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RESUMEN

Para las selvas secas se ha propuesto que la disponibilidad de agua es un factor clave que
determina los ciclos bioldgicos, asi como la distribucion de las especies de plantas. Se ha
detectado una gran variacién temporal y espacial en la disponibilidad de este recurso que
parece determinar las estrategias de vida de las diferentes especies. La pérdida de hojas en
las plantas con el inicio de la temporada seca es la respuesta mas documentada entre las
especies de esta comunidad. Sin embargo, son poco conocidos otros mecanismos de
resistencia a la sequia a nivel de plantulas, y que contribuyan a la explicacion de la
distribucidn de las especies en las selvas secas. Por lo tanto, en el presente estudio se
registraron las estrategias funcionales de uso de agua y los mecanismos de resistencia a la
sequia en plantulas de arboles que difieren en su distribucion a lo largo de gradientes de
disponibilidad de agua en la selva seca. Ademas se exploraron qué disyuntivas funcionales
entre pares de atributos contribuyen a la diferenciacion de estrategias de uso de recursos
entre las especies. Estas preguntas fueron probadas con plantulas cultivadas durante un
ano en un invernadero de condiciones controladas, y a las cuales se les vario
experimentalmente el nivel de riego en la maceta para simular las condiciones de humedad
en el suelo registradas en la selva seca de la regién de Chamela, Jalisco. En el primer
estudio de la tesis (Capitulo Il) se explord si la preferencia de habitat de las especies a lo
largo de gradientes de disponibilidad de agua en el suelo dentro del bosque maduro estd
determinada por sus caracteristicas morfoldgicas y fisioldgicas. Se hizo un estudio
comparativo de 12 atributos morfo-fisiolégicos entre 10 pares de especies. Dentro de cada
par, una especie se distribuye en las cimas secas de las cuencas (habitats secos) y la otra
especie se encuentra cerca de los arroyos (habitats himedos). En particular, se predijo que,
en comparacion a las especies de habitats himedos, las de habitats secos tendrian una
estrategia de tolerancia al estrés hidrico. En contra de la prediccion, se encontrd que las
especies de sitios secos tienen mayor capacidad de explotacién de recursos, ya que
tuvieron altas tasas de asimilacién de carbono, mas superficies foliares y una mayor
capacidad de conduccion de agua en el tallo y fueron menos eficientes en el uso de agua.

Ademas, éstas mantienen sus hojas a pesar de los niveles altos de desecacion en el suelo.
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Adicionalmente, se encontrd que la diferenciacién fue guiada por la disyuntiva almacenaje
de agua en tallos - seguridad hidraulica (densidad del tallo). En conclusion, el presente
estudio sugiere que disyuntivas fundamentales guian la diferenciacidn en las estrategias de
uso de agua entre las especies del bosque tropical seco. En el segundo estudio (Capitulo IlI)
se caracterizaron los mecanismos de resistencia a la sequia entre especies tempranasy
tardias de la sucesidn secundaria, y si durante la sucesién secundaria se expresan
gradientes de riesgo de sequia que determinen la diferenciacidn funcional de las especies.
Se detectd que los sitios tempranos de la sucesidn fueron mas calientes y secos que los del
bosque maduro. Sin embargo, las especies tempranas y tardias no difirieron en su
respuesta a la sequia experimental del suelo. Estas Ultimas resisten la sequia a través de
dos mecanismos independientes: una alta resistencia del xilema a la formacién de
embolismos o el uso de reservas de agua en su tallo. Una alta capacidad de almacenaje de
agua en el tallo retraso los efectos de la sequia del suelo y contribuyd al mantenimiento del
estatus hidrico de la planta. Los resultados sugieren que el desempeno de las especies bajo
sequia del suelo esta dado no solamente por la resistencia del xilema a la formacién de
embolismos sino también por la capacidad de almacenar agua en sus tejidos. Finalmente,
en el ultimo estudio (Capitulo V), basados en los gradientes de riesgo de sequia a largo de
la sucesion secundaria, se probo, con atributos fisioldgicos, si la disyuntiva entre capacidad
de explotar recursos y de tolerar la sequia opera entre las especies tempranas y tardias de
la sucesion secundaria del bosque seco. Se encontré evidencia de esta disyuntiva funcional,
en particular las especies con una estrategia de mayor capacidad de explotacién de
recursos se definieron por tener alta eficiencia hidraulica y altas tasas de crecimiento, lo
cual se asocid a vasos de mayor didmetro, grandes almacenes de agua en sus tallos y
mayores superficies de captura de carbono, ademas fueron las menos tolerantes al déficit
hidrico de la planta. Por otro lado, las especies con una estrategia de tolerancia mantienen
sus funciones fisioldgicas a niveles elevados de déficit hidrico, lo cual estuvo asociado a
tejidos densos, tanto en sus hojas, como en el tallo y raices. En conclusion, se detectd que
la disyuntiva tolerancia a la sequia— explotacidn de recursos opera entre las especies del
bosque tropical seco, no obstante, las especies tempranas y tardias no difieren en su
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respuesta funcional respecto de esta disyuntiva.



ABSTRACT

At tropical dry forest the water availability is a key factor that influences biological cycles as
well the distribution of plant species. Major temporal and spatial variation of water
availability has been detected that apparently directs the life strategy for different species.
The leaf shedding at the beginning of the dry season, it’s one of the most documented
response among the species from this tropical community. However, other mechanisms of
water stress resistance and whether they explain the distribution of the species at the
forest are issues still poorly explored. Therefore, in this study we explored the water use
strategies and the mechanism of water stress resistance in seedling from trees that differ in
their distribution along soil water availability gradients at the dry forest. At the same time
we tested which are the trade-offs that guide the differentiation of the species water use
strategy. These questions were tested with seedlings that were grown at a greenhouse of
controlled conditions, during which we experimentally varied the water level at the pots to
simulate the soil water availability detected at the dry forest from Chamela, Jalisco. In the
first study of the dissertation (Chapter Il) we searched if morphological and physiological
traits influence the habitat preferences of species that differ in their distribution along soil
water gradients within the mature forest. We compared 12 morpho-physiological traits
from 10 pair of species. Within each pair, one species is located at the top of the basins
(dry habitat) and the other species is found at the bottom, near the arroyos (wet habitat).
Particularly, we predicted that compared to wet habitat species, the dry habitat species will
have a higher tolerance to water stress. Nevertheless, dry habitat species had a higher
resource exploitation capacity owed to a higher carbon assimilation rate, more leaf area
and higher stem hydraulic conductivity, and lower water use efficiency. At the same time,
this group of species retained the leaves in spite of high levels of soil desiccation.
Additionally, we found that the species differentiation was guided by the water storage in
stem — hydraulic safety (stem density) trade-off. In conclusion, this study suggests that
fundamental trade-offs guide the differentiation in the water use strategy of the tropical

dry forest species. At the second study (Chapter lll) we characterized the mechanisms of



water stress resistance between early and late successional species, and the gradients of
soil drought risk along the secondary succession that might influence the species functional
differentiation. First, we detected that early successional sites were hotter and drier than
mature forest. Nonetheless, there were no differences in the resistance to experimental
soil drought between early and late successional species. The late one’s resisted soil
drought through to independent mechanisms: a highly resistant xylem to embolism
formation or through the use of water stored at the stem. A high water storage capacity at
the stem delayed the soil drought effects and maintained the plant water status. This result
suggests that the species performance during soil drought is not only conceded by the
xylem resistant to embolisms but also by the high water storage capacity at the stem.
Finally, in the last study (Chapter 1V), based on the soil water gradients detected at the
secondary succession, we tested trough physiological traits, whether the resource
exploitation capacity vs. tolerance to drought trade-off guides the differentiation between
the late and early successional species. Our results evidenced the trade-off; particularly
species with a resource exploitation capacity had high hydraulic efficiency and growth rate,
which was associated with larger diameter vessels, a high water storage capacity and a
larger leaf area, at the same time this group of species were very sensitive to the plant
water deficit. On the other side, tolerant species maintained their physiological functions at
higher levels of water deficit, which was associated with dense stem, leaves and roots.
Overall, even when the resource exploitation — drought tolerance trade-off guide the
differentiation at the tropical dry forest, the early and late successional species did not

differ in their functional strategy.
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Uno de los objetivos centrales de la ecologia funcional es buscar una explicacién a la
variacion en el desempefio o la distribucion de las especies bajo ciertos ambientes (Calow
1987; Keddy 1992). Los estudios de esta rama de la ecologia comparan especies a nivel de
sus atributos fisioldgicos y morfoldgicos. Sin embargo, el grueso de los estudios ha
centrado sus comparaciones en atributos morfolégicos, de facil medicidon y poco costosos,
ya gue se pueden replicar para un gran nimero de especies (Cornelissen et al. 2003). La
ventaja de estos atributos radica en que han sido relacionados con una o varias funciones
en la fisiologia de la planta (Cornelissen et al. 2003) y que pueden influir el desempefio de
las especies. Por otro lado, mediante la obtencidén de un conjunto de atributos
morfoldgicos y fisioldgicos de los distintos componentes de la planta (raiz, tallo y hojas), es
posible establecer la estrategia general de uso de recursos, la cual describe la capacidad
que tienen las especies para adquirir y movilizar recursos (Freschet et al. 2010). Entre los
distintos estudios de ecologia funcional, el interés se ha concentrado en entender cudles
son los factores ambientales que influyen en el establecimiento de estadios jévenes de las
plantas (de aqui en adelante se usara el termino plantula para referirse a los estadios
jovenes de exactamente un afio de edad, aunque en el presente estudio estrictamente no
se trabajo con plantulas). Se considera que esta fase de la ontogenia de las plantas es una
de la mas vulnerables, debido a que tienen estructuras poco desarrolladas, con una
limitada capacidad para la captacién de recursos y que son poco resistentes a las presiones

del medio ambiente (Kitajima & Fenner 2000).

Durante el desarrollo de esta disciplina se han hecho avances significativos del
papel que juega la disponibilidad de luz en el establecimiento de las plantulas, logrando
descifrar la relacién entre los grupos funcionales de plantas y los gradientes de
disponibilidad de este recurso que especialmente tiene alta variacion en los bosques
huimedos (p. ej. Valladares & Niinemets, 2008). Recientemente, en esta comunidad vegetal
se han hecho avances interesantes en el entendimiento de las estrategias funcionales
relacionadas con la resistencia a la sequia en plantulas y su relacién con la distribucion de

las especies dentro y entre comunidades (Paz 2003; Tyree et al. 2003; Engelbrecht & Kursar



2003; Engelbrecht et al. 2005, 2007; Slot & Poorter 2007). Sin embargo, los estudios que
exploran las estrategias funcionales del uso de agua aun son escasos, particularmente para
las comunidades tropicales con bajos niveles de precipitacion y con una marcada

estacionalidad de este factor ambiental.

Las plantas que viven en dreas en las que se experimenta estrés hidrico provocado
por la limitacién del agua exhiben una serie de caracteristicas morfoldgicas vy fisioldgicas,
que les permiten sobrevivir bajo estas condiciones (Nilsen & Orcutt 1996). Este conjunto de
mecanismos puede ser dividido en dos grandes estrategias: evitar o tolerar la desecacién
(Kramer 1983; Nilsen & Orcutt 1996; Tyree et al. 2003). En el primer grupo las plantas
mantienen su estatus hidrico en periodos con limitacidon de agua, mediante atributos que
les permiten incrementar la capacidad de absorcion de agua o reducir su pérdida. Algunos
ejemplos de esta estrategia son presentar un sistema radical a mayor profundidad del
suelo, almacenamiento de agua en tallos y raices, y una reduccion parcial o total (hdbito
caducifolio) del drea foliar (Tyree et al. 2003). Por otro lado, la tolerancia a la desecacion
involucra caracteristicas que permiten a la planta continuar funcionando a pesar de niveles
altos de sequia en el suelo y de déficit hidrico de la planta (Tyree et al. 2003). La resistencia
del xilema a la cavitacion, fendmeno que describe la sensibilidad del xilema a desarrollar
embolismos y que en consecuencia el transporte de agua se interrumpa, ha sido
considerado el mecanismo mas importante que determina la tolerancia de las especies a la
desecacion. En general, se ha detectado una amplia variacion de este atributo dentro
(Tyree et al. 2003; Markesteijn et al. 2011; Jacobsen et al. 2007; Pratt et al. 2007; Méndez-
Alonzo et al. 2012) y entre comunidades vegetales, y ademds se ha detectado una mayor
resistencia del xilema a la cavitacion en especies de zonas con reducida precipitacion
(Kavanagh et al. 1999; Engelbrecht et al. 2000; Tyree et al. 2003; Maherali et al. 2004). Sin
embargo, es poco conocida la importancia de otros mecanismos de resistencia a la
desecacion, en especial los que tienen que ver con evitar la desecacion, y cual es su

contribucién para entender la distribucion de las especies en las comunidades vegetales.



Para las selvas tropicales secas se ha propuesto que la disponibilidad de agua es un
factor clave que determina los ciclos bioldgicos de la comunidad como lo son el ciclo de
nutrientes y la produccidn de biomasa, asi como la distribucion de las especies de plantas
(Borchert 1994; Balvanera et al. 2002). Ademas se ha detectado una gran variacion
temporal y espacial en la disponibilidad de este recurso que parece determinar las
estrategias de vida de las diferentes especies de arboles. Por un lado, existe variacién anual
determinada por una estacidn de lluvias y de secas muy marcada, cuya duracién e
intensidad cambia de manera erratica entre afios (Garcia-Oliva et al. 1991). Por otro lado,
durante la temporada de lluvias, el patron de precipitacién es también un tanto aleatorio,
lo que trae como consecuencia la presencia de periodos cortos de sequia (Garcia-Oliva et

al. 1991; Garcia-Oliva et al. 2002; Paramo-Pérez 2009).

Ademas, la disponibilidad de agua del suelo en el paisaje es muy heterogénea
debido a una gran complejidad topografica, ya que las distintas areas en el paisaje estan
sujetas a diferente exposicidn a la radiacién solar (Galicia et al. 1999). Las cimas de las
cuencas estan sujetas a mayor radiacion solar y por lo tanto presentan un microambiente
con baja disponibilidad de agua en el suelo, con mds evaporacidon y mas drenaje, y pueden
experimentar sequia con mas frecuencia, amplificando los efectos de la variacion temporal
en el agua (Galicia et al. 1999). En contraste, las partes bajas de las cuencas tienen mds
disponibilidad de agua en el suelo, debido a los aportes de agua por la escorrentia y a que
estan protegidos de la radiacion solar. Ademas, un eje mds de variacién espacial del agua
esta determinado por el uso antropogénico de la vegetacion. Durante las actividades
agropecuarias una practica comun es remover la cobertura vegetal natural y puede existir,
después de un uso prolongado, degradacion del suelo; en consecuencia, los sitios abiertos
presentan elevada radiacién solar, baja disponibilidad de agua en el suelo y alto riesgo de
desecacion (Hasselquist et al. 2010; Lebrija et al. 2010). A su vez, cuando el manejo cesay
los sitos son abandonados, con el tiempo ocurre la recuperacién de atributos estructurales

de la vegetacidn. Esto genera variacion en las condiciones ambientales a lo largo de la



sucesion secundaria, y en ocasiones las condiciones ambientales se vuelven mas similares a

las condiciones del bosque maduro (Hasselquist et al. 2010; Lebrija et al. 2010).

En las selvas secas las plantulas, siendo especialmente vulnerables (Miller &
Kauffman 1998), tienen que lidiar entre maximizar la captura de recursos en un periodo tan
corto de disponibilidad de recursos y resistir la desecacidn durante los recurrentes
periodos cortos de sequia que se producen en la época lluviosa. A su vez, al inicio de la
temporada de sequia requieren de un buen ajuste de la caducidad de sus hojas en
respuesta a la desecacién del suelo, para evitar desbalances hidricos. En adultos la
respuesta de escape mas generalizada a la estacidon seca es la caducidad de sus hojas,
registrandose una amplia variacién entre las especies (Bullock & Solis-Magallanes 1990).
También en adultos se ha determinado la relacion que tienen los atributos del xilema con
el grado de caducidad foliar entre distintas especies y la distribucién de éstas a lo largo de
gradientes de disponibilidad de agua en el suelo (Borchert 1994; Mendez-Alonzo et al.
2012). En plantulas se han explorado los atributos relacionados con la tasa de crecimiento y
como estos cambian con distintos niveles de nutrientes y de luz (Huante et al. 1995;
Huante & Rincdn 1998). No obstante, la variacion en las estrategias funcionales y los
mecanismos relacionados con la resistencia a la sequia han sido poco explorados en esta
etapa de la ontogenia de la planta (Markesteijn & Poorter 2009; Markesteijn et al. 2011).
Ademas, se desconoce cuales son las disyuntivas funcionales que operan en el bosque
tropical seco y el papel que juegan en la distribucidn de especies en el paisaje, y por ende,
en la estructuracion de las comunidades. Por esta razén, es importante establecer las
estrategias que las plantulas desarrollan con base en los atributos morfo-funcionales y
explorar su variacién como respuesta a las presiones ambientales que se experimentan en
este tipo de vegetacion. Adicionalmente, se requiere una mayor comprension de los
mecanismos de resistencia a la sequia de las plantulas, ya que son aspectos claves que
determinan la supervivencia y crecimiento de las especies. Estos puntos resultan criticos,
considerando que los bosques tropicales secos estan sujetos a una elevada tasa de

transformacién (Griscom & Ashton 2011) y a que se predice, bajo los modelos de cambio
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climatico, una alta alteracion en los regimenes de precipitacion para México (Liverman &

O’Brien 1991).

