using GLIM (Royal Statistical
Society 1993). The models tested whether the transi-
tion probabilities during the time interval (r to
/ + 1) depend only on the state at the beginning of
the time interval and not on any other point in time
( í -1 , í-2, etc., i.e. serial correlation; Tuljapurkar
1997).

Matrix elements were classified into four demo-
graphic processes: (i) positive growth, or simply
growth (lower diagonals); (ii) permanence in the
same size class, or stasis (main diagonal); (iii)
decrease in size, or retrogressíon (upper diagonals
except elements on the first row); and (iv) fecundity
(first row, except the first element, which belongs to
the main diagonal). From the resulting elasticity
matrices (annual, mean and periodic), we summed
elasticities by size class and by each of these four
demographic processes (Gotelli 1991; Silvertown
e/o/. 1993). Finally, we investigated the variation in
the relative contributíon of different demographic
processes to relative changes in X according to the
demographic interpretaron of Grime's triangle pro-
posed by Silvertown eíal. (1992). This was done by
adding the elements of the main diagonal (stasis) to
those of the upper diagonals (retrogression) to give
a class called survival (L), and taking the valúes on
the first row (but excluding stasis in the seedling
category) into fecundity (F), and all subdiagonal ele-
ments into growth (G) (Silvertown etal. 1993;
Franco & Silvertown 1996).

a



958
Population
analysis of
Prosopis

Tablel Valúes of the finite rate of increase (A) calculated
for Prosopis glandulosa using three different methods of
matrix projection. The demographic Information was
obtained from a I-ha permanent plot of scrubland in the
southem Chihuahuan desert

Ycar

1994-95t
I995-96t
l996-97t
1997-9St
1994-98$
1994-98S

X

1.13
0.99
1.44
1.39
1.29
1.29 (+0.004)

Total annual
precipitation (mm)*

138.5
198.4
234.7
210.4
195.5K

"January-December of the ycar beginning the interval
f Annual transiüon matrix.
JMean of four annual transition matrices.
gPeriodic matrix product. Valué in parentheses shows the
95% confidence interval.

an annual precipitation duríng the study period.

Results

Each annual matrix provided an independen! pre-
diction of demographic fitness (X) for the popula-
tion, with valúes for 3 out of 4 years indicating
population increase (X > I). Both mean and períodic
matrices indicated a 29% annual population
increaae overall (Table 1). Elasticity valúes for all
types of matrix projections showed that stasis (main
diagonal) and growth (lower diagonals) contributed
proportionately the most to population growth
throughout the study (Table 2). Stasis was the most
important demographic process in the mean matrix
analysis (elasticity = 0.47), followed by growth,
fecundity and retrogression (Table 2a). In the annual
matrices for 1994-95 and 1995-96 (Table2a), when
X was cióse to 1 (Table 1), stasis representad cióse to
60% of the total elasticity, and elasticities for
fecundity were very low («0.01) . When X pre-
dicted a signiñcant yearly population increase
(> 35% in 1996-97 and 1997-98; Tablel), growth

contributed more than 40% to the total elasticities
and the elasticity of fecundity was far more impor-
tant than in the previous 2 years (Table 2a). When
total elasticities were analysed for each size class,
using annual projections, the 1995-96 interval gave
very difieren! results to all other annual time inter-
vals (Fig. la). The class with the highest contribu-
tion to a change in A in this period was class 7,
while in the other years the highest contributions
were given by seedlings and class 3, and class 7
made the lowest contribution to changes in X.

The periodic matrix analyses could be decom-
posed into four annual periods that each corre-
sponded to one of the annual transition matrices.
Elasticities of stasis were consistently higher than
those for growth in all four years. Elasticity of
fecundity was lower for 1995-96 than for any other
year (Table 2b). The summed elasticity valúes per
size class gave different results to those given by the
annual projections. Periodic matrix analysis pre-
dicted relatively fixed elasticities in all years for all
size classes, and the most important stage in all but
one year was the seedling class (Fig. Ib). Finally, the
log-linear analyses showed that successive matrices
in the sequence were non-independent (x2 = 1948,
d.f. = 64).

Discussion

By incorporating variation in demographic processes
through several growing seasons, periodic matrix
models provide a picture of mesquite population
dynamics in changing environments that cannot
readily be approximated by the average-year
approach. This is because periodic matrix models
allow investigation of the effect that differences in
the order of occurrence of demographic events may
have on the dynamics of the population. In the case
of Prosopis, although the projected X from indivi-
dual annual matrices showed little variation
(CV = 14%), such matrices could predict either
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Table 2 (a) Elasticity of annual and mean projection matrices of Prosopis glandulosa; and (b) elasticity (±95% confidence
interval) of periodic projection matrices of P. glandulosa in the southern Chihuahuan Desert

Demographic process 1994-95 1995-96 1996-97 1997-98 Mean matrix 1994-98

(a) Elasticity of annual and mean projection matrices
Fecundity 9.22 x I O"05 1.01 x lOT06

Stasis 0.62 0.58
Growth 0.26 0.25
Retrogression 0.12 0.17

0.12
0.41
0.44
0,03

(b) Elasticity (±95% confidence interval) of periodic projection matrices
Fecundity 0.10(±0.02} 1.5 x 10"4 (± 4x 10"5) 0.09(±0.O3)
Stasis 0.48 (±0.04) 0.48 (±0.04) 0.47 (±0.04)
Growth 0.37 (±0.03) 0.37 (±0.03) 0.39 (±0.03)
Retrogression 0.05 (±0.01) 0.15 (±0.03) 0.05 (± 0.01)

0.13
0.40
0.43
0.04

0.09 (± 0.03)
0.47 (±0.03)
0.39 (±0.02)
0.05 (±0.01)

0.07
0.47
0.39
0.07
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Fig. 1 Variation ín elasticity among life-cycle stages of Prosopis glandulosa var. torreyana in the southero Chihuahuan
desert, as calculated from (a) projection of annual matrices, and (b) prqjection of thc pcriodic matrix model. The seedling
class (class 0) includes seedlings and small plants (volume = val £ 0.8 m3), and the remaining eight classes are defined by
the following limits (in m3): (1) 0.8 < vol <, 1.7; (2) 1.7 < vol<. 2.2; (3) 2.2 < vol <, 3.7; (4) 3.7 < vol <. 4.7; (5) 4.7 < vol
£ 5.4; (6) 5.4 < vol <; 6.5; (7) 6.5 < vol £ 8; (8) vol > 8.
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growth or decline depending on the year studied.
Although the mean matrix, as well as the periodic
matrix, can be used to estímate the annual popula-
üon growth rate over the study period (Huenneke &
Marks 1987; McFadden 1991), the average-year
approach misses the correct estimation of the influ-
ence that diñerent years and processes have on the
population's long-terra growth (Caswell & Trevisan
1994). This is especially important when specific
demographic processes are sensitive to between-year
environmental variation or when processes respond
¡n opposite directions to environmental change (M.
del C. Mandujano etal., unpublished data). Thus,
periodic elasticity analysis provides a means of eval-
uating the varying influence that diñerent demo-
graphic processes have over time periods longer
than 1 year. Furthermore, sensitivity and elasticity
of periodic matrices can measure the inñuence of
temporally correlated demographic events on popu-

lation growth. Not surprisingly, such analyses give
different results to those obtained with discrete,
independent annual matrices. In i*, glandulosa,
although both annual and periodic analyses indi-
cated that the different demographic processes
switched in importance from year to year, the
detailed patterns predicted were rather different.