En el presente estudio se tiene como objetivos centrales explorar cudles son las
estrategias funcionales de uso de agua y los mecanismos de resistencia a la sequia en
plantulas de arboles de la selva seca. Ademas se busca entender cdmo se relacionan estos
con la caducidad de las hojas como respuesta a la sequia. Particularmente, en la primera
parte de esta investigacion (Capitulo Il) se muestra cémo la distribucién de las especies a lo
largo de gradientes de disponibilidad de agua en el suelo, dentro del bosque maduro, estd
determinada por sus caracteristicas morfoldgicas y fisioldgicas, y cuales son las disyuntivas
funcionales que guian la diferenciacion de las especies. En el segundo estudio (Capitulo Ill)
se inquieren, experimentalmente, los distintos mecanismos de resistencia a la sequia entre
especies tempranas y tardias de la sucesion secundaria. Paralelamente, se presenta una
caracterizacién del microambiente que una plantula puede experimentar a lo largo de la
sucesidn secundaria. Por ultimo, en el Capitulo IV, se demuestra la presencia de la
disyuntiva funcional entre la capacidad de explotar recursos y de tolerancia fisioldgica al
déficit hidrico de la planta, qué atributos morfoldgicos estan mas relacionados con la
disyuntiva, y el papel que juega ésta en la diferenciacion de las especies de la sucesion

secundaria.
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CAPITULO I

MORPHOLOGICAL AND PHYSIOLOGICAL
DIFFERENTIATION OF SEEDLINGS BETWEEN DRY
AND WET HABITATS IN A TROPICAL DRY FOREST

Pineda-Garcia F., Paz H. & Tinoco Ojanguren C.
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ABSTRACT

A common observation in tropical dry forests is the habitat
preference of tree species along spatial soil water gradients.
This pattern of habitat partitioning might be a result of
species differentiation in their strategy for using water,
along with competing functions such as maximizing water
exploitation and tolerating soil water stress. We tested
whether species from drier soil conditions exhibited a tol-
erance strategy compared with that of wet-habitat species.
In a comparison of 12 morphophysiological traits in seed-
lings of 10 closely related dry and wet-habitat species pairs,
we explored what trade-offs guide differentiation between
habitats and species. Contrary to our expectations, dry-
habitat species showed mostly traits associated with an
exploitation strategy (higher carbon assimilation capacity,
specific leaf area and leaf-specific conductivity and lower
water-use efficiency). Strikingly, dry-habitat species tended
to retain their leaves longer during drought. Additionally,
we detected multiple strategies to live within each habitat,
in part due to variation of strategies among lineages, as
well as functional differentiation along the water storage
capacity—stem density (xylem safety) trade-off. Our results
suggest that fundamental trade-offs guide functional niche
differentiation among tree species expressed both within
and between soil water habitats in a tropical dry forest.

Key-words: functional niche partitioning; functional trade-
offs; leaf retention; stem density; tropical dry forest seed-
lings; water storage capacity; water-use efficiency.

INTRODUCTION

Plant economy is defined by trade-offs to fulfil different
requirements using limited resources. Multiple trade-offs
may determine multiple ways of using resources among
species, enabling species’ coexistence (Tilman 1982; Bazzaz
1991). According to this view, communities may be com-
posed of species with a high degree of differentiation in the

Correspondence: H. Paz. Fax: +52 443 32227 19; e-mail: hpaz@
cieco.unam.mx
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use of resource gradients. The resource-use strategy for
each species can be established based on morphophysi-
ological and ecological traits that affect plant growth and
survival. These strategies may differ among abiotic environ-
ments (Grime 2001). Plant species adapted to poor resource
habitats will employ a stress-tolerance strategy, which is
frequently associated with traits that confer to species a
reduced ability of resource acquisition and also a higher
conservation capacity. In contrast, plant species adapted to
environments with no resource limitation will exhibit an
exploitation—competition strategy, which involves a higher
growth rate and traits that provide for a maximization of
resource acquisition but that are metabolically expensive
and/or offer low levels of tissue defence (Grime 1977;
Chapin, Autumn & Pugnaire 1993; Aerts 1999; Reich et al.
2003; Angert et al. 2009). For example, at the leaf level,
conservative strategies are reflected by low photosynthetic
rates but high leaf lifespan and low specific leaf area (SLA),
whereas exploitation strategies are reflected by the oppo-
site suites of traits (Reich eral. 1999; Wright et al. 2005).
Species vary continuously along these extreme strategies
(referred to as the fast-slow continuum), both between and
within communities, representing conflicting solutions to
deal with different levels of resources (Aerts 1999; Grime
2001; Reich et al. 2003; Wright et al. 2007).

Recently, researchers have shown an increased interest in
species differentiation along water gradients in tropical
forests, especially among seedlings, which represent a stage
particularly sensitive to drought (Tyree et al. 2003). Several
studies have reported that species distribution and compo-
nents of their functional strategies respond to water gradi-
ents between wet and dry communities (Engelbrecht et al.
2007; Markesteijn & Poorter 2009), but limited effort has
been devoted to documenting the fit of species functional
strategies and spatial gradients within communities
(Comita & Engelbrecht 2009) particularly for dry forests.
Tropical species exhibit considerable variation in resistance
to drought (Engelbrecht & Kursar 2003; Poorter &
Markesteijn 2008), and several potential trade-offs between
traits have been detected (e.g. xylem conducting capacity
versus vulnerability to cavitation, Santiago et al. 2004a;
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Markesteijn et al. 2010), but how these responses are linked
to species distributions is an ongoing research question.

In the tropical dry forest, water availability is a key factor
determining various ecological processes (Murphy & Lugo
1986; Bullock & Solis-Magallanes 1990; Borchert 1994). In
this ecosystem, plants are at risk of desiccation because of a
marked dry season, the erratic occurrence of dry spells
during the rainy season and the spatial variation in water
availability dictated by topography (Murphy & Lugo 1986;
Garcia-Oliva, Ezcurra & Galicia 1991; Borchert 1994;
Paramo-Pérez 2009). In this community, the generalized
strategy to cope with water stress during the dry episodes is
escaping (leaf deciduous habit), and considerable variation
in the onset of this response among species has been
detected for adult stages (Bullock & Solis-Magallanes 1990;
Borchert 1994; Méndez-Alonzo et al. unpublished data),
and among seedlings (Pineda-Garcia, unpublished results).
However, how resource-use strategies relate to the speed of
escape and whether plant strategies exhibit spatial variation
related to drought risk dictated by topography remain open
questions particularly at the seedling stage. Most studies on
this topic have either compared gross classes of species
phenological responses, such as deciduous, brevi-deciduous
and evergreen (e.g. Brodribb, Holbrook & Gutierrez 2002;
Brodribb & Holbrook 2003; Franco et al. 2005) instead of
the continuous trait, or compared sets of species without
taking habitat preference into account (e.g. Markesteijn &
Poorter 2009).

In dry, seasonal tropical communities, a short rainy
season may impose a strong selection to speed up growth
rates and, thus, rates of resource acquisition. In this case, the
ability to exploit resources at fast rates may play a central
role in plant strategies for growth and survival (Murphy &
Lugo 1986). The absence of a severe light limitation in the
understorey, compared with the wet forests, may contribute
to this fast-growth equation, indicating the need to empha-
size species exploitation abilities, in addition to drought
resistance (Poorter 2009). However, how opportunistic
strategies to speed up growth during favourable periods
couple with strategies to survive dry spells during the wet
season is not well understood and requires the finding of
key trade-offs between traits affecting both the capacity to
deal with drought and to acquire resources during wet
periods. For example, theory predicts a low likelihood of
species exhibiting both opportunistic strategies during wet
episodes and tolerant strategies during dry episodes
because high growth rates require high xylem conductivity
with concomitant high vulnerability to cavitation. In this
case, fast acquisition strategies during the wet period may
be coupled either with highly deciduous-escaping strategies
to deal with drought (Eamus efal. 1999; Santiago et al.
2004b), or with drought-delaying strategies, through the use
of stem or root water storages (Holbrook 1995; Goldstein
et al. 1998).

In Mexico, tropical dry forest along the Pacific coast
develops on hilly landscapes where drought risk gradients
for plants exist, ranging from low risk in wet valleys to
exposed hilltops where run-off and wind exposure augment
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the potential risk of desiccation both during the dry and wet
seasons (Galicia ef al. 1999). Similar to other tropical dry
forests, in this forest, the presence of genera with several
coexisting species is commonly observed. The finding of
species filtering along a topographic gradient expressed
within several genera (Balvanera et al. 2002; Segura et al.
2003; Pérez-Jiménez & Castillo-Flores, personal observa-
tions) strongly suggests that differentiation in water-use
strategies might play a role in species coexistence. This pos-
sibility has also been suggested by theoretical models (Kelly
& Bowler 2005).

In this study, we explored the patterns of differentiation
in morphophysiological strategies at the seedling stage
among 10 closely related pairs of species (congeneric and
confamilial) that differ in their distribution along soil water
availability gradients within a community of a tropical dry
forest. We explored the trade-offs that might be operating in
this community and that potentially contribute to the dif-
ferentiation in strategies among the species. Following
Grime (1977) and Chapin et al. (1993), we hypothesized
that compared with wet-habitat species, the dry-habitat
species would exhibit traits that suggest a strategy of toler-
ance to water stress. We evaluated the following questions:

1 Is there a general pattern of directional differentiation
among the dry- and the wet-habitat species within the
tropical dry forest or a mix of functional strategies to live
in each habitat?

2 What are the trade-offs involved in the patterns of differ-
entiation among species and habitats?

3 How do all of the functional traits co-vary, and what are
the routes of functional divergence between habitats?

MATERIALS AND METHODS
Study system

The tropical dry forest at Chamela, Jalisco, Mexico develops
under a marked seasonal precipitation, where 788 mm (in
average) falls mostly within 5 months (Bullock & Solis-
Magallanes 1990). During the 7 month dry period, almost
all the tree species remain leafless, flushing back at the
beginning of the rainy period (Bullock & Solis-Magallanes
1990; Duran et al. 2002).

We selected 10 pairs of closely related tropical dry forest
tree species (eight congeneric and two confamilial species,
hereafter referred to as species pairs) representing phylo-
genetically independent contrasts that coexist at the
Chamela Biological Station to explore the morphophysi-
ological differentiation between dry and wet forest habitats.
The studied species have differential distributions along soil
water availability gradients in the mature forest. In each
species pair, one species has a preferential distribution in
the ‘dry habitats’ occurring at the hilltops and the other
species is distributed in the ‘wet habitats’ occurring in the
lower part of the basins near river streams (Balvanera et al.
2002; Segura et al. 2003) (Table 1). At Chamela, these two
habitats are generated by the undulated topography, where
the top hills and the bottom valleys differ between 40 and
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Table 1. Experimental species pairs

Family Species pair Genus Species Wet habitat Dry habitat Leaf habit

Apocynaceae Apocynaceae Plumeria P. rubra * Deciduous

Thevetia T ovata * Deciduous

Bignoniaceae Tabebuia Tabebuia T. crysantha * Deciduous

T. rosea * Deciduous

Bombacaceae Ceiba Ceiba C. grandiflora * Deciduous

C. aesculifolia * Deciduous

Boraginaceae Cordia Cordia C. alliodora * Deciduous
C. dentata * Semi-deciduous

Burseraceae Bursera Bursera B. fagaroides * Deciduous

B. instabilis * Deciduous

Euphorbiaceae Jatropha Jatropha J. bullockii * Deciduous

J. chamelensis * Deciduous

Leguminosae Caesalpinia Caesalpinia C. coriaria * Deciduous

C. platyloba * Deciduous

Lonchocarpus Lonchocarpus L. magallanesii * Deciduous

L. constrictus * Deciduous

Leguminosae Gliricidia G. sepium * Deciduous

Enterolobium E. cyclocarpum * Deciduous

Polygonaceae Coccoloba Coccoloba C. liebmannii * Deciduous

C. barbadensis * Evergreen

Each pair represents a phylogenetically independent experimental contrast of closely related species that differ in their habitat preference of

adults at Chamela, Jalisco, Mexico.

Note: Species distribution based on Balvanera (1999), Durdn & Pérez-Jimenez (personal communication). Species phenology based on

Bullock & Solis-Magallanes (1990).

190 m of elevation above sea level, and occur within 1 km
distance. During the rainy season, the dry habitats exhibit
lower soil water availability (ranging from 6.66 to 13.05% of
volumetric content) because of higher water run-off and a
higher exposure to wind and solar radiation. In contrast, the
more protected wet habitats receive water run-off from the
hilltops, resulting in higher soil water availability (ranging
from 8.75 to 19.38% of volumetric content) (Galicia et al.
1999).

Experimental design

Within the lands of the biological station, we collected seeds
of each species from seven to 15 individuals located in their
typical dry or wet habitat, during the peak of fruit produc-
tion. All seeds for each species were mixed thoroughly to
extract a random sample of seeds representing each species.
A greenhouse experiment was established to explore the
patterns of morphophysiological differentiation between
the seedlings from the dry- and wet-habitat species. Seeds
(150-3000 per species, depending on species germination
rate) were placed for germination in wet sand beds in
greenhouse conditions, in order to assure c. 80-100 seed-
lings per species. Fifteen days after the radicle emerged,
when the first pair of leaves was fully expanded, we ran-
domly chose 10 seedlings per species and transplanted them
to c.4.6 L pots (one seedling per pot) containing river silica
sand with basal drainage. Initially, each pot received a
dose of controlled-release fertilizer (14.6 g of Multicote 8:
18N - 6P - 12 K+2MgO + ME; Haifa Chemicals, Haifa
Bay, Israel). The pot position was assigned in a randomized

block design to statistically control for solar radiation and
temperature variation in the greenhouse. Plants were grown
for a 12 month period under a high soil water level (¥
between 0.0 and -0.22 MPa). The average greenhouse con-
ditions were: temperature 21.5 °C (max. 48.0 °C and min.
7.6 °C), % relative humidity 60.4% (max. 84.8% and min.
40.9%) and a daily average of photosynthetic photon flux
(PPF) of 745.55 umol m~2s™! (max. 917.36 umol m2s™). At
the end of the experiment, the 10 seedlings per species were
harvested to obtain the morphological and physiological
traits described below.

Gas exchange measurements

The net CO, assimilation (A) and transpiration rates were
measured between 0800 and 1100 h with a portable infrared
gas analyser (6400 Li-Cor, Lincoln, NE, USA). Measure-
ments were carried on two mature leaves per seedling (five
seedlings per species) at c. 400 umol mol™ of CO, and
1000 umol m~2s~! of PPF. The leaf temperature was kept at
25 °C, and the average vapour pressure deficit (VPD) was
1.5 kPa. The net CO; assimilation rate was transformed to a
mass basis (Amass) (Table 2) through foliar area-mass equa-
tions generated for each species. The instantaneous water-
use efficiency (WUE) was calculated according to Nobel
(2009) as the ratio between the net CO, assimilation rate
and the transpiration rate (Table 2).

Stem hydraulic traits

Native hydraulic conductivity was measured for each seed-
ling in the main stem excised above the plant base, following
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Table 2. List of morphological and physiological traits and the abbreviations used in the text with their corresponding units

Trait Formula Units

LS Leaf size Total lamina area cm?

SLA Specific leaf area Leaf area/leaf dry weight cm? g!

Amass Rate of net CO, assimilation on a mass basis Agrea/(leaf mass/leaf area) nmol g's7!

WUE Water-use efficiency Net CO, assimilation rate/transpiration rate mmol mol™!

SRL Specific root length Fine root length/fine root dry weight cmg!

RWC Root water content Thick root water content/fat root dry weight %

SD Stem density Stem dry mass/stem fresh volume gcm™

SWC Stem water content Stem water content/stem dry mass %

ks Stem-specific hydraulic conductivity Stem hydraulic conductivity/xylem cross-sectional mmol m™' s MPa™!
area x stem length

ki Leaf-specific conductivity kg/total leaf area mmol m™ s MPa!

LAR Leaf area ratio Total leaf area/total seedling dry weight cm? g!

LRT Leaf retention time Days at which plant lose 50% of their leaves days

the Kolb, Sperry & Lamont (1996) principle. For each plant,
the stem was cut and immediately transported to the labo-
ratory where we made a second cut under water with a razor
blade to remove possible vessel obstructions. The stem
hydraulic conductivity was measured with an ultra-low flow
meter as described by Tyree et al. (2002) with a series of five
increments of negative pressure (2, 4, 10, 20 and 40 kPa)
using a vacuum pump. In this method, the hydraulic conduc-
tivity of the stem was calculated through the slope of the
regression between the flux and vacuum pressure. The total
length and diameter of each stem were measured to
0.01 mm, whereas the total leaf area above this section was
calculated using digital images analysis. The stem-specific
hydraulic conductivity (k) sensu Tyree & Ewers (1991) was
calculated as k= (ky/xylem cross-sectional area) x stem
length, and the leaf-specific conductivity (kp) was cal-
culated as ki = kJ/total leaf area (Table 2). The stem density
(SD) was obtained from the stem dry weight: fresh
volume ratio. Finally, the stem water content (SWC)
was derived as SWC={([fresh weight —dry weight]/dry
weight) x 100}, where fresh weight was obtained after a 24 h
hydration period in distilled water (Table 2).

Morphological traits

For each plant, the entire root system was extracted and
washed. Seedlings were divided into their different compo-
nents (root system, stem and leaves). Total leaf area was
obtained from digital images of all leaves using a high reso-
lution scanner (Epson 10000XL, Epson America Inc., Long
Beach, CA, USA). The root system was divided into two
diametric classes: fine roots or absorption roots (=2 mm)
and thick roots or storage roots (>2 mm). The total length of
the root system was obtained from digital images taken
with a double-lamp bed scanner (Epson 10000XL) at
400 dpi and by using WinRhizo software (Regent Instru-
ments, Inc, Neplean, ON, Canada). Finally, all tissues were
oven-dried for 72 h at 70 °C and weighed. Species mean
values were derived for the following seven morpholo-
gical traits: (1) specific root length (SRL), an indicator
of the efficiency of water absorption per unit mass invested

in fine roots; (2) SLA, which describes the foliar area
displayed per unit of foliar biomass invested; (3) leaf size
(LS); (4) root water content (RWC) and (5) stem water
content (SWC) as indicators of root and stem capacity to
store water, respectively; (6) leaf area ratio (LAR); and (7)
SD, considered here as a proxy of the vulnerability to xylem
cavitation (Table 2). Most of the traits represented the
mean value of the 10 seedlings per species. For leaf traits,
the data for each individual were derived from three
mature non-damaged leaves.

To explore species leaf-area loss rate as a response to soil
desiccation, we suspended irrigation to four seedlings of
each species grown under the same conditions described
above. We monitored the percentage of leaf area lost until
all the leaves were dead. For each species, we constructed a
leaf-area loss curve against Julian days and estimated the
time at which plants lost 50% of their leaves, hereafter
referred to as leaf retention time (LRT) (following
Méndez-Alonzo et al. unpublished data) (Table 2).

Statistical analysis

It is well known that morphological and physiological traits
can vary with plant biomass (Poorter 1999; Meinzer et al.
2005). In this study, we aimed to detect functional differen-
tiation between wet- and dry-habitat species, as expressed
independently of changes in plant biomass. For this reason,
within each pair of dry- and wet-habitat species, we calcu-
lated the expected trait values for a common plant biomass,
which was derived from individual regressions for each
species against biomass. We did not apply this correction for
those traits and species pairs for which significant regres-
sions with biomass were not detected. For most of the traits,
species mean values were logyy transformed to meet nor-
mality and variance homogeneity, with the exception of SD
that was arcsine transformed.

The hypothesis of a general pattern of differentiation
between habitats for all of the pairs was tested with a paired
t-test for each trait. In this approach, we used each species
pair as a point of analysis. For each pair and trait X, we
calculated a contrast as the difference between the average
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value from the dry-habitat species and the average value
from the wet-habitat species (Xay — Xwer). We tested the
hypothesis that the average value from the contrasts was
different from zero.

Afterwards, we explored the trait differentiation
between species within each species pair using analysis of
covariance (ANCOvA) taking the habitat of the species as a
factor and plant biomass as a covariate. For those traits
and pairs where the biomass was not significant, we used a
reduced model to test for the effect of habitat. Because at
this level of variation, non-normality and heteroscedastic-
ity persisted after transformations, we decided to use an
analysis based on permutation techniques using the
Permanova from Primer 6 (Plymouth, UK) (Clarke &
Warwick 2001).

Potential trade-offs (negative correlations) between pairs
of traits (X, Y) were explored based on the contrasts
(Xary — Xwet) (Yary— Ywer) as data points. To control for
potential effects of plant biomass, we performed a regres-
sion for each trait against plant biomass in each habitat, and
when a significant effect was detected, we recalculated the
contrasts based on residuals. For the 10 contrasts, we exam-
ined the negative correlations between a pair of traits with
a regression analysis forced through the origin, following
Garland, Harvey & Ives (1992).

To examine the variation of functional strategies among
species and habitats, we took into account the covariation of
all traits by performing a principal components analysis
(PCA) based on the total species set. This analysis allowed
us to visualize the diversity of strategies and the routes of
differentiation between the wet and dry habitats. For those
traits that were affected by plant biomass, we used the
residuals. To avoid over-representation of water storage
traits in the PCA, we used a synthetic value calculated as
the PCA scores between SWC and RWC, hereafter referred

to as the water storage capacity (WS). When necessary, the
values were logjo and arcsine transformed to better meet
the requirements of multivariate normality and variance
homogeneity.

RESULTS

Functional trait differentiation between soil
water habitats

Table 3 shows the general patterns of trait differentiation
between the dry-habitat and wet-habitat species for all
species pairs (see Table S1 for species mean values). Out of
the 12 analysed traits, only one (Amass) exhibited significant
general differentiation; the dry-habitat species had higher
carbon assimilation rates on a mass basis than their wet
counterparts (Table 3, Fig. 1c). In addition, we observed a
marginal and not generalized increase in LRT among the
dry-habitat species, driven only by a few species pairs that
exhibited shifts of high magnitude. When we analysed each
pair individually, we detected a high frequency of cases of
significant morphophysiological differentiation between
the dry and the wet-habitat species (Table 4). Six of the 11
analysed traits exhibited differentiation in more than five
pairs of species (Table 4). The RWC, SWC and the LS were
the most labile traits between habitats, exhibiting differ-
ences in from six to seven species pairs (Table 4, Fig. 1a,b).
At the other extreme, ki, ks and the SLA exhibited the
lowest levels of differentiation (in three pairs) (Table 4,
Fig. 1d). The sign of the differentiation between habitats
(positive, negative or neutral) varied greatly and was
dependent on the particular species pair (Table 4). This
variation explains the lack of a generalized directional dif-
ferentiation between the habitats for the most labile traits
when we considered all of the pairs.

Table 3. General patterns of seedling

Dry Wet t-test morphophysiological trait differentiation
Trait Mean = SE Mean + SE ﬁ between dry and wet-habitat species
LS (em?) 3329 49 = 10 ~1.06 0.32
SLA (cm?g™) 195 + 12 177 + 14 175 0.11
Amas (nmol g7 s™) 204 + 24 155 + 17 245 0.04
WUE (mmol mol™) 52 *=0.81 5.7 £0.67 —-1.46 0.18
SRL (cm g™) 1329 £ 380 990 = 429 1.43 0.19
RWC (%) 275 + 44 241 + 34 0.55 0.60
SD (g cm™) 0.57 = 0.06 0.58 = 0.04 -0.20 0.84
SWC (%) 157 = 36 128 =21 0.50 0.63
ks, (mmol m™ s MPa™) 0.028 = 0.005 0.028 = 0.006 —-0.06 0.30
ki (mmol m™ s MPa™) 1.4 £048 0.7+0.13 1.45 0.18
LAR (cm®g™) 37+56 32 +47 026 0.80
LRT (days) 43+ 11 33+ 10 1.66 0.07

Values shown represent trait averages for the dry-habitat species and the wet-habitat species
and the paired #-test using each species pair as data point. Significant differences are shown
in bold (P = 0.05). Amass, rate of net CO, assimilation on a mass basis; k, leaf-specific
conductivity; ks, stem-specific hydraulic conductivity; LAR, leaf area ratio; LRT, leaf reten-
tion time; LS, leaf size; RWC, root water content; SD, stem density; SLA, specific leaf area;
SRL, specific root length; SWC, stem water content; WUE, water-use efficiency.
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Figure 1. Species mean trait values and standard error for (a) leaf size, (b) root water content, (¢) CO, assimilation rate per mass basis
and (d) instantaneous water-use efficiency. Dry- and wet-habitat species in each phylogenetically independent contrast (PIC) are
connected by a line. ns, non-significant, *P = 0.05, **P < 0.01 and ***P = 0.0001.

The level of differentiation between habitats varied
greatly among species pairs (Table 4, Fig. 1). The Apocyn-
aceae, Bursera, Ceiba, Cordia, Leguminosae and Tabebuia
pairs exhibited a high degree of morphophysiological
trait lability, differentiating in five to seven traits. In con-
trast, the pair corresponding to the genus Lonchocarpus
was the least labile, presenting differentiation in only three
traits.

Trade-offs between pairs of traits

We detected five negative correlations between pairs of
traits (Fig.2). SD was negatively associated with the
capacity to store water in stems (SWC) and roots (RWC)
(Fig. 2a,b, respectively). At the leaf level, we found that
WUE was negatively correlated with carbon assimilation
rate (Amass) (Fig. 2¢) and with k. (Fig. 2d). A visual inspec-
tion indicated that species differentiation to the dry

habitat occurred in opposite directions for the trade-offs
detected (Fig. 2).

Patterns of trait covariation and routes of
differentiation between soil water habitats

The patterns of multi-trait covariation based on the 20
species studied allowed us to observe the functional strate-
gies for living in each habitat and the routes of differentia-
tion among the strategies (Fig. 3). In this PCA analysis, the
first axis explained 34.26% of the variation and synthesized
opposing variation between WS, LRT, SRL (increasing to
the right side of the axis), and SD (increasing to the left)
(Fig. 3). The second axis explained 18.41% of the variation
and reflected opposing trends between SLA, carbon assimi-
lation rate on a mass basis, ki, which increased to the top
side, and WUE and LS, which increased in the opposite
direction (Fig. 3).
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Table 4. One-way ancovas for the habitat effect on seedling morphophysiological traits within each species pair

Trait Apo Bur Cae Cei Coc Cor Jat Leg Lon Tab
LS (d-w) - - - - - + - - + -

F 0.13 10.13 277.48 28.41 6.25 6.06 168.36 7.03 0.40 0.26

P 0.71 0.008 0.0001 0.0002 0.02 0.02 0.0001 0.01 0.56 0.618
SLA (d-w) + + + - + - + + - +

F 0.005 7.14 0.47 0.03 60.25 0.96 0.32 0.12 0.99 10.56

P 0.94 0.031 0.503 0.860 0.0001 0.350 0.573 0.736 0.342 0.006
Amass (d-w) + - + - + + + + + +

F 2232 0.34 8.62 5.81 0.14 41.61 5.21 91.87 0.00 0.55

P 0.0003 0.570 0.016 0.080 0.710 0.001 0.037 0.0001 0.976 0.466
WUE (d-w) - - - - + - - - + -

F 0.01 10.90 8.27 0.06 0.60 4.76 0.26 0.52 5.97 5.73

P 0.916 0.03 0.024 0.788 0.477 0.057 0.623 0.490 0.047 0.029
SRL (d-w) + + - + + - + + - +

F 20.82 14.23 0.86 0.56 0.02 0.364 43.79 6.54 32.06 0.85

P 0.001 0.003 0.374 0.458 0.876 0.571 0.0001 0.004 0.0004 0.370
RWC (d-w) + + - + N - + + - -

F 2332 4.19 78.78 19.32 7.52 65.18 0.96 64.48 4.59 8.41

P 0.0003 0.06 0.0001 0.0009 0.016 0.0002 0.341 0.0001 0.055 0.012
SD (d-w) - - - - + + - + + +

F 50.62 5.89 0.03 14.96 3.29 5.73 1.27 0.02 0.27 55.38

P 0.0001 0.031 0.867 0.002 0.095 0.026 0.273 0.885 0.618 0.0001
SWC (d-w) + + + + - - + - - -

F 0.51 10.24 0.11 11.67 7.26 29.01 6.44 2.20 1.50 224.23

P 0.49 0.005 0.734 0.003 0.01 0.0001 0.025 0.157 0.247 0.0001
ks (d-w) - + + + - + - + + +

F 1.71 3.74 0.03 0.82 2.79 10.48 1.97 6.71 0.007 5.30

P 0.20 0.07 0.84 0.37 0.11 0.004 0.17 0.01 0.93 0.03
ki (d-w) + + + + - + + + - +

F 9.22 13.72 0.01 2.30 0.56 2.22 1.01 0.51 6.98 2.81

P 0.005 0.001 0.932 0.154 0.472 0.148 0.417 0.477 0.022 0.115
LAR (d-w) + + - + - - - + - +

F 4.89 3.57 3.66 6.05 2.79 0.89 2.51 11.59 2.59 7.96

P 0.04 0.09 0.076 0.026 0.113 0.35 0.131 0.001 0.151 0.01

The direction of change (positive, negative, neutral) between habitats (dry-wet) and its significance are shown for each trait and species pair.

Significant effects are shown in bold (P = 0.05).

Species pairs: Apo, Apocynaceae; Bur, Bursera; Cae, Caesalpinia; Cei, Ceiba; Coc, Coccoloba; Cor, Cordia; Jat, Jatropha; Leg, Leguminosae;

Lon, Lonchocarpus; Tab, Tabebuia.

Anmass, rate of net CO, assimilation on a mass basis; k1, leaf-specific conductivity; ks, stem-specific hydraulic conductivity; LAR, leaf area ratio;
LS, leaf size; RWC, root water content; SD, stem density; SLA, specific leaf area; SRL, specific root length; SWC, stem water content.

As expected, the members of each pair exhibited more
similar strategies than the other species, reflecting phyloge-
netic relatedness. When examining the shifts between
habitats, we observed that functional strategies shifted in
opposite directions along the two PCA axes depending on
the species pair, mostly corroborating the patterns of diver-
gence found when analyzing bivariate trade-offs. For the
first PCA axis, in one-half of the species pairs, dry-habitat
species differentiated from their wet counterparts by a
higher WS (a variable combining stem and root water
storage, see Methods section), LRT and SRL, whereas in
the other half, dry-habitat species had a higher SD than wet
species. Along the second axis for most of the species pairs
(eight out of 10), dry-habitat species differentiated by
having a higher SLA, A and ki, whereas for the rest of
the pairs, the dry-habitat species shifted by having a higher
WUE and larger LS than their wet counterpart.

DISCUSSION

Seedling functional differentiation between soil
water habitats

Overall, our results provided evidence supporting the
hypothesis of directional differentiation between the dry-
habitat and wet-habitat species, but not towards a more
conservative strategy among the dry-habitat species. More
notably, we detected evidence of a mix of strategies for
living within each habitat and also trade-offs that explained
both the directional differentiation among the set of species
studied and the diversity of strategies for living in each
habitat.

We hypothesized that dry-habitat species would exhibit a
more conservative strategy involving traits that favour
resource conservatism (i.e. low resource acquisition and
loss rates) and stress tolerance more than exploitation;
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Figure 2. Negative correlations between (a) stem water content (SWC) and stem density (SD); (b) root water content (RWC) versus
SD; (c) water-use efficiency (WUE) and carbon assimilation rate (Am.ss) and (d) WUE and leaf-specific hydraulic conductivity (ki). Each
data point is the habitat contrast (mean value of dry-habitat species — mean value of wet-habitat species) for each PIC. The linear
regression was forced through zero. Symbols represent each PIC: O = Apocynaceae, [l = Bursera, (31 = Caesalpinia, A = Ceiba,

V = Coccoloba, > = Cordia, [ = Jatropha, <| = Leguminosae, < = Lonchocarpus and Y« = Tabebuia.

however, our results from the single-trait analysis indicated
the opposite trend.

Contrary to our expectations, compared with the wet
habitat, dry-habitat species had leaves with a higher pho-
tosynthetic capacity, which may require higher water
acquisition and loss rates, especially given the absence of
differences in the mean WUE detected between groups of
species. This finding about photosynthetic capacity is
intriguing and suggests an opportunistic resource-use
strategy. Previous studies conducted in environments with
short and unpredictable growth periods have detected
opportunistic species that sustain a high CO, assimilation
rate during periods with high water availability as a strat-
egy to maximize total carbon assimilation (Mooney 1972;
Eamus er al. 1999; Santiago et al. 2004b; Franco et al. 2005;
Choat etal. 2006). Our results support this hypothesis
because the dry hilltops represent more unstable habitats
compared with the low valleys. Hilltops experience faster
rates of soil desiccation after rain because of their
elevated run-off and evaporation rates (compared with

low valleys, which function as water attractors) (Galicia
etal. 1999) that shorten the growth time window for
plants. This phenomenon may amplify the temporal varia-
tion in soil water at hilltops, resulting in more frequent
drought events with enough intensity to compromise
growth and to kill plants (Paramo-Pérez 2009). The envi-
ronmental settings determined by frequent dry spells and
topographic heterogeneity seem to be prevalent among
other tropical seasonal communities (Garcia-Oliva et al.
1991; de Mattos, Lobo & Joly 2002; Pefia & Douglas 2002;
Engelbrecht er al. 2006) suggesting potential generality for
the discussed mechanisms.