The mean, periodic, and three out of four annual
projections predicted positive population growth,
even though all- years had below-average ratnfall
(Table 1). For annual matrices, the highest A corre-
sponded to the year with the highest precipitation,
in which growth was found to be the most impor-
tant demographic process (Table 2a). In a study of
mesquite clustering from aerial photographs in
southem Texas, Archer etal. (1988) also found an
apparent correlation between growth rate of clusters
and precipitation over two time periods longer than
1 year (1941-60 and 1960-83). Because current year

ll?)



960 growth in P. glandulosa depends to a large extent on
Population the previous year's rain, the correlation with precipi-
analysis of tation is in reality likely to be more complicated.
Prosopis Annual matrices project the population cióse to

equilibrium (A= 0.99) in the period following the
driest year (1995-96), but project population growth
in all other time intervals, including the driest
(1994-95). Our analyses suggest demographic fac-
tors that may enable woody species such as mes-
quites to be aggressive invaders of grasslands (as
considered by Scholes & Archer 1997). First, annual
matrices show that this mesquite population could
grow even in drier-than-average years, and this char-
acteristic will be especíally important in variable
habitáis such as those found in arid environments.
Secondly, elasticíty analysis of both annual and peri-
odic matrices shows that, overall, stasis is the predo-
minant factor (contribution towards changes in X
> 40%) followed by growth (> 25%). This pattern
is typically found in shrubs inhabiting frequently
perturbed habitats (Silvertown etal. 1993; Franco &
Silvertown 1996) and can be interpreted as a mea-
sure of adaptability to changing interannual envir-
onmental conditions in species where, once
established, death of individuáis is rare. Thirdly,
however, while annual matrices indícate that growth
and fecundity become increasingly important (with
stasis and retrogression elasticities decreasing) as
rainfall increases, the changes predicted by the elas-

ticity analysis of periodic matrices are more subtle.
In these analyses, the elasticity valúes are rather
constant in 3 out of 4 years and only in 1 year
(1995-96, the one following the driest) do they show
substantial differences (i.e. higher than the 95% con-
fidence limits) in the elasticity valúes of fecundity
(decreasing) and retrogression (increasing). This is
in agreement with mesquites performing rather
poorly after particularly bad years.

Although in annual projections there is an appar-
ent correlation between fecundity and growth, this
disappears in periodic analysis, as might be expected
if several demographic processes are involved. While
annual matrices assume independence araong demo-
graphic events over time, periodic matrices take into
account the sequence in which these events occur.
Thus, while the elasticity of annual matrices segre-
gates into two distinct groups (94-95 and 95-96, vs.
96-97 and 97-98; Tabie2), which can be seen clearly
when plotted on the demographic triangle (after
Silvertown et al. 1992, 1993) (Fig. 2), valúes for peri-
odic matrices are more clustered and all but one fall
cióse to the position of the average matrix (Fig. 2).
This difference may have important consequences
for the way we perceive the life history of mesquites.
Following the classification introduced by
Silvertown etal, (1993), annual matrices would sug-
gest that mesquites 'switch' strategies from one char-
acteristic of shrubs in good years to one more

© 1999 BrMsh
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A 1994-95

A 1995-96

0.5

Fecundity (F)

Fig. 2 The position in the 'demographic triangle' of the elasticities of Prosopis glandulosa var. ¡orreyana in the southern
Chihuahuan desert, as calculated from the projection of four annual matrices (A), the average of these four matrices
(Mean) and the projections of a periodic matrix model (P).



961 typical of longer-living trees in bad years (compare
J. Golubov et al. Fig.2 with fig. Id in Franco & Silvertown 1996).

The periodic analyses, on the other hand, point out
the response of mesquites to extremely poor envir-
onmental conditions within theír invasive habit
(Fig.2).

In conclusión, while periodic elasticíty analysis
allows investigation of the way that different demo-
graphic parameters affect the long-term dynamics of
the mesquíte population, the analysis of annual
matrices for perennial organisms can at best give a
number of snapshots that are difficult to interpret in
tenas of the long-term dynamic picture. The use of
annual and periodic matrix models for perennial
species in changing environments can indeed pro-
duce contradicting results. For example, the size
class that contributed most towards X in our study
changed between annual, but not between periodic,
projections (for a similar pattern see Lesica & Shelly
1995). By incorporating at least some of the inter-
annual demographic variatíon, periodic matrix mod-
els provide a more realistic and interpretable picture
of population dynamics, thus adding to the explana-
tory power of the matrix method.
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Abstract

Arid and semi-arid lands cover a significant portion of terrestrial

surface, they have a large species diversity, and are also heavily used by

human populations (i.e. livestock grazing). In particular, semi-arid

grasslands and savannas of North America have recently undergone

considerable change in structure and species composition often associated

to losses in species diversity. The expansión of woody species towards

grasslands, with a concomitant decrease in land valué towards livestock

grazing has caused many "brush control" methods that often lead to

unsuccessful long term results. In this paper we highlight the importance

and ecological roles of the genus Prosopis (mesquite). Toward this end, we

compile information on species that are associated with Prosopis spp. and

propose its conservation as a means of maintaining species diversity. In

addition, we point out the importance of mesquites in the Nitrogen and
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Carbón balance of arid and semi-arid environments. We conclude that the

conservation of mesquites in these environments should be considered,

especially in áreas depleted through conversión. Adequate manageraent

should be applied in áreas of livestock grazing and alternative uses should

be considered (i.e. Integrated Brush Management Systems, IBMS). This

would provide a compromise between livestock productivity on the one

hand, and conservation of species diversity and maintenance of ecosystem

structure on the other.

Palabras Claves /Arid land biodiversity / mesquites / range

management / wildlife habitat / woody-plant increase /

Arid and semi-arid environments contain relatively high species

diversity (Redford et al, 1990) that decreases with increasing aridity

(Huenneke and Noble, 1996). For example, the richest apifauna in the

world is along the Mexico-USA border, with cióse to 900 species of solitary

bees (Ayala et al, 1993). Mexican xerophilous scrub and grasslands contain

ca. 6,000 plant species (20% of total Mexican flora Rzedowski, 1988) and

Mexican desert scrub alone contains ca. 206 bird species (Escalante et al,

1979). Biotic and abiotic resources in these environments are scarce and

patchily distributed during most of the year, largely depending on highly

variable rainy periods (Noy-Meir, 1973). Spatial and temporal variation in

rainfall, coupled with high average temperatures and differing soil textures,

give rise to high environmental heterogeneity which influences species

diversity (Pianka, 1967; Rosenzweig and Winakur, 1969). Since conditions

are highly variable, net primary productivities are low (6,000-40,000 kg
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ha *) and the distribution and abundance of higher trophic levéis are

limited (Noy-Meir, 1973; Huenneke and Noble, 1996). Because of this

relatively high species diversity, there is increasing concern on the

conversión of the arid environments that, for instance, may lead to

desertification with a consequent loss of species diversity (Huenneke and

Noble, 1996).