Perhaps, the most striking result of the present study was
the lack of general patterns of functional differentiation for
the majority of the traits analysed. This finding does not
mean that dry-habitat and wet-habitat species are function-
ally equivalent but that the differentiation of traits between
dry and wet habitats occurred in opposite directions (posi-
tive or negative) depending on the phylogenetic pair. One
explanation for this pattern of opposing differentiation is
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Figure 3. Principal components analysis (PCA) based on the
total set of species. The panel shows trait loadings and species
scores. Symbols represent each PIC: O = Apocynaceae,

0 = Bursera, 3 = Caesalpinia, A = Ceiba, V = Coccoloba,

> = Cordia, O = Jatropha, < = Leguminosae, < = Lonchocarpus
and ¢ = Tabebuia. Arrows represent the shift in functional
strategy from wet to dry habitat within each PIC. A5, CO;
assimilation rate per mass basis; k1, leaf-specific conductivity; ks,
stem-specific hydraulic conductivity; LAR, leaf area ratio; LRT,
leaf retention time; LS, leaf size; SD, stem density; SLA, specific
leaf area; SRL, specific root length; WS, water storage capacity;
WUE, water-use efficiency.

the existence of multiple trade-offs between pairs of traits
(Angert et al. 2009).

Trade-offs between pairs of traits

In the tropical dry forest, the long dry season and frequent
dry spells during the rainy season may favour ecological
strategies involving the capacity to deal with droughts, as
well as the opportunistic use of resources. Thus, we expected
strong signatures of trade-offs between components of the
water-use strategies, and between the species’ ability to
resist periods of water stress and to exploit resources during
wet periods. Overall, we found evidence for both types of
trade-offs, determining the diversity of resource-use strate-
gies among species, both between and within soil water
habitats in the tropical dry forest.

The negative correlation found between SD and WS sug-
gests a trade-off between the capacity to tolerate and the
capacity to delay water stress. Among species with non-
succulent stems, a high SD can partially result from thicker
vessel cell walls and/or from a higher proportion of fibres
with reinforced walls, and both components may increase
vessel hydraulic safety (Hacke ef al. 2001; Choat et al. 2005;
Jacobsen et al. 2005, 2007; Pratt et al. 2007). In contrast, less
dense wood contains a higher proportion of parenchyma,
where most of the water is stored, and a combination of

vessels and fibres with large lumens and thin cell walls,
providing low resistance to cavitation (Borchert &
Pockman 2005; Choat et al. 2005; Jacobsen et al. 2007; Pratt
et al. 2007). Thus, a higher capacity to store water buffers
xylem water deficits and reduces negative impacts from soil
desiccation, likely extending the daily or seasonal periods
for carbon assimilation (Stratton, Goldstein & Meinzer
2000; Schwinning & Ehleringer 2001; Bucci et al. 2004). Pre-
vious studies have suggested that both xylem resistance to
cavitation (Tyree etal. 2003) and stem water storage
(Poorter & Markesteijn 2008) favour seedling survival to
droughts in wet tropical forests. The fact that, in this study,
half of the species pairs exhibited differentiation of the
dry-habitat species either towards increasing wood density
or towards increasing WS strongly suggests that both solu-
tions permit seedling survival in the dry habitats of the
tropical dry forests. In principle, a high xylem safety may
restrict hydraulic efficiency and thus impose negative
effects on the carbon assimilation capacity (Brodribb et al.
2003; Santiago et al. 2004a). In our study, we did not find
evidence for this trade-off as SD (an indicator of xylem
safety) was neutral to both hydraulic conductivity traits (ks
and ki) and to carbon assimilation capacity. Previous
studies have found contradictory evidence on the relation-
ship between these traits (Stratton et al. 2000; Bucci et al.
2004; Pratt et al. 2007; Poorter et al. 2010), which suggests
that the traits related to SD (xylem security) could vary
independently of those traits related with the transport effi-
ciency (Jacobsen et al. 2007; Pratt et al. 2007).

We detected trade-offs between leaf traits that contribute
to carbon gain and water loss, and between leaf and stem
traits that contribute to plant water status. Firstly, we
detected a negative correlation between the carbon assimi-
lation capacity and WUE, suggesting that among the
studied species, an increase in carbon gain rate should be
accompanied by a disproportionate increase in transpira-
tion rate. Such a finding coincides with previous studies
reporting that those species that use water more efficiently
have a limited capacity for carbon capture compared to less
efficient species (Donovan & Ehleringer 1992; Hernandez
et al. 2010). It is important to note that in our study, the
signal for a negative association between A and WUE was
detected under VPD conditions (1.5 kPa) relatively high
compared with common atmospheric conditions during the
rainy season in a mature dry forest at the Pacific coast in
Mexico (ranging from 1.2 to 1.5kPa), as reported by
Lebrija-Trejos et al. (2010). Whether such a negative corre-
lation between A and WUE expresses itself under lower
VPD conditions remains to be investigated.

Additionally, we found that WUE traded off with ki, a
finding which is in line with a previously detected link
between water transport at the stem and water use at the
leaf level (Santiago et al. 2004a; Kocacinar et al. 2008; Bro-
dribb 2009). In our study, those species with a high water
transport capacity had a high carbon capture capacity (data
not shown; see Brodribb & Feild 2000; Brodribb et al. 2002)
and can potentially suffer a water deficit because of reduced
regulation of the transpiration stream. In contrast, species
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with high WUE may require less water in the carbon
capture process, which reduces the pressure to have an
efficient water transportation system.

Suites of functional traits and routes of
differentiation between and within soil
water habitats

The PCA allowed us to obtain a more complete picture of
the functional strategies of the investigated species and to
visualize the routes of functional differentiation between
and within habitats. Overall, the multivariate functional
space illustrated two patterns of trait covariation.

Firstly, there were multiple functional strategies for
living within each habitat. This diversity seems to result
from two sources: firstly, the large variation in functional
strategies among the lineages, as indicated by the larger
scatter between than within the members of each pair and
secondly, the diverging pattern of strategies of the dry-
habitat species, along trade-offs, principally the one relat-
ing WS and xylem safety. This last source of diversity
seems to represent a robust pattern, as suggested both by
the strong signature found in our study (detected in the
bivariate and multivariate trade-off analyses), as well as by
the common report of soft stem, water-storing species and
dense-wooded species coexisting in dry habitats of the
tropical dry forests (e.g. Borchert 1994; Méndez-Alonzo
etal. unpublished data for adults). Interestingly, we
detected evidence that a continuous measure of leaf reten-
tion against drought (the inverse of leaf deciduousness)
covaried with this axis, particularly increasing with WS,
suggesting that water reserves may be used to maintain
leaves longer during drought periods. This pattern of cova-
riation observed among seedlings of the dry tropical forest
species does not agree with the common observation of an
increasing importance of the deciduous habit of adult
trees with soft-storing woods previously reported (Reich
& Borchert 1984; Borchert 1994). Certainly, such a dis-
crepancy deserves to be investigated. However, the obser-
vation that at the onset of the dry season, seedlings tend
to retain their leaves longer than adults is becoming
common in other seasonal tropical forests (Engelbrecht &
Kursar 2003 in Panama; Andrade, personal communica-
tion at the Yucatdn peninsula, Paz & Tinoco-Ojanguren,
personal communication at the Mexican pacific coast),
suggesting that phenological strategies to deal with
drought may change with ontogeny.

The second multivariate pattern found was the converg-
ing differentiation to the dry habitat for most of the
species pairs along the second PCA axis. This result indi-
cated the trend for dry-habitat species to have increased
xylem efficiency of water conduction to supply leaves,
higher carbon assimilation rate and potential return per
leaf mass invested, at the cost of low WUE. The positive
covariation among the former traits contributes to the
maximization of carbon acquisition, as expected by the
leaf economic spectrum (Wright eral. 2005), whereas
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the negative association with WUE suggests a cost for
carbon gain maximization.

Concluding remarks

In this study, we detected evidence for functional differ-
entiation of tropical dry forest tree species both between
and within soil water habitats dictated by topography. The
evidence for negative correlations between pairs of plant
functional traits is growing rapidly in the literature;
however, demonstrating patterns of morphophysiological
differentiation of species between and within habitats
along trade-offs is rare, a case that became possible in this
study, thanks to the use of pairs of closely related species
occupying different water soil habitats in the same com-
munity. In addition, we present evidence that in a tropical
dry forest, a mix of water-use strategies can be successful
for surviving in dry habitats, in contrast to the expected
conservative resource-use strategies, detected at geo-
graphic scales in previous studies. A remarkable finding
was that high rates of carbon assimilation seem to be an
adaptation for living in dry habitats of the forest, con-
trary to the expected conservative syndrome. Our findings
need to be confirmed by including a larger number of
species in this community. The functional differentiation
among seedlings of tree species suggests potential for
coexistence of species specialized to particular water habi-
tats in the forest. Intriguingly, the finding of a variety of
plant strategies to live within each habitat suggests that,
additionally, other mechanisms such as random demo-
graphic processes or dispersal limitation may contribute
to coexistence (Muller-Landau ez al. 2002; Hubbell 2005)
in this forest. Overall, in our study, the ecological conse-
quences of species functional differentiation detected
under controlled greenhouse conditions should be
assessed based on seedlings’ performance in both dry and
wet habitats.
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ABSTRACT

The mechanisms of drought resistance that allow plants to
successfully establish at different stages of secondary suc-
cession in tropical dry forests are not well understood. We
characterized mechanisms of drought resistance in early
and late-successional species and tested whether risk of
drought differs across sites at different successional stages,
and whether early and late-successional species differ in
resistance to experimentally imposed soil drought. The
microenvironment in early successional sites was warmer
and drier than in mature forest. Nevertheless, successional
groups did not differ in resistance to soil drought. Late-
successional species resisted drought through two indepen-
dent mechanisms: high resistance of xylem to embolism, or
reliance on high stem water storage capacity. High sapwood
water reserves delayed the effects of soil drying by tran-
siently decoupling plant and soil water status. Resistance to
soil drought resulted from the interplay between variations
in xylem vulnerability to embolism, reliance on sapwood
water reserves and leaf area reduction, leading to a tradeoff
of avoidance against tolerance of soil drought, along which
successional groups were not differentiated. Overall, our
data suggest that ranking species’ performance under soil
drought based solely on xylem resistance to embolism may
be misleading, especially for species with high sapwood
water storage capacity.

Key-words: drought avoidance; drought tolerance; evolu-
tionary trade-off; hydraulic architecture; secondary succes-
sion; soil drought; stem water storage capacity.

INTRODUCTION

Tropical landscapes in many areas of the world are a mosaic
of active agricultural lands, secondary woody vegetation
and patches of mature forest (Chazdon 2003). Dramatic
differences in the microenvironments experienced by early
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and late successional woody species raise questions con-
cerning the functional attributes that allow certain species
to establish and persist in the early secondary forest
patches. The strong gradients in conditions and resources
created during secondary succession offer a unique oppor-
tunity to explore physiological and ecological mechanisms
associated with adaptations of species to given environ-
ments while controlling for geographic locality. The conven-
tional wisdom derived from studies in wet regions is that
in recently opened habitats, fast-growing, light-demanding
species prosper and are filtered out as vegetation cover
develops, producing shadier habitats where shade-tolerant
species prevail (Bazzaz & Pickett 1980; Guariguata &
Ostertag 2001). However, it is less clear whether drought
risk changes during secondary succession and thus physi-
ological strategies for dealing with drought (Fetcher, Ober-
bauer & Strain 1985; Guariguata & Ostertag 2001; Vieira &
Scariot 2006). In recently abandoned agricultural lands
where soil properties are degraded (Ellingson et al. 2000),
elevated temperature and vapour pressure deficit (VPD)
(Camargo & Kapos 1995) and lower soil water holding
capacity are expected (Cotler & Ortega-Larrocea 2006),
but soil water availability may depend on the soil
evaporation/vegetation transpiration balance (Kapos 1989;
Marthews et al. 2008). The potential relevance of this gradi-
ent of drought risk along secondary succession in aban-
doned agricultural lands should be greater in tropical dry
regions with their low rainfall, high seasonality of rainfall
and slow vegetation recovery (Lebrija-Trejos et al. 2011).
Surprisingly, descriptions of environmental gradients along
secondary succession in the dry tropics are uncommon. One
report from Lebrija-Trejos et al. (2011) indicates that in a
region of tropical dry forest, the early successional stages
experience higher loads of direct radiation during the rainy
season, making the environment warmer, with lower air
humidity and reduced water content in the soil. These gra-
dients of drought risk could be exacerbated during the
onset of the dry season and by periods of short drought (of
several weeks duration) that commonly occur during
the rainy season (Garcia-Oliva, Ezcurra & Galicia 1991,
Paramo-Pérez 2009). Community studies in tropical dry

1



2 F. Pineda-Garcia et al.

forest regions suggest that dominant tree species and their
leaf and stem morphological traits change as secondary
succession progresses towards decreasing severity of tem-
perature and drought stress (Lebrija-Trejos et al. 2010,
Maza-Villalobos, Balvanera & Martinez-Ramos 2011).
Overall, these results suggest that the physiological mecha-
nisms contributing to growth and survival under drought
may be important determinants of species abundance and
composition at different stages of secondary succession
(Vieira & Scariot 2006).

Plants can maintain physiological functioning during
drought by two mechanisms: desiccation avoidance and
desiccation tolerance (Larcher 2003; Tyree et al. 2003). Des-
iccation avoidance involves traits that increase access to
water or reduce the water loss, such as deep roots, water
storage in stems and roots, stomatal restriction of transpi-
ration, and leaf shedding. Desiccation tolerance is attained
by traits that allow plants to function in spite of low soil and
plant water potentials. Previous studies have found that in
seasonal tropical forests, seedling survival under severe
drought is mostly determined by resistance of xylem to
embolism formation (Tyree et al. 2003), and that the degree
of embolism resistance varies widely among tropical tree
species (Brodribb et al. 2003; Choat et al. 2003; Tyree et al.
2003; Lopez et al. 2005; Markesteijn et al. 2010). A large
variation in speed of leaf shedding in response to drought
has been observed among species of seasonal tropical
forests (Bullock & Solis-Magallanes 1990; Borchert 1994,
Pineda-Garcia, Paz & Tinoco-Ojanguren 2011). However,
the extent to which this mechanism contributes to mainte-
nance of xylem hydraulic integrity and thus to interspecific
differences in the ability to withstand drought is still poorly
known (Engelbrecht & Kursar 2003; Slot & Poorter 2007;
Méndez-Alonzo et al. 2012). If maintaining xylem function
during drought periods is critical for seedling survival, we
might expect a tradeoff between xylem resistance to embo-
lism and the speed of leaf area reduction to avoid severe
hydraulic failure. Such a tradeoff has been suggested by
previous studies in tropical dry forests, but the evidence is
not conclusive (Sobrado 1993; Méndez-Alonzo et al. 2012,
but see Sobrado 1996; Markesteijn et al. 2010 for negative
evidence). The ambiguity concerning the role of leaf shed-
ding might be the result of not assessing leaf area reduction
as a continuous response to drought (Méndez-Alonzo et al.
2012) and instead basing comparisons on gross phenologi-
cal groups (i.e. evergreen versus deciduous). Overall, the
potential role of a tradeoff of xylem embolism resistance
against the sensitivity of leaf shedding in species habitat
partitioning along the gradients of drought risk that occur
during secondary succession in tropical dry forests, remains
to be explored.

Tree taxa with succulent stems are abundant in tropical
dry forests, suggesting that the capacity to store water in
sapwood might be of special importance as a drought avoid-
ance mechanism (Borchert 1994). For adult trees, sapwood
water storage has been linked with water demands for
reproduction and leaf flushing at the end of the dry
season (Reich & Borchert 1984; Borchert 1994; Chapotin,

Razanameharizaka & Holbrook 2005). Transient use of
water stored in stems of seasonal tropical forest trees has
also been shown to reduce daily fluctuations in
transpiration-induced tension that could generate xylem
embolism (Goldstein et al. 1998; Scholz et al. 2007, 2011;
Meinzer et al. 2008). By this mechanism, trees transiently
buffer daily fluctuations in plant water status and extend
carbon gain on a daily basis. The selective value of sapwood
water reserves in seedlings may be high because at this
stage of development, plant rooting depth and capacity to
explore the soil for water are limited, and plants are not
subject to selective pressures of water demands for repro-
duction. To date, the role of sapwood water storage in
allowing seedlings to withstand dry spells has not been
addressed. Finally, because high sapwood water storage
capacity appears to be positively correlated with xylem vul-
nerability to embolism among species (Scholz et al. 2011), it
is possible that stem water storage mediates a tradeoff
between resistance to embolism and its avoidance by
shedding leaves.

In the present study, we assessed responses of seedlings
of early and late successional species from the tropical dry
forest to a simulated short drought event, and explored
mechanisms responsible for variation in plant performance
among species and successional groups. We firstly charac-
terized key environmental variables along a gradient of
secondary succession in the field to test whether seedlings
are potentially exposed to higher risk of drought at early
successional stages. Secondly, using potted seedlings we
tested whether early and late successional species differed
in drought resistance, that is, whether at a given soil water
deficit their physiological function differed. Thirdly, by
monitoring loss of photosynthetic rate, leaf area and stem
conductivity, along with both soil and plant water deficits
for a range of species varying in maximum sapwood water
content, we were able to explore the interplay between
xylem resistance to embolism, leaf area loss and sapwood
water storage as mechanisms for coping with soil drought.
In particular we asked: (1) How do mechanisms of drought
tolerance and avoidance vary among successional groups
and species?; (2) How do physiological performance and
mechanisms for withstanding drought vary with stem water
storage capacity?; (3) What is the role of stem water storage
in response to short periods of soil drought?; (4) Are there
tradeoffs between drought resistance and avoidance strat-
egies in ensuring xylem safety?; and (5) Do early and late
successional groups differentiate along such a tradeoff?

METHODS
Study system

This study was conducted on greenhouse-grown seedlings
of 12 tree species common in the tropical dry forest of
Chamela, Jalisco, México, located at 19°30” N, 105°03” W on
the Pacific Coast. This plant community experiences a
markedly seasonal precipitation regime, with most of the
748 mm mean annual precipitation falling from July to

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment



Table 1. Study species representative of early and late
successional sites in the tropical dry forest of Chamela, Jalisco,
Mexico

Early successional Late successional

Mimosa arenosa
Senna atomaria
Piptadenia constricta
Caesalpinia eriostachys
Cordia eleagnoides
Gliricidia sepium

Caesalpinia coriaria
Lonchocarpus constrictus
Ipomea wolcottiana
Apoplanesia paniculata
Ceiba grandiflora

Ceiba aesculifolia

Note: Early successional species are those specialized a colonizing
early secondary sites, plus those species that successfully establish
in the early habitats but are also abundant at the late successional
stages. Late successional species are those species mostly restricted
from the late successional to old growth forests sites.

October (Lott, Bullock & Solis-Magallanes 1987). The
seasonality of water available for plants is exacerbated by
the predominance of shallow soils (1045 cm depth; Galicia
et al. 1999). The great majority of species at Chamela lose
their leaves in response to drought, remaining leafless
during 5 to 7 months, and flushing back at the onset of the
rainy season (Bullock & Solis-Magallanes 1990). Leaf shed-
ding and flushing events are also commonly observed in
response to episodic dry spells during the rainy season
(Paramo-Pérez 2009). The landscape around Chamela
consists of patches with mature intact forest, and patches
with different age of abandonment after human-related
activities, resulting in a mosaic of vegetation patches with
different ages of recovery. The vegetation across chronose-
quences ranging from 0 to 12 years after abandonment, as
well as the mature forest, have been censused during 6 years
in permanent plots (Maza-Villalobos et al. 2011; Ramos-
Lopez 2012). Based on this information, we selected 12 tree
species differing in their successional status to study perfor-
mance under drought and drought resistance strategies at
the seedling stage (Table 1). Because we were interested in
discerning traits that enable or impede establishment and
persistence in the early successional sites, we selected two
groups of six species each: (1) ‘early successional species’,
comprising specialists (pioneers) largely restricted to early
successional stages, plus generalists that appear during early
stages of succession, but also remain abundant across
different successional stages; and (2) ‘late successional
species’, comprising taxa that successfully establish in late
to old growth forest, but not in early sites.

Environmental variation along an axis of
vegetation recovery

A static picture of environmental gradients potentially
experienced by seedlings across early phases of secondary
succession and in the mature forest was obtained in the
lands surrounding Chamela during three clear-sky days
at the onset of the dry season. Physical variables, includ-
ing canopy openness, soil volumetric water content, air

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment
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temperature, relative humidity and soil temperature were
measured in eight plots differing in fallow age (0 years
fallow: recently abandoned pastures with no time of recov-
ery; early fallow: 3-5 years of recovery; and mid fallow: 8-12
years of recovery) and in two mature forest plots. These 10
plots belong to a larger permanent study that evaluates the
dynamic changes of vegetation along secondary succession
in the Chamela region (see Maza-Villalobos et al. 2011 for a
complete site and plot description). In each site, 12 to 33
sampling points were randomly selected. Percent canopy
openness was extracted from Maza-Villalobos et al. (2011).
Gravimetric water content of the upper 10 cm of soil was
obtained from ~100 mL soil cores sampled in the early
morning. Samples were first weighed fresh, then oven dried
for 5 d at 100 °C to determine gravimetric water content as:
(soil fresh mass — soil dry mass) / dry mass x 100. In each
plot, air temperature (to 0.1 °C) and relative humidity were
recorded at 20cm above the forest floor every 5 min
between 1200 and 1400 h using automated sensors and data
loggers (HOBO Prov2, Onset, Cape Cod, MA, USA). Tem-
perature and humidity data were used for calculating the
VPD (kPa). Temperature at the soil surface (to 0.1 °C) was
also measured every 5 min between 1200 and 1400 h using
an infrared thermometer (OS530HR, Omega, Stamford,
CT, USA). Because we were unable to place sensors in all
plots simultaneously, to control for the day-to-day variation
we grouped sites based on their age of abandonment so that
on each day we sampled three to four sites representing the
four stages of vegetation recovery described above. Using
this approach, the data collection was completed within 3 d.

Experimental procedures

We collected seeds of each of the 12 species from at least 10
individuals during the peak of fruit production. Early suc-
cessional species were collected from individuals growing in
the early fallow sites, while late successional species were
collected in late successional sites and in the mature forest
within the boundaries of Chamela Biological Station.
A greenhouse experiment was established to evaluate
responses of 1-year-old seedlings to progressive soil drought.
Seeds were placed in wet sand beds in a greenhouse for
germination. Fifteen days after the radicle emerged, when
the first pair of leaves was fully expanded, we randomly
chose 56 seedlings per species and transplanted them to ca.
6-1 (14 cm diameter x 40 cm tall) pots with basal drainage
(one seedling per pot) containing river sand. Initially, each
potreceived a dose of controlled-release fertilizer (14.61 g of
Multicote 8: 18N - 6P — 12K + 2MgO + ME; Haifa Chemi-
cals, Hayfa Bay, Israel). The pot position was assigned in a
randomized block design to statistically control for solar
radiation and temperature variation in the greenhouse.
Plants were grown for a 12-month period at low soil water
deficit (soil water potential between —0.05 and —0.22 MPa).
The average greenhouse conditions were: air temperature
21.5°C (48.0 to 7.6 °C), relative humidity 60% (85-41%)
and a daily average of photosynthetic photon flux (PPF) of
745 umol m~2s7! (max. 917 umol m2s™). At 12 months, six
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blocks, containing ~10 plants per species, were subjected to
progressive soil desiccation by cessation of watering, simu-
lating rates of decline in soil water potential (W) from —0.5
to =5 MPa in 27 d, a rate similar within the range of values
observed in the field in the Chamela region (Paramo-Pérez
2009).

Physiological and morphological traits prior to
imposition of drought

Before imposing a progressive drought treatment on
the greenhouse-grown seedlings, we measured leaf gas
exchange, stem hydraulic conductivity and stem water
content at full hydration. The initial photosynthetic capacity
(Aini; umol m s7') was measured in four seedlings of each
species. Measurements were made between 0800 and 1100 h
with a portable gas exchange system (Li-Cor 6400, Lincoln,
NE, USA) on two young, fully expanded leaves per seed-
ling. Air CO; concentration and PPF were maintained at
~400 ymol mol™ and at 1000 umol m~2s™!, respectively. We
measured the stem hydraulic conductivity in five seedlings
per species. For each plant, the stem was cut at the base
under water and immediately transported to the laboratory
where a second cut was made under water with a razor
blade to remove possible vessel obstructions. Stem sections
ranged between 10 and 14 cm long, and when present,
leaves were removed and scars were sealed with parafilm.
The stem section was connected to a reservoir containing a
degassed and filtered (0.2 um) 10 mm KCl solution provid-
ing a hydraulic head of ~3 kPa. With the stem section
attached to the reservoir and after a 15 min period of sta-
bilization, we quantified the water flow (mass per 10 s; g s™)
passing through the stem section. Three consecutive mea-
surements were taken to assure that water flow had reached
a steady state. The hydraulic conductivity (ki) was calcu-
lated as the ratio between the water flow (F) passing
through the stem section and the pressure gradient (dP/dx)
(Tyree & Ewers 1991). The total length and diameter of
each stem were measured to 0.01 mm. The stem-specific
hydraulic conductivity (k) sensu Tyree & Ewers (1991)
was then calculated as ko= (ki/xylem cross-sectional
area) x stem length. Sample collections and measurements
were made prior to dawn to obtain the maximum native
conductivity. Finally, we measured wood density (WD;
gcm™) in five individuals per species, following Pineda-
Garcia etal. (2011), and calculated saturated sapwood
water content (SWC) by applying the equation proposed by
Simpson (1993). The seedlings sacrificed for hydraulic mea-
surements were used to obtain total mass before drought
imposition. The mean mass of 12-month-old seedlings
ranged from 2.32 to 23.80 g, and in no case was the sand
matrix observed to contain a high root density, indicating
the likely absence of severe pot effects on availability of soil
resources for plant growth.

Monitoring of progressive soil drought

The time course of soil volumetric water content was con-
tinuously monitored for each experimental pot using a

theta probe soil moisture sensor -ML2x, and a HH2 reader
(Delta-T Devices, Cambridge, UK), inserted laterally to the
pot at 10 and 20 cm depth. Volumetric water content was
later converted to soil water potential using a soil water
release curve constructed with a dew point potentiometer
(WP4-T, Decagon Devices Inc., Pullman, WA, USA) for the
sand used as the growth medium.

Loss of photosynthetic capacity, leaf area,
plant water status and stem conductivity

Photosynthetic CO, assimilation rates were monitored on
26 randomly selected seedlings of each species during the
desiccation trial. The measurement protocol was the same
as that used prior to imposition of drought. Measurements
were done in young, fully developed healthy leaves, and
restricted to the remaining non-wilted leaves as wilting
progressed. The photosynthetic rate was transformed to
percentage loss (PLA) relative to the maximum value reg-
istered before the beginning of the experimental drought by
applying the formula: PLA =100 x ((Aini— A) / Aini). The
same group of plants was used for monitoring percent-
age loss of initial leaf area (PLLA) by applying
PLLA =100 % ((LAini — LA) / LA;y,). Percentage loss at any
census was visually assessed by comparing the living leaf
area to a photograph of the initial condition. The total
number of censuses of both variables ranged between 10
and 50, depending on the species. Plant water status and
stem hydraulic conductivity were monitored during the des-
iccation trial by collecting plants representing a wide range
of visible wilting conditions. Sample sizes ranged from 8 to
20 depending on the species. Each plant was collected at
predawn for measuring leaf water content, leaf water poten-
tial (L), and stem k. Before the hydraulic conductivity
determinations and to obtain leaf water content, one leaf
was excised and used to extract one disc of 1 cm? that was
immediately weighed and then oven dried for 42 h at 70 °C.
A second leaf or a distal shoot tip (depending on the
species) was then immediately excised and used for ¥
measurements using a pressure chamber. Finally, plants
were cut under water at the stem base and kept submerged
inside a black plastic bag for laboratory measurements of
stem k, a few minutes later. The main stem was recut under
water and used for measuring ks, following the procedures
described previously. Maximum conductivity (ksmax) of each
stem was then obtained after flushing out emboli by
applying a 100 kPa pressure head during 10 min, and
re-measuring water flow. Per each stem, we quantified
the percentage loss of hydraulic conductivity (PLC) as:
PLC =100 X ((ksmax — ks) / ksmax). We also tracked plant
water status in those seedlings used for monitoring photo-
synthesis and leaf area loss, by inferring water potential
from leaf water content. At every census, 1 cm? leaf disc was
collected between 0800 and 1100 h,immediately wrapped in
aluminium foil, bagged and a few minutes later processed
using the protocols previously described for obtaining leaf
water content. Leaf samples were always taken from the
least wilted tissues available in each plant. The data
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obtained by destructive sampling prior to stem hydraulic
conductivity determination were used to derive relation-
ships between leaf water potential and leaf water content
per species. Strong relationships detected between water
potential measured directly and water potential derived
from leaf disks (#*>0.67) allowed us to use minimally
destructive sampling to analyse loss of photosynthesis and
leaf area with plant water status.

Statistical analysis

Environmental conditions along a
successional gradient

Microenvironmental changes during secondary succession
were analysed by regressing mean values of soil and air
temperature, relative humidity, soil water content, and the
VPD against canopy openness. Special attention was given
to canopy openness as it is recognized that vegetation
development is the causal factor for changes in microenvi-
ronment during secondary succession (Guariguata & Oster-
tag 2001; Lebrija-Trejos et al. 2010, 2011). Also, we decided
to use canopy openness as an explanatory variable because
there was uncertainty in the determination of the time
elapsed since abandonment of each of the plots (Maza-
Villalobos et al. 2011).

Drought performance among species and
successional groups

Patterns of percentage loss of physiological performance
(PLA, PLLA and PLC) for each species during soil desic-
cation were analysed by plotting dependent variables
against soil water potential, and fitting a non-linear Weibull
four-parameter model. The Weibull model was used
because its flexibility allowed for properly fitting the differ-
ent shapes of the loss of physiological performance among
the species studied (Lopez et al. 2005). To characterize
species performance during soil desiccation, we derived
thresholds of ¥ at which plants lost 20% (Wioiro), 50%
(Weoirso) and 80% (Wiois0) of each of the three physiological
performance variables defined previously. Analogous
curves describing the loss of function were obtained by
taking the plant water potential as a reference. From these
curves, we derived thresholds of Wn at which species lost
20% ('f/plamzo), 50% (lflplamm) and 80% (lflplamgo), of phySI—
ological function. However, we were not able to derive Wi
and Wjian values for 80% loss of hydraulic conductivity for
Ceiba grandiflora because this species dropped all of its
leaves before reaching a higher level of hydraulic loss. The
hypothesis that early and late successional species differed
in their loss of function during drought was tested by #-test
using the threshold values of ¥ for 20, 50 and 80% loss of
photosynthetic capacity (PLA), leaf area (PLLA) and
hydraulic conductivity (PLC) as data points. Secondly, to
examine how mechanisms for maintaining physiological
function under drought varied among successional groups
and species, we compared early versus late successional
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species by using t-tests based on species-specific thresholds
of Wpian for PLA, PLC and PLLA. Finally, we assessed pat-
terns of coordination between loss of function in response
to soil water deficit, and in response to plant water deficit.
To do so, we calculated Pearson correlation coefficients
between Wi and Wy at 20, 50 and 80% loss of initial
photosynthesis, leaf area and stem conductivity. In this
analysis, a positive 1:1 correlation would indicate that plants
respond to soil desiccation as simple osmometers.

To address the role of sapwood water storage in species’
ability to avoid or tolerate soil drought, we firstly regressed
values of Wan and Wi at 20, 50 and 80% loss of photosyn-
thesis, leaf area and stem conductivity, against values of
stem water content at full hydration for each species.
Secondly, we calculated the difference between the plant
predawn water potential and the soil water potential
(Wpran— Psoit) at the three thresholds of loss of stem conduc-
tivity, as a measure of plant decoupling from soil desicca-
tion, and we regressed this variable against stem water
content at full hydration (soil and plant predawn values
were only obtained for PLC). Finally, to detect the existence
of a tradeoff between drought avoidance through leaf area
loss and xylem resistance to embolism, we performed
Pearson correlation analyses between PLLA and PLC at
20,50 and 80% loss when referenced to soil and plant water
potentials.

RESULTS

Environmental conditions along a
successional gradient

Recently abandoned sites exhibited higher soil and air tem-
perature, lower relative humidity and higher VPD, which
changed monotonically with canopy closure (Fig. 1la—d,
respectively) as expected. The soil water content decreased
exponentially with increasing canopy openness, reaching an
asymptote at about 30% canopy openness (Fig. le).