In particular, semi-arid grasslands and savannas of North America

have recently undergone considerable change in structure and species

composition (Buffington and Herbel, 1965). Especially, mesquite (Prosopis

spp.) and juniper (Juníperas occidentalis Hook.) increase into southwestern

savannas have had consequences on rangeland management. As a result, a

wide array of research into the ecológica! impacts and control of

encroaching species is being done. The increasing expansión of invading

species has been attributed to a set of factors that range from drought, fire

suppression, livestock grazing, and elevated atmospheric CO2

concentrations (Archer eí al, 1988). Habitat fragmentation and livestock

grazing of arid environments have had high ecológica! costs, including

disruption of ecosystem function, alteration of ecosystem structure and loss

of species diversity (Aizen and Feinsinger, 1994a,b; Fleischner, 1994) but

see (Browu and McDonald, 1995).Thus, we must assess the relative

importance of species interactions in these environments in order to

quantify the ecological costs of fragmentation and conversión in order to

propose management ad conservation strategies. In this sense, we compile

information on species that are associated with Prosopis spp. (mesquite)

and point out its role in ecosystem functioning. We highlight the

importance of mesquite for many species, and propose its conservation as a

means of maintaining species diversity in arid environments.
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Mesquite Biology

All species of mesquite (the genus Prosopis), comprising 10 species in

North America (Rzedowski, 1988) and 28 species in South America

(Burkhart, 1976), should be regarded as important ecologically for arid

environments in the Americas. Mesquite are aggressive invaders

(Glendening, 1952), due to the production of long-lived seeds that

germinate in a wide range of edaphic conditions, rapid root growth and a

high potential for N2 fixation (Glendening5 1952; Polley et al, 1994).

However, mesquites have only recently expanded into grasslands from their

characteristic mesic drainages and upland slopes, where they had been

confined prior to livestock introductions during the Holocene (Polley et a/.,

1994). Mesquites are common and often the dominant species of these arid

and semiarid ecosystems, providing abundant resources at very specific

times of the year (Simpson and Solbrig, 1977; Nilsen eí al, 1991). In South

America and western USA, mesquites always bloom in spring before the

main rainy season (Simpson and Solbrig, 1977). In the southern

Chihuahuan desert, during a three year period with widely varying

precipitation (1994-1996; 138, 198.4 and 204.3 mm total annual rainfall,

respectively), peak flowering periods in Prosopis glandulosa var. torreyana

differed by less than ten days (Golubov, unpub. data). The phenological

constancy of Prosopis species is in part due to a variety of adaptations to

avoid water stress (Nilsen et al, 1983) which allow an escape from temporal

and spatial unpredictability of rainfall. This buffers mesquites against

environmental stochasticity, allowing them to grow and to reproduce in the

driest seasons, providing resources for organisms that feed on their néctar,

pollen, leaves, bark and fruits (Simpson et al, 1977).

Prosopia as a Resource for animal and plant populations.
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Mesquites are used by a large number of invertebrate and vertébrate

species (Table 1) having specific mutualistic interactions, such as those with

solitary bees (e.g. Perdita spp. Simpson et al, 1977). In the southern

Chihuahuan desert in March, Prosopis glandulosa and Opuntia spp. are the

only dominant plants producing abundant flowers, pollen and néctar. While

only 7 bee genera visit Opuntia spp. flowers (Mandujano et al, 1996,

mostly oligolectic bees), at least 20 genera visit P. glandulosa fiowers

(López-Portillo et al, 1993; Golubov et al, 1999). Bird diversity has been

shown to be higher in a Prosopis juliflora scrubland than in oak forests in

western México (Corcuera and Butterfield, 1999) and over 70 bird species

are associated with mesquite scrublands in México (Escalante et al, 1979).

Few examples have addressed the change in avian communities after

mesquite removal (Soutiere and Boulen; 1976; Reitzel, 1982; Smith et al,

1996; Nolte and Fulbright, 1997), but they all showed higher species

diversity when mesquites were present when compared to grassland with no

mesquites present. Reptile diversity and abundance has also shown to be

higher in mesquite scrublands than in grasslands (Germano and

Hungerford, 1981). Purthermore, mesquites are known to be visited by at

least 200 species of herbivorous invertebrates (Cates and Rhoades, 1977;

Wisdom, 1991) and by over 150 species of solitary bees (Simpson et al,

1977). The habitat structure provided by áreas with mesquites has been

shown to influence arthropod diversity, mainly by providing architectural

diversity (Gardner et al, 1995). In addition, mesquites have important and

often overlooked associations with nematodes (Preckman and Virginia,

1989) and symbiotic bacteria (Jenkins et al, 1987).

Besides the animáis that feed directly or indirectly on mesquites, a

diverse flora can be found growing beneath them, including many cacti and
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grasses (Cornejo-Oviedo eí al, 1992; Suzán eí al, 1994). Thus, mesquites,

as other perennial species of arid and semi-arid environments, may function

as potential nurse plants by passive facilitation, providing nutrients such as

C and N, lower temperatures, higher humidity, and different

microtopographies under their canopies (Tiedemann and Klemmedson,

1973; Steenbergh and Lowe, 1977; Fulbright eí al, 1995). All of the above

mentioned characteristics are pivotal in successional processes from

savannas to mesquite thorn woodlands (Archer eí al, 1988). Given the high

amount of interactions associated with Prosopis species, mesquites become

ecologically important, especially providing a large amount of resources for

a large range of species.

Prosopis as a key element in Ecosystems

At an ecosystem level, mesquites have been shown to have high net

primary productivities (3,650 kg h"1 Sharifi eí al, 1982) and, as other

Leguminosae, are able to fix atmospheric nitrogen. This N fixation is by

means of nodulating rhizobia, that improve soil fertility at different depths

(Jenkins eí al, 1987) and increases microbial biodiversity. Large amounts

of N (2?500 kg NO3-N ha~l) associated to litter decomposition outweighs

denitrification processes under mesquite canopies (0.5 kg N ha""1 Virginia

eí al, 1982, 1983). Given the scarcity of N in arid and semi-arid

environments, the large amount of N fixed by Prosopis (45-150 kg N ha"1

yr"1) makes it a large contributor to the N budget of these environments

(Johnson and Mayeux, 1990). The large amount of N found in mesquite

"fertility islands" would suggest increases in shrub species growth associated

to them. Barnes and Archer (1996) did not find a significant effect of a

Prosopis glandulosa Torr. overstory on physiological characteristics and

growth of 7 associated shrub species. In contrast, Tiedemann and
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Klemmedson (1973) showed that the Arizona cottontop (Trichachne

californica) had 15 times greater N yield in mesquite soil although there

was only a 3 fold difference in N between soils. Furthermore, there seems to

exist some passive facilitation of Prosopis species towards other shrubs such

as Celtis (Pranco-Pizaña et al, 1995). Apparently conditions for conversión

of organic N to available forms are more favorable in soil under mesquite

than in adjacent soil. Even compared to other leguminous skrubs of arid

and semi-arid environments such as ironwood (Olneya tesota) N2 fixation

was higher under mesquite individuáis (Shearer et al, 1983).

In general, soil properties beneath mesquites nave been shown to favor

water infíltration, avoiding soil sealing after heavy rainfall (Virginia et al,

1983) and their association with nematodes seems to be an important

component of deep soil nutrient cycling (Freckman and Virginia, 1989). In

addition, high annual litter to soil coupled with subsequent decomposition

and a low leaching environment found under mesquite canopies provides an

accumulation of CA+ and Mg+ (Virginia et al, 1983). Shrub communities

such as those associated to mesquite enhance spatial heterogeneity of soil

resources and biomass (Connin et al, in press) creating "islands of

fertility". The change from surface to deep C storage by shrubs leads to a

greater long-term C storage in soils. However not all shnibs act similarly, in

particular, mesquite communities maintain total C levéis while other shrubs

such as the creosote bush (Larrea tridentata) have a net loss of soil C

(Connin et al, in press). The increase of atmospheric CO2 concentration

since the early 1800*8 has been said to have favored C3 over C4 plants,

however, the loss of productive grasslands to shrublands appears to be

unrelated to climatic fluctuations, and the conversión of grasslands to

scrublands is largely attributed to anthropogenic disturbances (Connin
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et al, in press). At an ecosystem level mesquite dominated communities,

by creating "islands of fertility" and enhancing environmental

heterogeneity, provides an increase in species richness.

Management Practices

Mesquite encroachment to desert grasslands is partially due to

inadequate management of arid environments and rangelands. Historically,

the Sonoran and Chihuahuan Deserts were covered by a dry tropical forest

in the late Eocene that has experienced a drying trend, especially in the

last 8,000 years (Smeins, 1983). The expansión of shrublands has thus

created an "impoverished" system for livestock grazing, which in turn has

reduced the income of many rangelands. Mesquite is often associated to

impoverished ranges as it gradually replaces desirable grasses, it increases

soil erosión and higher water runoff, while it decreases soil nutrients, and

increases environmental heterogeneity. The vast praines observed by

European settlers may in fact be remnants from previous favorable

conditions for grasslands. These persisting grasslands in the already

deteriorating environment have surely been accelerated with the intensity of

livestock grazing. In relation to native Holocene fauna (rodents, peccary

and coyote) livestock have become a much more effective disperser (Janzen,

1986; Brown and Archer, 1987), coupled with prolonged livestock grazing

and high grazing intensities have caused the doubling of mesquite cover in

grasslands (Glendening, 1952; Buffington and Herbel, 1965). These

rangelands have frequently been cleared in favor of introduced grass species

that often aífect ecosystem structure and functioning (Fleischner, 1994;

Pierson and McAuliffe, 1994). Purthermore, clearing of mesquites does not

result in long-term favorable responses of forage grasses (Holecheck et al,

1994) and does not seem to decrease water evaporation (Dugas and
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Mayeux, 1991). Studies on how mesquite influences vegetation, show little

effects on perennial grasses and non-poisonous forbs at mesquite cover

levéis below 17% (Warren et al, 1996). Besides supporting a large number

of animáis, Prosopis spp. provide resources for a large variety of income

producing game such as mulé deer (Odocoileus hemionus), bobwhite quail

(Collinus virginianus), collared peccary (Tayassu tajacu), mourning dove

(Zenaida macroura) and wild turkey (Meleagris gallopavo) (Mares et al,

1977; Germano et o/., 1983; Scifres eí al, 1988). Mesquites also provide

favorable conditions for native herbaceous, ephemeral and perennial plants

under their canopies that are palatable for both livestock and wildlife (such

as the Texas wintergrass Setaria texana Heitschmidt et al (1986) and

Panicum mexicanum Cornejo-Oviedo et al (1992); Nolte and Pulbright

(1997)). In addition, mesquites are often used as multipurpose agroforestry

species as they provide fodder, food, fuel, nitrogen fixation, dune

stabilization, soil conservation and honey production (Nair et al, 1984;

Fagg and Stewart, 1994), as well as for the recovery of salt lands (Singh,

1995). It is therefore important to take into account the way brush

management is seen, from brush "eradication" to brush " management".

The question arises as to the proper balance between conservation and

exploitation of rangelands. Studies in the South American Chaco have

shown a negative effect of fragmentation on bee pollinators and on

leproduction of several arid and semi-arid zone plant species (Aizen and

Feinsinger, 1994a,b). Bock eí al. (1993) suggested the exclusión of livestock

from 20% of current federal grazing lands and Scifres et al (1983) suggested

creating mosaics of mesquite infested fields, which could enhance diversity

(Whittaker et ai., 1979), however, mesquite stands will eventually coalesce

into larger thorn woodlands (Archer et al, 1988). There is no clear-cut
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management practice. Some evidence points towards grazing intensities

that do not exceed one third of current year annual growth on key forage

species (Holecheck eí al, 1994). This may, under favorable climatic

conditions, actually improve ecológica! and perennial grass cover in short

time periods (Holecheck eí al, 1994). In addition, reduced light levéis and

competition with a herbaceous layer essentially stops growth of mesquite

seedlings (Bush and Auken, 1990). Combined management practices could

be the solution to land encroachment if they prove to be cost-effective (e.g.

Integrated Brush Management Systems, IBMS Scifres et al, 1983, 1988).

The Rangeland Paradox

The mesquite controversy does not stand alone, as similar management

practices are affecting other community structures such as juniper forests in

Oregon and the American southwest (Belsky, 1996). The controversies

surrounding these species vary greatly, however a common denominator is

the expansión of woody species towards grasslands, with a concomitant

decrease in land valué towards livestock grazing. However, given the

characteristics outlined above, conservation and management programs in

arid and semi-arid envirorunents should place a priority on the management

of mesquite populations in áreas depleted through conversión and its

control in áreas of livestock grazing. This would provide a compromise

between livestock productivity on the one hand, and conservation of species

diversity and maintenance of ecosystem structure on the other.
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Table 1: Order, number of families, genera and species (in parenthesis) that
use diíferent resources of Prosopis spp. in arid environments. B = branches,
BA = bark, F = fruits, L = leaves, N = néctar, P = pollen, M = microen-
viionraent.

Taxa
Acari
Angiosperms

Artiodactyla

Coleóptera

Díptera
Herniptera

Homoptera
Hymenoptera
Hymenoptera
Lagomorpha

Lepidoptera

Nematoda

Orthoptera
Reptilia

Rodentia

Thysanoptera

fam
3
24

2

8

1
8

11
6
7

. 1

10

?