Drought performance among species and
successional groups

For all species the photosynthetic rate, leaf area and stem
specific conductivity decreased during soil drying, following
non-linear trends that varied widely in shape among species
(Supporting Information Fig. S1). Of the three functional
traits evaluated, the photosynthetic rate was the most sen-
sitive to soil drought, whereas the stem hydraulic conduc-
tivity was affected only at much more negative water
potentials (Fig. 2a—c). For example, the 12 species lost 50%
of their initial photosynthetic rate at a relatively high mean
soil water potential of —0.58 MPa (Fig. 2a), whereas 50%
loss of hydraulic conductivity occurred at a mean ¥ of
—4.86 MPa (Fig. 2¢). Soil water potential at 20, 50 and 80%
loss of hydraulic conductivity exhibited the greatest varia-
tion among species, with ¥ at 50 PLC ranging from
—1.64 MPa in Cordia eleagnoides to —7.0 MPa in Ipomea
wolcottiana (Fig. 2c). However, early and late successional
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Figure 1. Environmental variation along a gradient of canopy openness in early successional and mature forest plots with different
disturbance histories in a tropical dry forest region in Chamela, Jalisco, Mexico. (a) soil temperature; (b) air temperature; (c) relative
humidity; (d) vapour pressure deficit; and (e) soil water content. Symbols: (¥) 0 years fallow: recently abandoned pastures; (+) early fallow:
3-5 years after abandonment; (Y) mid fallow: 8-12 years after abandonment; (A) mature forest. Standard error bars are shown.

species did not differ significantly with respect to values of
Ysoi corresponding to 20, 50 and 80% loss of photosynthetic
rate, leaf area and stem hydraulic conductivity (data not
shown; Fig. 2a—c).

Three patterns arose when evaluating functional
response to drought in relation to plant water potential.

Firstly, as with ¥, there was high variation among species
in the Wpun at which the loss of functions occurred (Sup-
porting Information Fig. S2), with loss of photosynthetic
activity occurring most rapidly and showing the least vari-
ability across species, and stem conductivity showing the
opposite pattern (Fig. 2d—f). Secondly, losses of function in

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment
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Figure 2. Trajectories of loss of plant function in relation to soil and plant water deficit during a progressive soil drought event for
seedlings of 12 tropical dry forest tree species. Data points represent soil and plant water potential values (¥soii, Ppiant) at 20, 50 and 80%
loss of photosynthetic rate (PLA) (a and d), leaf area (PLLA) (b and e) and stem hydraulic conductivity (PLC) (c and f). Closed symbols
indicate late successional species and open symbols represent early successional species. Caesalpinia eriostachys O, Cordia eleagnoides <,
Gliricidia sepium A, Senna atomaria [J, Piptadenia constricta &, Mimosa arenosa O, Apoplanesia paniculata ®, Caesalpinia coriaria m,
Ceiba aesculifolia @, Ceiba grandiflora A, Ipomea wolcottiana B, Lonchocarpus constrictus ®. ¥ values at 80 PLC for A C. grandiflora

were not obtained (see Methods section).

relation to drought followed different trajectories when
expressed in relation to W, resulting in changes in the
rankings of species according to their apparent sensi-
tivities to drought (Fig. 2d—f). This was indicated by the
lack of significant correlation between values of W, and
Yoi at which given losses of function occurred (P > 0.08
for all correlations). Thirdly, unlike results based on ¥,

successional groups did differ in sensitivity to changes
in Yun in particular regarding photosynthesis and
marginally in loss of leaf area, but not in loss of stem
conductivity (Table 2). Early successional species lost 50
and 80% of photosynthesis and leaf area at more negative
plant water potentials, than did late successional species
(Fig. 2d).

Late successional Early successional

Table 2. Thresholds of plant water
potential () for 20, 50 and 80% loss of

species species prest photosynthetic rate (PLA), leaf area
Trait Mean¥ + SE Mean¥ + SE t P (PLLA) and stem hydraulic conductivity
(PLC) for seedlings of early and late
PLA Phiant 20 —0.89 £ 0.18 -152£023 —212 0.06  Gyccessional tropical dry forest species
PLA Wptant 50 -1.06 = 0.21 —2.22 = 0.39 -2.61 0.03
PLA Wylant 0 -1.25 £ 0.25 -3.13 = 0.64 -2.75 0.02
PLLA YWpjant 20 —2.74 = 0.65 —4.76 = 0.70 —2.12 0.06
PLLA Ypant 50 -3.27 £0.87 -5.55 = 0.55 -2.22 >0.05
PLLA Wpjant s0 -3.74 = 1.07 —6.27 = 0.46 —2.18 >0.05
PLC Ypant 20 -323 £1.02 —4.00 = 1.45 —0.43 0.68
PLC Wtant 50 —-4.11 £1.03 =572 = 1.09 -1.08 0.31
PLC Wtant 80 =513+ 1.19 -7.53 = 0.71 -1.80 0.11

Note: All tests considered 12 species, except PLCgy, where n =11 (see Methods section).

Significant differences are shown in bold (P = 0.05).
© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment
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Table 3. Relationships between stem water storage capacity and
threshold values of soil and plant ¥ for 20, 50 and 80% loss of
photosynthetic rate (PLA), leaf area (PLLA) and stem hydraulic
conductivity (PLC), during progressive soil drought

r P
Soil water potential PLA Y 2 0.13 0.25
PLA i 50 0.12 0.26
PLA ¥ 0 0.02 0.68
PLLA ¥ 20 0.59 0.003
PLLA ¥ so 0.37 0.04
PLLA Y 50 0.05 0.49
PLC il 20 0.01 0.71
PLC Wi 50 0.05 0.45
PLC Y¥i s0 0.13 0.27
Plant water potential PLA Yiant 20 0.46 0.01
PLA lIlplant 50 0.32 0.05
PLA Wpjant 50 0.25 0.10
PLLA Ptant 20 0.39 0.03
PLLA l}Iplam 50 0.50 0.01
PLLA ¥iani s0 0.56 0.005
PLC tlyp]am 20 0.35 0.04
PLC Ypanc 50 0.62 0.002
PLC llyplanl 80 0.60 0.003

Note: All tests considered 12 species, except PLCg, where n =11
(see Methods section).

Regression summary statistics are shown. Significant differences
are shown in bold (P = 0.05).

Correlates of maximum water storage capacity

Saturated sapwood water storage content (SWC) of species
was positively related to the plant¥ at which 20, 50 or 80%
loss of performance (PLA, PLLA and PLC) occurred
(Table 3, Fig. 3). In contrast, these correlations tended to
weaken or disappear when performance was related to soil
Y. On the other hand, SWC was positively associated with
our measure of the degree of decoupling between plant and
s0il (Wpiant — WPeoit)- Species with a high SWC were able to
maintain their ¥ above that of the soil during drought
(Fig. 4). In contrast, the ¥ of the species with the lowest
stem SWC remained below that of the soil during the entire
drying cycle. As the soil drought intensified only the species
with the highest stem, water storage capacity maintained
plant water potential above that of the highly desiccated
soil (Fig. 4b,c).

Drought resistance and avoidance through
reduction of leaf area

There were significant positive correlations between thresh-
olds of Wpan and W for leaf area loss (avoidance) and the
corresponding thresholds for loss of stem hydraulic conduc-
tivity (resistance). However, these trends were significant
only at elevated levels of water stress (80% loss of plant
function, Fig. 5a). Thus, species that lost 80% of initial
stem conductivity at high water potentials also lost 80% of
initial leaf area at high water potentials when considering
both soil and plant water status (Fig.5). Early and late

successional species were not clearly separated along rela-
tionships between PLLA and PLC neither at the soil nor at
the plant water status level.

DISCUSSION

Early successional sites are drier and warmer
both above and below ground, compared with
mature forest sites

As expected, our results suggest that secondary succession
in tropical dry forests imposes a gradient of drought risk
for seedlings, which peaks at the early stages and dramati-
cally decreases with canopy development. Concurrent
reductions in VPD and air temperature, and increases in
soil water content with increasing canopy cover, suggest
that such a gradient of drought risk occurs both above and
below ground, likely because a reduction of initial high
radiation loads and consequent evaporative water losses
from the upper soil layers decline as the canopy develops.
Our findings agree with those of previous studies report-
ing that during the onset of the dry season, superficial soil
water content increases and VPD and air temperature
decrease with seral stage development in other tropical
dry forests (Hasselquist, Allen & Santiago 2010; Lebrija-
Trejos et al. 2011). Together, these results suggest firstly
that drought episodes during the rainy season may be
stronger and or longer in early successional sites than in
mature forest sites. Secondly, the ways plants use water
and respond to droughts may be important sources of
species habitat partitioning, particularly for the early
stages of plant development.

High variation in physiological performance
among tropical dry forest species during
periods of drought

In tropical dry forests, plants are subject to drought both
due to seasonality of rainfall and to the occurrence of
drought spells during the rainy season (Garcia-Oliva et al.
1991; Paramo-Pérez 2009). Under this scenario, species
success may largely be determined firstly by the ability of
plants to continue growing particularly during drought
periods, and secondly by avoiding hydraulic failure and thus
death. Finally, successful species would be the ones that are
preconditioned for rapid recovery of growth when drought
ends (Sobrado 1993; Pineda-Garcia et al. 2011). Our results
suggest that tropical dry forest species vary widely in their
capacity to maintain function during soil droughts. The
amplitude of variation in drought performance depended
upon the physiological response and the level of soil
drought being considered. In our study, the wide variation
among species in trajectories for loss of stem conductivity
across all levels of ¥ suggests that species’ ability to main-
tain the hydraulic capacity of stems may be a major axis of
species differentiation in response to soil drought in tropi-
cal dry forests. In contrast, the rapid decline in photosyn-
thetic rates and loss of leaf area during the early stages of

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment
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Figure 3. Relationships between maximum sapwood water content (SWC) and soil and plant water potentials (Pioii, Pprant) at 50% loss
of photosynthetic rate (PLA) (a and d), leaf area (PLLA) (b and e) and stem hydraulic conductivity (PLC) (c and f) among seedlings of
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drought seem to be generalized responses among the
species studied. In principle, these results can be expected
among species belonging to a drought-deciduous commu-
nity. However, this pattern did not persist at later stages of
soil drought when species varied widely in their ability to
retain 20% of their leaf area. Because the remaining leaves
had negligible rates of net photosynthesis at the highest
levels of soil drought, the functional significance of
retaining a larger fraction of leaves may not be related to
maintenance of growth during drought, but rather to main-
taining the potential for a fast recovery when drought ends.
This potential advantage may be especially important when
responding to repeated short droughts occurring during the
rainy season. In tropical seasonal forests, drought spells are
pervasive events (Borchert, Rivera & Hagnauer 2002; Pefia

& Douglas 2002; Ichie ef al. 2004; Engelbrecht et al. 2006;
Paramo-Pérez 2009), which in Chamela can last between 7
and 30d, reducing soil water content to as low as 3%
(Garcfa-Oliva et al. 1991; Paramo-Pérez 2009).

Early and late successional species did not
differ in resistance to soil drought

Opverall, our results suggest that the successional groups
did not differ in terms of resistance to soil drought; rather,
a large variation in all responses was clear within each
group, particularly for the early successional species.
Species capable of establishing during early successional
stages maintained 20% of hydraulic conductivity and leaf
area at low, intermediate or high levels of soil drought, as
was the case with C. eleagnoides, Mimosa arenosa and
Caesalpinia eriostachys, respectively. The ability of the
species that were more sensitive to soil drought to suc-
cessfully establish in the drought-prone early-successional
habitats seems puzzling.

One potential explanation is that seedlings of these
species may escape from the microenvironment very early
during drought periods, either by rapidly accessing deeper
root soil zones after they emerged or by rapidly reducing
leaf area and thus water loss. The lack of soil moisture
data at greater depths in Chamela prevents us from deter-
mining whether the detected differences in soil water
content at 10 cm between early successional and late suc-
cessional forest, persist with soil depth. Overall, the impor-
tance of rapid root elongation to seedling success in the
early secondary sites remains to be elucidated. Escaping
from soil drought through leaf shedding may be an impor-
tant adaptation for species with xylem that is highly vul-
nerable to cavitation (Sobrado 1993; Holbrook, Whitbeck
& Mooney 1995; Choat et al. 2005), particularly if plants
are restricted to using water from shallow soil layers
(Jackson et al. 1995; Meinzer et al. 1999), as is the case for
seedlings. In our system, the faster loss of leaf area and
stem conductivity among some early successional species
at elevated levels of soil drought suggests that rapid
drought escape through leaf area reduction is a strategy
for preventing massive hydraulic failure, allowing survival
during prolonged droughts in the first seral stages of the
secondary succession. This seems to be the case for early
successional specialists such as M. arenosa and Senna
attomaria. In Chamela, a negative correlation between
vegetation leaf litter production and rainfall in early sec-
ondary plots (Arreola-Villa 2012) is consistent with this
idea, though this hypothesis remains to be tested experi-
mentally. Future comparative studies evaluating plant
performance and survival in relation to speed of leaf shed-
ding during drought in sites undergoing secondary succes-
sion may resolve this question. On the other hand, our
data suggest that high resistance to soil drought based on
high resistance of xylem to embolism may be common
among generalist species capable of establishing them-
selves during early stages of secondary succession. Such is
the case with C. eriostachys and Piptadenia constricta.

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment



The inclusion of a larger number of species, as well as
more detailed understanding of species distributions and
ecology, may be necessary to determine the extent to
which successional groups differ in their physiological
resistance to soil drought.

Sapwood water storage decouples plant and
soil water status, allowing species with
contrasting physiological tolerances to perform
similarly at a given level of soil water deficit

The joint analysis of species’ responses to water deficit at
both the soil and plant level revealed a poor correspon-
dence, suggesting that inherent tolerances of tissues (xylem
or leaf) to dehydration are insufficient to explain species
rankings according to their ability to maintain physiological
functions during soil drying. This was indicated by the lack
of significant correlations between thresholds of plant and
soil water potentials for losses of stem conductivity, leaf
area and photosynthetic activity.

In addition, our data suggest that more than one physi-
ological trait was responsible for maintaining a given level
of performance as the soil dried. In particular, the relation-
ships involving maximum stem water storage suggest that
this variable played an important role in decoupling plant
water status from soil water status, allowing those species
with more vulnerable xylem to maintain function at higher
levels of soil desiccation. Species with higher water storage
capacity were more vulnerable to xylem embolism and lost
leaf area and photosynthetic activity more rapidly as
drought intensified. A positive association between xylem
capacitance and vulnerability to embolism has been noted
in numerous woody species representative of a broad range
of communities (Meinzer et al. 2008, 2009; Scholz et al.
2011), including the tropical dry forest (Méndez-Alonzo
etal. 2012). This pattern may result from physical con-
straints on xylem structure—function relationships. In a
given xylem volume, more space for storing water may
imply a reduction of mass invested in xylem structural rein-
forcements that contribute to embolism and implosion
resistance (Jacobsen et al. 2005; Pratt et al. 2007). On the
other hand, the rapid loss of photosynthesis and leaf area
with increasing plant water deficit observed among species
with high internal water storage capacity may be a mecha-
nism to reduce water loss and delay the occurrence of
massive hydraulic failure (Brodribb & Holbrook 2003;
Bucci et al. 2005). Contrary to our predictions, species such
as Ceiba aesculifolia, Ceiba grandiflora and Ipomea wolcot-
tiana with high sapwood water storage capacity and thus
with highly vulnerable xylem were less responsive to pro-
gressive soil drought than some species with greater resis-
tance to embolism. This result suggests that even in small
plants with low absolute water storage capacity, water
storage can facilitate decoupling of plant water status from
that of the soil. The potential buffering role of water storage
during prolonged soil drought was confirmed by the rela-
tionship between the wood saturated water content and the
disequilibrium between plant and soil water potential

© 2012 Blackwell Publishing Ltd, Plant, Cell and Environment
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observed even at higher levels of water stress. In other
words, species with greater stem water storage capacity
were able to maintain their water potential above soil as
drought intensified. Previous studies in tropical seasonal
communities have recognized the sapwood as a transitory
water source to extend daily carbon gain and to dampen
fluctuations in xylem tension that could potentially produce
runaway embolism (Stratton, Goldstein & Meinzer 2000;
Scholz et al. 2007, 2011; Meinzer et al. 2008), but there is a
relative scarcity of data on the specific role of stem water
storage in allowing woody plants to survive droughts that
run for weeks. This role may be especially important for
seedlings with a limited capacity for soil exploration, thus
relying on their water reserves during prolonged drought.
For the tropical dry forest species studied here, the mainte-
nance of physiological function under soil drought
appeared to result either from having xylem with low vul-
nerability to embolism, or from having xylem with high
capacity to store water. The decoupling between plant and
soil water status by reliance on stored water may explain
why early and late successional species differ in terms of
their mean tolerance of plant water deficits, but did not
differ in tolerance of soil drought. Previous evidence from
tropical dry forest trees shows that among adult trees, water
stored in stems is mostly used for reproduction and leaf
flushing at the end of the dry season (Reich & Borchert
1984; Borchert 1994; Chapotin et al. 2005). A shift in the role
of sapwood water storage with ontogeny is a hypothesis
that remains to be tested.