3
1

7

2

gen
24(7)
48(69)

3(4)

44(72)

1(1)
31(40)

42(46)
20(79)
7(160)
2(2)

18(20)

5(7)

16(21)
4(4)

16(28)

2(2)

Resource
L
B,M

F,L

L, S, BA, S

N, F
L

L
P, N
P, N
B, F

L,N

R

L
M

S, B

L , P , N

Souice
Wallwork et al (1985)

Mares et al (1977);
McPherson et al (1988);
Suzán et al (1994); Nab-
han and Suzán (1994);
Franco-Pizaña et al (1995)
Mares et al (1977); Arnold

and Dawe (1979); Goyal
et al (1988)

Wallwork et al (1985);
Wisdom (1991)
Keys et al (1995)
Wallwork et al. (1985);

Wisdom (1991)
Wisdom (1991)
Golubov eí al (1999)
Simpson and Solbrig (1977)
Glendening (1952); Mares

et al (1977); Alipayou et al
(1993)

Wisdom (1991); Rivera-
Garcia and Equihua-
Zamora (1997)

Freckman and Virginia
(1989)
Wisdom (1991)
Germano and Hungerford

(1981)
Glendening (1952); Ro-

govin and Surov (1992);
Rosati and Bucher (1995)
Wisdom (1991)
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Apéndice 4

Códigos de los programas utilizados
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Programa para generar matrices de transición y remuestreos

Este es el código para un programa que realiza remuestreos al azar a partir de
tres vectores. En sentido estricto si se le elimina la parte correspondiente al
muestreo, funciona como un generador de las matrices de transición anuales
usadas en dinámica de poblaciones, sin necesidad de hacer cálculos
complicados. Por desgracia ea un programa que se encuentra en fases muy
iniciales y esta lejos de ser comprensible para un usuario normal, ya que el
código no es portátil y es poco amigable. Este fue el programa que utilicé para
la generación de las matrices anuales para las dos partes de la tesis que tienen
análisis matriciales. Las salidas que se generan son fácilmente importadas a
Matlab, para generar los parámetros poblacionales. El código para el análisis
en Matlab es mucho más sencillo que este por lo que no creo necesario incluirlo.
Para que funcione el progarama se necesitan tener cuatro vectores. El primero
es simmplemente el numero consecutivo de la planta como identificador (). El
segundo vector ea del tamaño de la planta o animal en el tiempo 0 (int const
timeO[SIZE]=38, 45,...,43). El tercero es el tamaño en el tiempo 1 (int const
timel[SIZE]=16, 42,...,32; /^individual time 1*/) y el cuarto es el valor de
fecundidad asociada a ese individuo (int const reproduction[SIZE]=01 7,...,O;
/*reproduction of individual in timeO*/). Se deben de asignar de manera
previa el tamaño de los vectores (#deflne SIZE), el número de individuos que
van a ser remuestrados (#define SAMPLE), el número de celdas de la matriz
de salida (#define MATRIZ) y el número de clases (#deflne CLASS).
El formato de salida (ver abajo) esta en formato de texto para que pueda ser
importado a Matlab. Si es necesario, el fomrato puede ser cabiado para que
funcione como entrada a otros programas (e.g. Mathematica).
Formato de salida de las primeras 3 matrices de 5 x 5 tomadando individuos al
azar:
[ 0.00000 2.0 1.7 1.9 1.3; 0.00000000 0.68944097 0.06403941 0.04651163 0.05555556;
0.00000000 0.21118012 0.64039409 0.36046511 0.06481481; 0.00000000 0.06832298
0.21182266 0.46511629 0.15740740; 0.00000000 0.01863354 0.07389162 0.08139535
0.72222221]
[ 0.00000 1.9 1.7 2.8 1.8; 0.00000000 0.62345678 0.12264151 0.02531646 0.03809524;
0.00000000 0.21604939 0.59905660 0.36708862 0.03809524; 0.00000000 0.08641975
0.21226415 0.35443038 0.20000000; 0.00000000 0.05555556 0.02358491 0.22784810
0.70476192]
[ 0.00000 2.4 2.2 2.8 1.9; 0.00000000 0.64137930 0.08490566 0.02197802 0.03636364;
0.00000000 0.23448277 0.61792451 0.30769232 0.05454545; 0.00000000 0.06896552
0.21226415 0.37362638 0.17272727; 0.00000000 0.04137931 0.08018868 0.27472529
0.71818179]

P r i n c i p i o d e l p r o g r a m a

/•De t rea vectores de tamanio SIZE, sacar SAHPLE al azar, clasifica el
individuo en los doa tiempos una cierta clase, determina Xa
diferencia entyxe claaaa y le asigna una nueva clase del tamanio de
la matriz en donde cae el individuo, cuanta el numero de
individuos que caen en cada clase, saca la transicios y determina la
fecundidad por individuo en cada dase*/
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«includa <stdio.h>
íindude <atdlib.b>
«define SIZE 664
«define SAHPLE 664
«define HATBIZ 25
«define CLASS 5

int mainQ
í

int conat indiTidual[SIZE]={0, 1 653}; /«individual number*/
int const timeOLSIZEl^OS, 45,. . . ,43}; /«individual time 0*/
int const timal[9IZE]=íl6, 42, . . . ,32}; /«individual time 1*/
int conet raproduction[SIZE]={0, 7 0>; /«raproduction oí individual in timeO*/
int i , j , k, 1, num_of_cl&.aes, p, m, q, i , a, t , u, v, v, x, y, yy, z, aa; /•conntar íor diff, tilinga*/
int i i ;
int random [SAMPLE] "O; /«matxix of rondón aampies*/
int boot[SAMPLE]-0; /«matrix of randomly eelectad individúala*/
int claa&0[SIZE]»O, claaai[SIZE]=O! /«claaa eacb individual balonga to*/
int fraquency_time_l[SiMPLE]o{o>, fraquency_tinte_0[SAHPLE] ={0>;/*írequency oí occurence of each aiza claaa*/
int tranaCSiMPlE]=-D-; /*array of transitions»/
int tranan[SJUtPLE]=-C>;
int Bum_repr_por_claBB[CLASS]°iO>;
int fraquency_of _ind_in_daB8 [SAMPtE] =Q;
float rapr_per_ind[CL4SS]cO;
double tranBÍtion_matrii[HATBIZ]=í0> ¡
íloat caaillal, caailla2, caailla3, casilla4, casillaS;
float caailla6, casilla?. caaillaS, casilla^, caaillalOi
float caaillali, caaillalS, casillal3, caaillal4, caflillalB;
float casillalS, casill&17, caaillalS, caaillal9, caBÍlla20;
float casilla21, caailla22, caailla23, caailla24, caBÍlla2B;
arand(timaClíuXL)); /tautomatic aeed numter fox random nombera*/