Overall, our results suggest that ranking species accord-
ing to their expected performance under soil drought solely
on the basis of xylem resistance to embolism may be mis-
leading, especially for those species with high capacity to
store water in their stems.

Responses of tropical dry forest species to
severe soil drought are segregated along an
axis of resistance to avoidance

Maintaining xylem capacity to supply water during intense
drought has been proposed as a key strategy related to
survival of individuals because disruption of xylem water
transport is likely to result in massive tissue death by dehy-
dration (Tyree etal. 2003). Repeated measurements of
physiological responses to progressive soil drought sug-
gested that a tradeoff between the capacity to maintain
xylem functionality at low soil water potentials and avoid-
ance of soil drought existed among the tropical dry forest
species studied. This tradeoff, which constrained species’
behaviour during severe drought periods, was expressed in
two different ways. Firstly and most obvious, there was a
negative association between xylem resistance to embolism
and the speed of leaf area loss to reduce transpiration as a
means of delaying the onset of severe plant water deficits.
This was indicated by a strong positive correlation between
PLC and PLLA detected only at high levels of plant water
deficit. Species with vulnerable xylem tended to exhibit a
more pronounced drought avoidance behaviour. Secondly,
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as previously discussed, under conditions of severe soil
drought, species with vulnerable xylem relied on stem water
storage to decouple plant water status from that of the soil,
thereby delaying the onset of tension-induced xylem embo-
lism. In other words, our results suggest that two mecha-
nisms of avoidance, leaf loss and use of stored water, are
traded off against xylem resistance to embolism, resulting
in a continuum of plant strategies for coping with soil
drought. The lack of a clear segregation of ecological groups
along the resistance versus avoidance tradeoff in our study
(Fig. 5, top) suggests that more than one physiological
mechanism may enable seedlings to prevail against soil
drought in open early and late successional forest habitats.
It is important to note that while drought-resistant species
with both high and low vulnerability to cavitation coexist
across successional habitats, those species with large
sapwood water storage capacity do not seem to be preva-
lent in the early successional forest. This observation is
consistent with extensive field surveys (Maza-Villalobos
2012; Ramos-Lopez 2012). However, it remains to be inves-
tigated whether an avoidance strategy involving water
storage is specifically selected against in open early succes-
sional forest areas.
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Figure S1. Functional responses of tropical dry forest tree
seedlings during an experimental soil drought: (a) percent-
age loss of photosynthetic rate; (b) percentage loss of leaf



14 F. Pineda-Garcia et al.

area; and (c) percentage loss of stem hydraulic conductivity
as a function of soil water potential. Vertical line represents
the soil water potential at which 80% of the function was lost.
Closed symbols indicate late successional species and open
symbols represent early successional species. Caesalpinia
eriostachys O, Cordia eleagnoides <, Gliricidia sepium A,
Senna atomaria [, Piptadenia constricta &=, Mimosa arenosa
O, Apoplanesia paniculata ®, Caesalpinia coriaria m, Ceiba
aesculifolia @, Ceiba grandiflora A, Ipomea wolcottiana M,
Lonchocarpus constrictus ».

Figure S2. Functional responses of tropical dry forest tree
seedlings during an experimental soil drought: (a) percent-
age loss of photosynthetic rate; (b) percentage loss of
leaf area; and (c) percentage loss of stem hydraulic
conductivity as a function of plant water potential.

Vertical line represents the plant water potential at which
80% of the function was lost. Closed symbols indicate late
successional species and open symbols represent early
successional species. Caesalpinia eriostachys [, Cordia
eleagnoides <, Gliricidia sepium /A, Senna atomaria [J,
Piptadenia constricta =, Mimosa arenosa O, Apoplanesia
paniculata ®, Caesalpinia coriaria m, Ceiba aesculifolia @,
Ceiba grandiflora A, Ipomea wolcottiana B, Lonchocarpus
constrictus ».

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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CAPITULO IV

ESTRATEGIAS DE USO DE AGUA EN LA SUCESION
SECUNDARIA DEL BOSQUE TROPICAL SECO:
DIFERENCIACION A LO LARGO DE LA
DISYUNTIVA ENTRE EXPLOTACION DE AGUA Y
TOLERANCIA A LA SEQUIA EN PLANTAS
LENOSAS.

Pineda-Garcia F., Paz H, Meinzer F.C., Angeles G. & Salinas-Estrada H.
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Resumen

A lo largo de la sucesion secundaria de los bosques tropicales secos se generan gradientes
de riesgo de sequia para las plantas. Se ha propuesto que las especies tempranas y tardias
de la sucesion difieren en su estrategia de uso del agua, y se considera que ésta es guiada
por la disyuntiva funcional entre la tolerancia al estrés hidrico y la capacidad de explotacién
de recursos. En el presente estudio se caracterizo a través de atributos fisioldgicos, por un
lado, la tolerancia fisioldgica al estrés de las especies durante una sequia experimental del
suelo y, por otro lado, su capacidad de explotacion de recursos en una situacion sin
limitacion de agua en el suelo, para probar si la disyuntiva guia la diferenciacion funcional
entre las especies tempranas y tardias de la sucesion. Se detecté evidencia a favor de la
disyuntiva funcional; en particular especies con una estrategia de alta capacidad de
explotacién de recursos tuvieron altas tasas de conductividad hidraulica y de crecimiento, a
su vez tuvieron baja tolerancia al déficit hidrico de la planta. Adem3s esta estrategia estuvo
asociada con vasos del xilema de mayor diametro y gran capacidad de almacenamiento de
agua en tallo y hojas. En contraste, las especies con alta tolerancia, mantienen sus
funciones fisiolégicas a niveles elevados de déficit hidrico de la planta, lo cual estuvo
asociado a tejidos densos, tanto en sus hojas, como en el tallo y raices. En conclusion, la
disyuntiva tolerancia al estrés — explotacidn de recursos opera en el bosque tropical seco,

no obstante, las especies tempranas y tardias no difieren en su posicién a lo largo de ésta.
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Introduccion

La capacidad de explotar recursos cambia entre las plantas, se considera que esto les
permite distribuirse de forma diferencial a lo largo de gradientes de disponibilidad de
recursos. (Grime 2001). Esta capacidad esta fuertemente determinada por el tipo de
atributos morfoldgicos y fisioldgicos que tienen las plantas (Lambers et al. 2006). La tasa
relativa de crecimiento es un atributo que ha sido recurrentemente utilizado, ya que es la
expresion de un conjunto de caracteristicas fisiologicas que finalmente determinan la
adquisicion de recursos, ademas tiene una alta importancia en la ecologia de las especies
(Grime & Hunt 1975). En general, especies con alta capacidad de explotar recursos tienen
altas tasas de crecimiento y de captura de carbono, y despliegan una mayor superficie
foliar, lo que les permite ganar espacio en el dosel en un menor tiempo, y ser
competitivamente superiores que otras especies (Grime & Hunt 1975; Aerts 1999; Grime
2001). Por otro lado, especies con baja demanda energética, conservan los recursos
ganados ya que no los incorporan al desarrollo de nuevas estructuras, y generalmente
tienen bajas tasas de crecimiento y de captura de carbono, y tejidos densos (Grime & Hunt
1975; Aerts 1999; Grime 2001; Freschet et al. 2010). Ademas se considera que éstas
toleran y sobreviviven bajo escenarios de limitacién de recursos (Grime 2001), lo cual ha
sido probado entre las especies tolerantes a la sombra que viven en ambientes con poca
luz (Grime 1977; Valladares & Niinemets 2008) y entre las tolerantes a bajos niveles de
nutrientes en el suelo (Aerts 1999). Sin embargo, aun existe poca evidencia de si las
especies que resisten la sequia del suelo, son poco demandantes de recursos, en especial el

agua.

Por otro lado, debido a que las plantas tienen un presupuesto energético finito, es
poco probable encontrar en una misma especie una gran capacidad de explotar recursos y
a su vez que ésta pueda tolerar y sobrevivir bajo escenarios de limitacion de recursos (Aerts
1999; Freschet et al. 2010). Por lo tanto, es esperable que la disyuntiva funcional entre la
capacidad de adquirir recursos y tolerar la limitacion de recursos guie la diferenciacién

funcional de las especies, ademas de su distribucidn en el paisaje. En particular, a lo largo
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de la sucesion secundaria en los bosques hiumedos, donde el recurso que mas fuertemente
cambia es la luz (Bazzaz & Pickett 1980; Guariguata & Ostertag 2001), se ha detectado
evidencia a favor de esta disyuntiva (Bazzaz & Pickett 1980). En esta comunidad las
primeras etapas de la sucesion secundaria se caracterizan por una mayor disponibilidad de
luz y en ellas abundan las especies que tienen una alta capacidad para ganar carbonoy
crecer (Grime 1977; 2001; Bazzaz & Pickett 1980;). En cambio, en el bosque maduro,
debido a un dosel bien desarrollado, la luz es muy escasa y en estos sitos son mas
frecuentes las especies con poca demanda de recursos y que toleran la limitacion de luz
(Grime 1977; 2001; Bazzaz & Pickett 1980; Valladares & Niinemets 2008). Para el caso del
bosque tropical seco, con una marcada estacionalidad en el régimen de precipitacion (Lott
et al. 1987; Garcia-Oliva et al. 1991), el gradiente de disponibilidad de recursos en la
sucesion es distinto, ya que el agua en el suelo es lo que mas fuertemente varia. En
particular, las etapas tempranas, a diferencia del bosque maduro, ofrecen un ambiente con
una menor disponibilidad de agua en el suelo durante la época de lluvias (Hasselquist et al.
2010; Lebrija-Trejos et al. 2010; Pineda-Garcia et al. 2012). Se ha predicho que sélo
especies con una alta capacidad de tolerar la sequia podrian sobrevivir bajo estas
condiciones (Vieira & Scariot 2006), esto sugiere fuertemente que la disyuntiva entre la
capacidad de explotar el agua y tolerar estaria guiando la diferenciacion de las especies
dentro del gradiente sucesional en el bosque tropical seco. Sin embargo, se ha detectado
que las especies de las primeras etapas en comparacién con las de bosque maduro, tienen
una mayor capacidad de fijacion de carbono y de conduccidn de agua en el tallo, asi como
mecanismos en las hojas que contribuyen al mantenimiento del estatus hidrico de la planta
y evitar el sobrecalentamiento (Lebrija-Trejos et al. 2010; Markesteijn et al. 2011; Alvarez-
Afiorve et al. 2012). En contraste Pineda-Garcia et al. (2012) no detectaron diferencias en la

resistencia a la sequia del suelo entre las especies de etapas tempranas y tardias.

En estudios previos se ha caracterizado la capacidad de las especies de adquirir
agua y de tolerar la sequia con atributos medidos sélo en condiciones ideales, es decir, sin

limitacién de agua en el suelo, y son pocos los estudios donde se explora de forma
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combinada la respuesta fisioldgica en condiciones dptimas y durante la sequia (Engelbrecht
& Kursar 2003; Tyree et al. 2003; Slot & Poorter 2007). Por lo tanto, aun se desconoce la
capacidad para adquirir recursos en condiciones ideales que tienen las especies que son
fisioldgicamente tolerantes. Al mismo tiempo generalmente la tolerancia no se evaltua de
manera integrada en toda la planta y tampoco durante escenarios de sequia del suelo. Por
lo tanto, la caracterizacion se ha basado en un Unico atributo que ademas es cuantificado
en un segmento de la planta p. ej. ramas. Una critica a esta estrategia metodoldgica es que
las distintas partes de la planta pueden diferir en su velocidad de respuesta o no
responder de la misma forma (Meizner et al. 2010). Por ejemplo, en el bosque tropical
seco, ademas de la tolerancia del xilema a la cavitacidn, se encontrd que la capacidad de
almacenar agua en el tallo permite a las plantas mantener el estatus hidrico a pesar de la
desecacion del suelo, y ambos mecanismos de resistencia a la sequia estuvieron
relacionados con la velocidad de pérdida de las hojas (Pineda-Garcia et al. 2012). Por lo
tanto, definir la estrategia funcional con un solo atributo pudiera dar una perspectiva
parcial de como las plantas usan los distintos niveles de recursos. Por otro lado, existe
evidencia de que ciertos atributos anatémicos del xilema estan relacionados con la
vulnerabilidad a la cavitacién y la capacidad de conduccién de agua (Hacke et al. 2001;
Jacobsen et al. 2007; Markestijn et al. 2010; Mendez-Alonzo et al. 2012), pero aun es poco
conocido que atributos morfoldgicos estan relacionados con otras respuestas fisiologicas
durante la sequia del suelo, como lo es la fotosintesis y la caducidad de las hojas.
Finalmente, la adquisicidon y movilidad de los recursos en toda la planta depende en gran
medida del grado de coordinacion entre sus distintos drganos y tejidos, es decir, si la
misma capacidad se comparte entre los distintos componentes (Reich et al. 1998;
Eissenstat et al. 2000; Wright et al. 2006). No obstante, se desconoce cdmo ocurre esta

coordinacion entre las especies del bosque tropical seco.

En el presente estudio mediante la comparacion de la respuesta fisioldgica durante
sequia progresiva del suelo y sin limitacién de agua, se probd si la disyuntiva funcional

entre la capacidad de explotar recursos y la capacidad de tolerar estrés hidrico guia la
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diferenciacién de las especies de la sucesion secundaria del bosque tropical seco. Ademas
se explord que atributos morfoldgicos se correlacionan con su respuesta fisiolégica. En
particular se exploraron las siguientes preguntas: i) éLa disyuntiva explotar-tolerar se
expresa entre especies del bosque tropical seco? ii) élas especies tempranas y tardias de la
sucesion secundaria se diferencian en su estrategia a lo largo de la disyuntiva?, iii) ¢ Cuales
son los atributos morfoldgicos que se relacionan con la respuesta fisiolégica de las

especies?
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Materiales y métodos

Sistema de estudio

El estudio se realizd con plantulas de arboles comunes a la sucesidon secundaria en el
bosque tropical seco de la regidon de Chamela, Jalisco, México, localizado a 19°30' N,
105°03’ W de la Costa del Pacifico. En esta comunidad vegetal se registra un promedio de
748 mm de precipitacion que se concentran de Julio a Octubre, en el resto del afio se
presenta un periodo de sequia. (Lott et al. 1987).En Chamela un gran porcentaje de las
especies tiran sus hojas como respuesta a la sequia estacional y permanecen sin hojas
durante los ocho meses que dura el periodo de sequia y vuelven a rebrotar con el
comienzo de la siguiente temporada de lluvias (Bullock & Solis-Magallanes 1990). Ademas
durante la época de lluvias frecuentemente ocurren periodos cortos de sequia y en
respuesta se ha detectado que los arboles tiran sus hojas y ademas rebrotan cuando los
niveles de agua en el suelo se restablecen (Paramo-Pérez 2009). Por otro lado, el paisaje de
los alrededores de Chamela esta constituido por parches de bosque maduro sin algun
manejo y parches de vegetacidn con un tiempo distinto de recuperacion de la vegetacion.
La vegetacion a lo largo de cronosecuencias que van de los 0 a los 12 afios de abandono y
en el bosque maduro, han sido censadas durante mas de seis afios en parcelas

permanentes (Maza-Villalobos et al. 2011; Ramos-Lépez 2012).

Tomando en cuenta la informacién generada por los censos de vegetacion se
seleccionaron 12 especies de arboles que difieren en su distribucion a lo largo de la
sucesidn secundaria para estudiar como se relaciona la tolerancia de las especies a la
sequia experimental del suelo con la estrategia de uso de recursos y si la diferenciacién de
las especies estd dada por la disyuntiva funcional explotacién de recursos vs tolerancia al
estrés. Debido a que un interés central de la investigacidon fue explorar como cambia la
estrategia funcional de las especies a lo largo del gradiente de sucesién secundaria se
seleccionaron dos grupos constituidos cada uno por seis especies: i) “especies tempranas”
en la sucesion, comprende a las especies especialistas o pioneras que su distribuciéon se
limita a las primeras etapas de la sucesion secundaria, ademas este grupo incluye a las
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especies que son abundantes a lo largo de las distintas etapas de la sucesion, y ii) “especies
tardias” en la sucesién, comprende a las especies que se establecen exitosamente en las
ultimas etapas de la sucesidn secundaria y en el bosque maduro, pero no se ubican en las

etapas tempranas (Tabla 1).

Tabla 1. Especies pertenecientes a las etapas tempranas y a las etapas tardias de la
sucesion secundaria del bosque tropical seco de la region de Chamela, Jalisco, México.

Especies tempranas Especies tardiasl

Mimosa arenosa Caesalpinia coriaria
Senna atomaria Lonchocarpus constrictus
Piptadenia constricta Ipomea wolcottiana
Caesalpinia eriostachys Apoplanesia paniculata
Cordia eleagnoides Ceiba grandiflora
Gliricidia sepium Ceiba aesculifolia

Nota: Las especies tempranas son aquellas que colonizan las primeras etapas de la sucesion
ademas de las especies que se establecen exitosamente tanto en las primeras etapas como
en las etapas tardias. Las especies tardias son las que estan mayormente restringidas a las
etapas tardias y al bosque maduro.