/•printa the roatrir individual numbor*/

í
/ • for Ci=0; i<=SIZE-l¡ i++) •*/

/ • í •/
/ • printf("Xd)!6dy,6dX6d\n",indÍvidual[i3, tiaeOCiD, t imei[i] , reproducción [ i ] ) ; */
/ • > */

/ • prÍntf(»X\n»)¡ • /
/«ganerates a matriz of random numbeie that v i l l be the indicaa of
tba individuáis, and aasignes tho valué to a boot matriz vitb the individúale*/

>

/ • priatiCXaVn", "Individúala Samplad11); */
/ • > * /
{

for (k=0; k<=SAKPLE-i ;k-w-)
{

= individualDrandomDi]=0+(rand()XSIZE)J; / * [k]; */
printf(«Xd\n", boot[k]); • /

/mclaaifiea the individuáis in aiza clases, the ouput ia an array that ÍB
the clase of each individual in tima 0*/

/* -C */
/ * printft"XaXSaX10a)!10aXi2BXiOB\n", "Individual", "Clasa 0", "Claeo i" , "Size TO", "9iza TI», "Hap")¡ * /
/ * > • /
i

i
for (p=0{ p<-SAMPLE-ij p++)
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í
ií

claaaOtp]=0¡
alee if (timaO[boot[p]]<=20)

claaaO[p]=l!
elae i i (timeO[boot[p]]<=40)

claB80[p]=2;
olso if (timoO[bQotEp]]<=60)

«Isa if CtimaO[hoot[p]]>=61)
daBB0tp]=4¡

>
>

/*aame aa above but for tima i*/
{

fot Cp=O; p<=SAMPLE-if p*+)

ít (timal[boot[p]]t==0)
clssalEp]=O;

«lae if (tinel[bootCp]]<B20)
claB8Í[p]=l;

Qlse if (tinalDDOot[p]]<=40)
claaBÍ[p]=2¡

«IBB if (tinel[boot[p]]<=60)
clnaal[p]=3;

«lea if (tijnelEboot[p]]>=61)

/• í •/
/ • íor Cp=O; p<=SAMPtB-i; p++) • /
/* printíC"V,dS12d'1412dX12dSl2dX12d\n", boot[p], claaaOCp],

Xcloeai[p], tiineO[boot[p]], timai[boot[p]] , roproductiaii[boí>t [p]]) ; */
h y */

/* i */
/* prifltíC'XNn")! */

the fr«quancy of individúale of diíferent
clases and puta tham in an arrajr*/

for (tn=O; m<=SAHPLE-l;
í

H CclasBO[tn]oc=0)
++frequancy_time_O[claaaO[m]];
olfle if (claBaODn]=l)
++fraquancy_timfl_0[claBBO[m]]i
else i f (claaaO[ji]]«2)

q
«lee if (cla680[m]--3)
**frequancy_time_0[cla
alse ít (CIBBBOW—4)

y
fo r (rn-O; n<=SAMPLE-Í¡

if
++fraquency_tiina_l [
alfle if (claasl[m]==l)

elae if (claBBl[ia]==2)
++frequency_time_l[classl[o]]}
ftlaa if CclaaBl[o>=3)
++fr«quency_tima_i[claaBl[ni]];
elaa if (clBflBl[m]B=4)
++froquency_timft_l[claaai[jn]] ¡
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/ * printíC"XaXaBX8B\n", "Claaa", "Fraq TO", "FreqTl")í * /
/ * í • /
/ • for C1=O; K=CUSS-ls l++> • /
/ * prüitíC'Xd'/SBdXfidNn", 1, fraqtiency_tinie..Q[:L], fraquency_tiina_l[l]); • /

>
/ • printfC"\n")¡ • /

/•generatea an arxay witb comité of tha nimbar of individúala in aacb claaa*/
/ * < */
/* printf("Xa\n", "Individual tranaitions in ai j : ")i */
/• > •/
í

í o r (q=0! q<=SAMPLE-l; q++)
i f (tiinaO[booi;Eq3]==0)

•C
11 ítimai[boot[q]]-=0)

trans [boot Cq] ] °1;
else if (timeIEboot[(i]]<e20)

traaa[boot[q]]=2¡
alas if (timeÍEboot[q]]<='40)

trans [boot [q] ] "3;
olaa if (tiraol[boot[q]]<=60)

trans [boot tq] ] «4;
elae if (•cinBÍ[boot[q]]>='61)

tüaaa[boot[q]]=E¡
3-

fllflfl i í (time0[boot[;q]]<-20)

i f (tinwiDbootEq]]=0)
q

elae if (tÍmei[boot[q]]<T=20)
trana[boot[q]]=7¡

elao if Ítlmel[boot[q]]<e40)
trana [boot [q] ] B8 ¡

elfle if Ctinai[boot[q]]<=60)
trans[boot[q]]«9¡

elaa if (i:irafllCboot[q]]>=>61)
tranB[baot[q]]=10;

}
alao if (tiineO[boDt[q]]<=40]

<
if CtimeiCb£>otCq]]==-0)

trans[boot[q]3=11;
aloe if (timal[boot[q]]<=20)

[ ] ] i 2q
alea If (timel[boot[q]3<=40)

txana [boot [q] ] "13;
elaa if Ctimel[boot[q]]<=60)

trana [boot [q] ]=>14;
fllae if (tinel[boot[q]]>-=61)

trana[bootCq]]=1B;

elee if (tima00>oot[q]]<°60)
i

if (timal[bí5ot[q]3==0)
trana[boot[q]]=16j

alea if (titaai[boot[q3]<"20>
trans[boot[q]]=17;

olas if (tiJnel[bcot[q]]<=40)
trans[boot[q]]=18;

alea if (tüieÍ[boot[q]]<=SO)
trana [boot [q] ] «19;

elae if (titnal[boot[q]]>=61)
trana [boot [q] ] =20 j
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else i l (timeO[boot[q]]>°61)
í
if Ctimal[boot[oj]==0)

ür&na [boot[q]]=2i¡
elae if (tijnei[boot[q]í<=20)

trena[boot[q] ]=22;
elae if (tinel[bQot[q]]<"40]

olea if (timel[bDQt[:q]]<-80)
[ [

alea if (timel[boot[q]]>«81)
trans [boot [q] ] =26;

>

/ • íor (r=0; r<=SAMPLE-l; rf+) • /

/ • parintfC'XdNn", trana[boot[r]]); • /

/ • pr int fC 'V); * /
>

/ • prÍjrtf(»XflXi2a\a", "Claaa", "Fxeqnency"); * /
•c

fo r <a=Oj B<-SAMPLE-i¡ a++)
Í

if (tranBD3oot[a]]==l)
++fiflquency_of^ind_in_claBB[txnna[boot[s]]]¡
elae il (tranfl[bootEs]J=D2)
++f requency_oí_iw3_in_claaB[ti ana [boot [a]]];
aloe i í (tranB[boot[a]J=3)
++fraquency_of_ind_in_claBsCtraii8[bDot[a]]]j
alae if (trana[boot[s]]==4)
++freqaency_of_ind_in_claaB[trans[boot[a]]];
alee if (tranB[boot[o]]=5)
++fraqnency_oí_ind_in_claaa[trana[boot[B]]];
alea if Ctrana[boet[a]]=6)
++frequancy_of_ind_in_claaa[trana[boot[a]]];
elaa if Ctrona[bootCa]]=7)
++fiequaacy_of_ind_in_claaa[trana[boot[a]]];
alee if ttrana[boot[a]]=e)
++fr€q\iaacy_of_ind_in_clasBEtranaCboot[fl]]]¡
alea if (trana[boot[a]]™9)
++fraquBncy_of_ÍEid_in_clafla [tr ana [boot [e]j] ;
elae if (trana[boot[fl]n==10)
++fraqueacy_of_ind_in_claHa[trana[bootEa]]]j
alea if (trana[boot[B]]«ii)
•M-fraquency_of_ind_in_claBB[trana[boot[a]]];
alea if (tran8[faDot[a]]»=i2)
+4fraquency_of_in<i_in_claaB[traiis[baot[B3]]:
alee if (trana[boot[s]]=13)
++fxaqaeocy.of_ind_in_claflB[trana[boot[a]]];
else if (trana[boot[a]]™14)
++fraquancy_flf _ind_in_daaB [troné [boot [a]] ] ¡
alee if Ctrana [faoot [a] ] =15)
++fxequency_of_ind_in_claaa[trana[boot[a]]];
OIBB if (trona[boot[a]]»l6)
-H-frequency_of_ind_ln_clasBCtTanB[boot[a]]]¡
elae i± (trana[boot[a]]=°17)
++frequency_of_ind_in_claaa[trana[boot[a]]];
alsa if (txana[boot[a]]==18)
•H-fraquancy_of_ind_in_clasB[tranB[boot[B]3!l;
elae if (treuia[bQOt[8]]=i9)
++frequency_of_ind_in_clase[trana[boot[B]]];
elae if Ctrana[boot[a]]™20)
++frequ«ncy_of_ind_Ín_claBa[trana[boot[a]]]¡
alee if Ctrana[boot[B]]«-213
•H-fr€qu8ai:y_of_ind_iii_clBBBEtranfl[boot[a]]]¡
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else if (tranB[boot[s]]==22)
++frequency_of_ind_in_cla8BCtrans[boot[8]]]¡
olae if (trans[boot[a]]==23)
++f reqoency_of _ind_iii_ clase [trana [boot [s]] ] ;
else 11 (tranB[boot[B]]'==24)
++írequency_of_ind_in_claBB[trana[boot[a]]];
elaa i í (tranfl[boí>t[B]]=25)
++fraqueney_oí_ind_ln_claBfl[troné[boot[B]]];

/ • printfC'W); • /
/ • lor (t=i; t<=HATItIZ¡ M++) */

/* í */
/* printfC"Xa)!12d\n", t , Irequ8ncy_oí_ind_iti_claafl[t]);
/ > /

printí("\n");
í

for (t=i¡ v<=5; T++)
í
if (ír«qnency_ol_ind_in_claaa[T]>=

for (v»6¡ v<=10¡ v++)
•E
i í (írequency_of_ind_in_claa8[v]>=1)

t rana i t ion_ ina t r i i [T] " ( l l o a t ) fraque ncy_of _ind_in_claBs [T] / ( í l o a t ) fraquoncy_t ime_0 [ i ] ¡
>

for (v= i l ; v<°16; v++)
í
if q

tranaition_raatrii[T]=(float)frequ«ncy_of_ind_in_clafla[T]/Cfloat)frBquancy_time_0[a]s
>

for (v=16; T<=20; V++)
{
if (fraqueney_oí_ind_in_cla8B[v]>=l)

tranaition_matrix[v3°(íloat)froquoncy_of_itui_in_claafl[v]/(flí>at)lrequanc7_tin9_0[3];
>

ior (v»2i¡ v<=25; T++)

if (frequency_of_ind_in_claaa[v]>=I)
transitionjnatriiCv]=(float)frequency_of_iad_in_claaa[v]/(float)frequency_time_O[4];

}
>

/* for (w=l; «<=HATBIZ; n++) •/
/ • í */
/ • prin1;f("XiiXi4.8f\B", v, tranaitionjnatrixMl; */
/ • > */
/ • printf("\n"); */
/• for (ii=0; ii<=CLASS-i¡ ii++) •/
/• í •/

dNn", freqaBncy_tiniB_O[ii])¡ • /

/ • > • /
/ • printf("\tt")¡ • /

i
caBÍ12a2=tranaition_matrixC2];

caBÍlla4«tranflition_matrii[4];
ca6ÍHa5Btranflltion_matrir[6];

caailla8"tranBÍti(in_matrix [8];
casilla9=tiansition_matrix[9]¡
caailJ.alO=traiiBÍtion_matxii[iO];
caflillai2=tranBÍtion_matrÍK[12];
caaillai3=tranaition_matrir[13];
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caaillaÍ4=tranBition_raatrix[14];
caaillal6=traQaition_matrirC15];
casillai7=tranaition_matxirC17];
caaiUaÍ8=tranaition_matrix[18];
caaillal9=tran8ition_matrii[19]¡
casllla20=transitioii_matrizi:20];
caailla22=tranaition_[natrix[223 ¡
eaailia23=tranflitlon_matrix[23];
caailla24=traiiBÍtioii_matrix[24];
casilla2B=tranaitionjnatrix[25];

/ • Thia ganeratas the axray for raproduetion*/

i
l o r ( i=0; i<=SAHPLE-l; x++)

í
if (timeO[boot[*]]=0)

aum_repr_per_claaa[O] += roproduction[boot[x]];
alse if (tineO[boot[i]]<=20)

Bum_repr_par_clafla[l] •*= reprodiiction[boot [T ] ] ;
fllse if {tim«0[boot[x]]<°40)

Bom_xepr_per_claBB[2] += raprodaction[faoot[x]];
«lea i l (tim€0[boot[x]]<=60)

Qum_repx_per_clasB[3] += repxodnction[boot[x]];
elaa if (timflO[boot[x]]>=61)
auM_repr par claaa[4] += raproductioaCboot[r]];

>

/ • for Cy=l; 7<=CL4SS¡ y++) • /
/ • í */
/ • printí("XdX9d\n", y, Bun_rapr_por_claaa[y]); • /
/ • } */

í « (jry=l¡ yy<=CLASS;
í

if [fraquency_tiraa_0[yy]==0)
Tepr_par_ind[yy]=O;

elaa if (fraquancy_time_O[yy]!=0)
rapr_par_ind[yy]B Cíloat)auffi_rflpr_par_claea[yy]/(íloat)fraqnency_tima.O[yy]f

/ • printf ("XidXi6.04Xi4dX4(i\n", yy, repr.par.indCyyJ.anin.ropr.pBr.claBBEyy], fraquency_tjjna_OEyy]); • /

caailla6=ropr_per_ind[l]¡
ca8illall'=ropr_par_iiid[2] j
ca8illal6=rapr_par_ind[3]j
caBÍlla21=rapr_par_ind[4]J

>

/ • printf("\n")í */
/* > • /

í
printfíllXBXi4.5¡Xi4.1tXi4.ifXi4.1fXi4.ifXa\nll

1"[ll
1 casillai, caailla6, caaillail, casillai6,

printf("XÍ4.8fXi4,8fX14.8f!ÍÍ4.8fXi4.8íXa\ii11, caaiUa2, caailla7, caBÍllai2, caBÍllai7, caaiUa22,
printf("X14.8fX14.8£X14.8fX14.8fX14.8fy>a\n", caaillaS, caailla8, caaillal3, caaillalS, caailla23,
printÍ("Xi4.8fX14.8fX14.BfXi4.8fXi4.8fXa\n", easilla4, caBÍUa9, casillaU, caaillaig, caailla24,
printíC"W4.8fX14.8fXi4.8fXi4.8fXi4.8fXa\n", caaillaS, casillalO, caaillalB, caBÍlla20, caai!la2B

return 0;
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Programa para calcular frecuencias alélicas

Este programa calcula las frecuencias alélicaa y genotípicaa bajo diferentes
modelos de selección. El usuario define las frecuenicas inciales ya sea de genotipo
o alelos, los coeficientes de selección asociados a cada genotipo y el número de
generaciones de la simulación. Aunque los cálculos son relativamente sencillos
de hacerse en otros programas más amigables, la ventaja de este es que no tiene
límite. Pueden asignarse cientos de generaciones con coeficientes de selección
muy bajos. Como todos los parámteros son definidos por el usuario, en realidad
hace que sea muy flexible. Como es un programa que puede compilarse en
cualquier máquina que tenga un sistema UN*X que por lo general tienen un
compilador de C (gcc en Linux y ce en NetBSD), es muy portátil. Al compilarlo
por lo.general se genera un ejecutable llamado a.out que de ejecutarse (con
el comando ./a.out) genera las preguntas iniciales y corre iterativamente cada
modelo hasta llegar al número especificado de generaciones.

Inicio del programa

/ * Thie is a program to calcúlate the írequeney of alíelaa and
individúalo uñder differant modela of eelection. The uaer defines the
init ial frecuencias of the adulta the selección coeííicienta asaociaed
to each genotype, and tao number of ganerationB in the oimulation*/

Jfindude <stdio.h>

float fraq_allele_A, fxeq_allele_a;
float íreq_gen_AA, freq_gen_Aa, freq_gen_aa;
int data_typa, n_of.individúala, genarationa, i;
float aelection.,coefficient_AAI aelection_c0efficient_.Aa, saleetion_caefficíent_aa;
float aelection_coefficient_AAl, selection_ccielíiciont_Aal, selection_coeííicient_a&l;
float Hfllaction_co«fficient_Aa2, aelection_coelficient_aa3, mean_fitnefla, delt&JL;
int alíele;

mainQ
í

prlntfC'Do you nave alíele íruquencieu £1) of genotype frequeuciea (2)7: ");
acanfC'Xd11, &aata_type) ¡
printf("Eow nauy individúalo?: ");
scanfC'Xd", ftu_of.individúalo);
prlatf C'Rov many Qeneratio&B?: ");
BcanlC'Xd", ftganorationa);
printf("Selection coaíficient for Individúala of type AA7: ");
scaní ("J4f", feBelection_coeíficient_*Al);
printf("Salection coeificient for IndividualB of type Aa7: ");
Bcaní ("7,1", fe8election_coeííiciflnt_Aa2);
printf("Salection coafficient for Individúala of type aa?: ");
scanfC"Xí"• ftflolactien.coaíficiant_aa3);

<
Belectlon_coafíÍcient_AA="(i-flalactlí>n_coofficient_AAl) ;
aalection_cóafficient_Aa=»(l-aelection_coBfficient_Aa2);
salection_coofficient_aa>=Cl-aelection_<;oefficient_aa3);
printf("ul4.8fK14.8fX14.8fVi", aelection.coefficient.AA, sslection.coefficient.Aa, ealection_qoafficient.aa) ;
>

if (data_type==l)
í
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printf C'Fraquoncy of alióla A; ") ;
scaniO'Xf", tíreq_allelo_A);
prlntf("Fraquency of al íale a: " ) ;
scanfC"X1", fcfraq_allala_a);
í

f rsq_geii_Aa=3!* C (fraq_allale_A) • (fraq_allalB_a) ) ¡
iraq_gan_aa=(iraq_allola_a)»(froq_all«la_a)j
printí("X8.4fX8.4±X8.4f\n"1 fraq_gan_AA, íreq_gan_4a, £raq_gan_aa);

>

elee i í ídata_typa==2)
i
printf("Starting fraquaacy of genotypa JAA': " ) ;
Bcanf("Xf". fcfroq_gan_AA);
printf("Starting frequeacy of genotypa JAa': " ) ;
acaní("Xf"• tfr«q_g«n_Aa);
printf("Startiag íraqueney of gennotypa *aa': " ) ;
scan£("Xf"i fcfraq_gan_aa);
i

fraq_allele_A=C[freq_gan_AA)+1(freq_gen_Aa)/2));
íraq_allele_a=(Cfraq_gan_aa)+ C Cfraq_gen_Aa)/2))¡
printf("X8.BfX8.8J:\n\n", frBq_allala_A, freq_allale_a);

y
>

>
pxintfí"X3s'/BBX8aX88XBaX8BX8B\ii", "Gan", "Wavg", "FreQA", "Freqa", "FreqAA", "FiaqAa". "Froqaa")!
í

for Ci=l; i<=ganerationa-l; i++)
í
maan_f itnesa« (1-1 ((f raq_allale_A*fraq_all«le_A) • (aalaction_coaff iciant_AAi))+Í2* Cfreq_allole_A*fraq_allela_a)

(BBloction^coaf f i ciant_Aa2))+((freq_allale_a*fxeq_allele_&) +salaction_coeíf icient_aa3) ] ) ;
dalta_A=( [ [ ( (f raq_allale_A) • (aelection_coef f icient.AA-Balaction.coeí f icient_Aa) )+( (í raq_allele_a) *

Caelflctioa_coafficiant_Aa-selaction_coafficiant_aa)))*(freq_aIlela_A*frQq_allale_a))/iiiean_fitnssa);
fxaq_allala_A»frBq_allala_A*delta_A¡
fraq_allala_a=l-freq_allale_A¡
fr6q_gan_AA=(fxeq_allela_A«'freq_allale_A)¡
freq_gan_Aa=(fraq_allela_a*freq_allBla_A)*(2)¡
freq_gan_aa=(frBq_allBla_ai'freq_allBla_a) j
printf("X3iiX8.4fX8.4iX8.4fX8.4fX8.4fX8.4f\nll

1 i , maan.fitneBB,
freq_allele.A, íraq_allale_a, fraq_gen_AA, fraq_gen_4a, freq.gan^aa)¡
>

>
return 0;
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