Disefio experimental

Se colectaron semillas de cada una de las 12 especies de por lo menos 10 individuos, éstas
fueron colectadas durante los picos de produccidn de frutos de las especies. Las semillas de
las especies tempranas se colectaron exclusivamente en individuos que crecian en las
parcelas tempranas y las especies tardias fueron colectadas en las ultimas etapas y en el
bosque maduro. Para evaluar la respuesta a la sequia experimental y la estrategia de uso
de recursos en plantulas de un afio de edad se establecié un experimento en un
invernadero de condiciones controladas. Para su germinacion las semillas se colocaron en
camas humedas de arena silica. A quince dias de que la raiz emergid y con el primer par de
hojas verdaderas completamente expandidas, se seleccionaron aleatoriamente 56

plantulas por especie y fueron trasplantadas a macetas de ca. 6.0 L llenas de arena silica
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(14 cm de didmetro x 40 cm de largo) y con drenaje en la base (una plantula por maceta).
Al mismo tiempo se cosecharon 10 plantulas por especie para obtener la biomasa inicial, la
cual posteriormente se usé en la determinacion de la tasa relativa de crecimiento (ver mas
adelante). Al inicio cada maceta recibié una dosis Unica de fertilizante de liberacion
prolongada (14.61 g of Multicote 8: 18N — 6P — 12K + 2MgO + ME; Haifa Chemicals). La
posicion de las macetas en el invernadero fue asignada siguiendo un disefio de bloques
aleatorios para controlar estadisticamente la variacion en las condiciones ambientales que
imperan dentro del invernadero. Las plantas fueron cultivadas durante 12 meses sin déficit
hidrico (potencial hidrico del suelo entre -0.05 y -0.22 MPa). Las condiciones ambientales
registradas al interior del invernadero fueron las siguientes: temperatura promedio del aire
21.5°C (de 48.0 a 7.6 °C), humedad relativa promedio de 60% (85% -41%) y un promedio
diario de flujo de fotones fotosintéticos de 745 pmol m?2 s (max. 917 pmol m 2s). A los
12 meses, seis bloques que contenian ~10 plantulas por especie fueron sujetos al
experimento de desecacidn progresiva del suelo mediante el corte del suministro de riego.
La caida de potencial hidrico del suelo en las macetas fue de -0.05 MPa a -5MPa en 27 dias,
lo cual simula el decaimiento en el potencial hidrico que se ha detectado en campo en la

region de Chamela (Paramo-Pérez 2009).
Atributos fisiologicos y morfoldgicos medidos antes de la desecacion.

Antes de comenzar con el tratamiento de desecacion progresiva del suelo se midieron
varios atributos fisioldgicos y morfoldgicos a nivel de la hoja, tallo y raiz. La tasa maxima
fotosintética se midid en cuatro plantulas por especie (Tabla 2). Las medidas se hicieron
entre las 0800 y las 1100 horas en dos hojas jévenes completamente expandidas y sanas
por plantula, usando un sistema portatil de intercambio de gases (Li-Cor 6400, Lincon
Nebraska USA). La concentracién de CO, y la luz fotosintéticamente activa se mantuvieron
a ~400 umol mol™y a 1500 pmol m? s, respectivamente. La conductividad hidraulica del
tallo se midié en cinco plantulas por especie. El tallo de cada plantula se cort6, estando
sumergido bajo el agua, en la base y se transporté inmediatamente al laboratorio donde se

realizd un segundo corte con una navaja de rasurar para remover posibles obstrucciones en
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los vasos. Las secciones de tallos utilizadas en las medidas tuvieron una longitud de 10 a 14
cm vy si tenian hojas se removian en su totalidad y las cicatrices foliares en el tallo fueron
selladas con parafilm. Cada seccion de tallo fue conectada a un reservorio que contenia
una solucion de 10 mM KCl degasificada v filtrada (0.2 um) y el cual estaba a una altura
suficiente para generar una presion de ~ 3 kPa. Con la seccion del tallo conectada al
reservorio y después de esperar un periodo de estabilizacién de 15 minutos, se cuantifico
el flujo de agua (masa por 10 segundos; g s™*) que pasaba por la seccién. Se tomaron tres
medidas consecutivas para asegurarse que el flujo habia alcanzado un estado constante.
Por lo tanto, la conductividad hidraulica (K}) se calculé como el cociente entre el flujo de
agua (F) que paso por la seccidon del tallo y el gradiente de presion (dP/dx) (Tyree & Ewers
1991). A cada seccion del tallo se le midié la longitud total y su didametro con 0.01 mm de
precisién. La conductividad hidrdulica especifica del tallo (Ks) sensu Tyree & Ewers (1991) se
calculé como K; = (Kn/area seccional del xilema) x longitud del tallo (Tabla 2). La recolecta
de las secciones y la subsecuente medicion de la conductividad se hicieron antes del

amanecer para obtener la maxima conductividad nativa.

Atributos de la anatomia del xilema se obtuvieron en las mismas muestras de tallo
usadas para las determinaciones hidrdulicas. Los tallos fueron fijados y embebidos en una
resina sintética. Para obtener muestras del tallo se hicieron cortes con un micrétomo de
deslizamiento y los cortes se tifieron con safranina. Cada muestra se fotografié con una
camara digital conectada a un microscopio electrdnico (Fisher Scientific Micromaster). Una
fotografia que comprendia toda la seccidn transversal de la muestra del tallo se obtuvo
bajo el objetivo 10X para calcular la densidad de vasos (VD; nimero de vasos/mm?) (Tabla
2). Ademas se fotografio la seccion del tallo bajo el objetivo 40X hasta tener un total de 40
vasos, a cada vaso se le midié el didametro mayor y menor. El didmetro hidraulico se calculd

como:

Dy:[(1/n) 3 o'
donde d representa el diametro de cada vaso y se calculé como el promedio del didmetro

maximo y minimo de cada vaso (Poorter et al. 2010).
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Adicionalmente, a las muestras de tallos se les cuantificé la densidad de madera
(DM; g cm™) y el contenido de agua en el tallo (CAT; %), siguiendo a Pineda-Garcia et al.
(2011). Por otro lado, se calculé el area foliar especifica (AFE; cm? g) a partir de tres hojas
maduras libres de dafios para cada individuo. Asimismo, se obtuvo el contenido de materia
seca en hojas (CMSH; g g*) como la divisidn del peso seco de la hoja entre el peso fresco.
Por otro lado, se extrajo en su totalidad el sistema radical de cada plantula que fue usada
en las mediciones de la hidrdulica. La raiz se lavd con agua corriente para remover
cualquier excedente de suelo. El sistema radical se separd en dos categorias diamétricas:
raices finas o de absorcidén (<2 mm) y raices gruesas o de almacenaje (>2 mm). La longitud
total de las raices finas se midio a partir de imagenes digitales de 400 dpi, que se tomaron
con un escaner de doble ldmpara (Epson 10000XL, Epson America Inc., Long Beach, CA,
USA) y se analizaron con el programa WinRhizo (Regent Instruments, Inc, Neplean, ON,
Canada). Ademas se obtuvo el peso fresco de las raices gruesas. Las raices de las dos
categorias se secaron en un horno durante 72 horas a 70°C y se pesaron. La longitud radical
especifica (LRE; cm g™) de las raices finas se derivé a partir del cociente de la longitud total
de las raices finas entre la masa seca. El contenido de materia seca en raices gruesas
(CMSR; g g™) representa la masa seca de la raiz gruesa divida entre su masa fresca.
Finalmente, la tasa relativa de crecimiento (TRC; g g”* day ) se estimé como TRC =

In(biomasa inicial) —In(biomasa final)/(dias) (Tabla 2).
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Tabla 2. Lista de atributos morfoldgicos y fisiolégicos asi como su abreviatura y sus
unidades correspondientes.

Atributo Formula Unidades
TRC Tasa relativa de crecimiento In(biom inicial) — In(biom final)/(dias) gg™ dia™
CMSH Contenido de materia seca er Peso seco de la hoja/peso fresco gg"
hojas
AFE Area foliar especifica Area foliar/peso seco de la hoja cm’g?!
Anmox Tasa méaxima de asimilacién pumol gt s
de CO,
DM Densidad de madera Peso seco del xilema/volumen de g cm?
xilema
CAT Contenido de agua en el tallo (Peso fresco-peso seco del tallo)/peso %
seco del tallo
K Conductividad hidraulica (Kn/éarea seccional del xilema) x mmol m™*s*
especifica del tallo longitud del tallo MPa™
Dy, Diametro hidraulico Dy:[(1/n) 5 o1V mm
Dv Densidad de vasos Numero de vasos/ drea mm?
LRE Longitud radical especifica de Longitud de raices finas/ peso de cmgt
raices finas (<2mm) raices finas
CMSR Contenido de materia seca er (Peso fresco — peso seco de raices gg'
raiz gruesa (>2mm) gruesas)/ peso fresco de raices gruesas

Pérdida de la capacidad fotosintética, area foliar, conductividad hidraulica y estatus

hidrico de la planta.

La tasa fotosintética de asimilacidn de CO, se monitored en 26 plantulas, seleccionadas al
azar, durante el experimento de sequia en las macetas. Una mayor descripcién de los
protocolos de medicién pueden ser vista en Pineda-Garcia et al. (2012). La tasa
fotosintética se transformd a porcentaje de perdida (PLA) relativa a su valor maximo
registrado antes del experimento de sequia (Aini), con la formula: PLA = 100* ((Aini — A)/Aini).
Este mismo conjunto de plantulas se usé para monitorear el porcentaje de pérdida de
hojas (PLLA) mediante la siguiente ecuacion PLLA = 100* ((LAin — LA)/LAini). El porcentaje de
pérdida de hojas fue determinado mediante la comparacidn visual de las plantulas durante
la sequia con una fotografia de las plantulas sacada antes del comienzo del experimento de
sequia. El potencial hidrico y la conductividad hidraulica de la plantula se determinaron

durante la sequia experimental mediante la cosecha de plantulas con distinto grado de
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marchitamiento. Cada plantula se colecté en el pre-amanecer para obtener el contenido de
agua en hojas, potencial hidrico de las hojas ( ¥#,), y la conductividad hidraulica del tallo (Kj).
Antes de medir la conductividad hidrdulica del tallo y para cuantificar el contenido de agua
en el tallo, se cortd una hoja a la cual se le extrajo un disco de 1 cm? que fue
inmediatamente pesado y luego se secé en el horno durante 42 horas a 70 °C. Se cortd una
segunda hoja o la parte distal de la plantula (dependiendo de la especie) fue cortada y se
us6 para medir ¥ con la cdmara de presidn. Finalmente, la plantula se cortd desde la base
del tallo bajo el agua y se mantuvo sumergida dentro de una bolsa negra de plastico hasta
gue se realizaron las mediciones de Ks en el laboratorio. Nuevamente, el tallo principal se
corté bajo el agua y la seccidn fue usada para medir K; siguiendo el mismo protocolo
descrito con anterioridad. La conductividad hidraulica del tallo maxima (Ksmax) € midio
después de hacer pasar agua a presion (100 kPa) durante 10 min por el tallo para remover
los embolismos y posteriormente se midié de nuevo el flujo. A cada tallo, se le cuantifico el
porcentaje de pérdida de conductividad hidraulica (PLC) como: PLC = 100 * ((ksmax —
ks)/ksmax). A las plantulas donde se monitoreo la pérdida de tasa fotosintética y la pérdida
de hojas se les fue midiendo el estatus hidrico infiriendo el potencial hidrico de la planta
mediante el contenido de agua en hojas. En cada censo se recolecté un disco de hoja de 1
cm?entre las 0800 y las 1100 horas, inmediatamente se guardd en papel aluminio y en
bolsas para posteriormente procesarlo y obtener el contenido de agua en las hojas
siguiendo los protocolos descritos anteriormente. Los discos de hojas siempre fueron
recolectados de las hojas menos marchitas en cada plantula. El potencial hidrico de la
planta obtenido antes de las mediciones de la conductividad hidraulica fue usado para
derivar la relacién entre potencial hidrico y contenido de agua en las hojas para cada

especie.
Analisis estadistico

Para determinar la tolerancia de cada especie a la sequia, se grafico la pérdida porcentual
de las funciones fisioldgicas, fotosintesis (PPA), area foliar (PPH) y conductividad hidraulica
(PPC), durante la sequia contra el potencial hidrico de la planta como variable
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independiente y se le ajustd un modelo Weibull no lineal de cuatro pardmetros. La
tolerancia a la sequia de las especies se caracterizé mediante la derivacién de umbrales de
potencial hidrico de la planta ( ¥iants) al cual ocurrié la pérdida del 50 % de cada una de las
funciones fisiolégicas (50 PPA, 50 PPH y 50 PPC); ver mas detalles de la derivacién en
Pineda-Garcia et al (2012). El analisis de la disyuntiva funcional explotacion de recursos-
tolerancia al estrés hidrico se hizo con un analisis de componentes principales (ACP). A
través de este analisis se probd qué atributos covarian de forma positiva y con qué
conjunto de atributos covarian negativamente. Este analisis incluyd la conductividad
hidraulica especifica del tallo (K;), la tasa fotosintética maxima (Amax) Y la tasa relativa de
crecimiento (TRC) como atributos fisioldgicos medidos con alta disponibilidad de agua en el
suelo, y por otro lado el potencial hidrico de la planta al cual ocurrié el 50% de pérdida de
la fotosintesis (50 PPA), del area foliar (50 PPH) y de la conductividad hidraulica (50 PPC),
atributos que representan la respuesta fisioldgica durante la sequia experimental. La
hipdtesis de que las especies de etapas tempranas y las especies tardias difieren en su
posicién a lo largo de la disyuntiva funcional se probé mediante una prueba de T tomando
como datos los puntajes (loadings) de las especies a lo largo de los dos ejes principales del
analisis multivariado. La determinacién de que atributos morfoldgicos fueron los mejores
descriptores de la disyuntiva fisioldgica se hizo mediante correlaciones de Pearson entre

los dos ejes del ACP que describieron la mayor variacion y los ocho atributos morfoldgicos.
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Resultados

La respuesta fisioldgica a la sequia y su relacion con la capacidad de explotacion de

recursos entre las especies tempranas y tardias de la sucesion secundaria.

El andlisis multivariado de componentes principales detectd una fuerte asociacién negativa
entre la eficiencia en la conduccién de agua en el tallo y la tasa de crecimiento, con los
pardmetros que determinan la resistencia a la sequia (Fig. 1). Los dos primeros ejes del
analisis de componentes principales explicaron un 77.3% de la variacion y en general en los
dos ejes se evidencia la disyuntiva funcional (Fig. 1). El primer eje del andlisis explicé la
mayor variacion (53.30%), y refleja la diferenciacion de las especies entre la capacidad de
mantener sus funciones a potenciales hidricos de la planta mas negativos (50 PPC, 50 PPA 'y
50 PPH) o la conductividad hidraulica especifica del tallo (Ks) y de crecimiento en
condiciones dptimas (TRC). En particular, se ubicaron en la parte derecha del eje a las
especies con poca capacidad de conducir agua y de crecimiento, pero tolerantes al estrés
hidrico, ya que perdieron el 50% de sus funciones a potenciales hidricos de la planta mas
negativos. Las especies con una mayor conductividad hidraulica del tallo y tasa de
crecimiento estan a la izquierda del eje. El segundo eje del analisis fue definido por la tasa
fotosintética maxima (Anmax) Y la tasa de crecimiento (TRC); las especies con mayor tasa
fotosintética y de crecimiento estan ubicadas en la parte superior del eje y las especies con
menor capacidad en la parte inferior del eje (Fig. 1), resultando interesante que la
capacidad de las hojas para fijar carbono parece no estar estrechamente correlacionada
con otros componentes del uso de agua, como la conductividad hidraulica del xilema. Al
explorar si las especies tempranas y tardias difieren en su posicidén a lo largo de la
disyuntiva fisioldgica, sélo se encontraron diferencias significativas en el segundo eje del
analisis de componentes principales; las especies tempranas presentaron valores mas altos

de la tasa fotosintética y de crecimiento que las especies tardias (t=-3.81 p = 0.003).
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Figura 1. Andlisis de componentes principales que muestra la disyuntiva fisiolégica entre la
capacidad de explotar el agua y la tolerancia a la sequia. Este analisis incluyé la
conductividad hidrdulica especifica del tallo (K;), la tasa fotosintética maxima (Ama) Y la
tasa relativa de crecimiento (TRC) como atributos fisioldgicos medidos en alta
disponibilidad de agua en el suelo, y por otro lado, el potencial hidrico de la planta al cual
ocurrio el 50% de perdida de la fotosintesis (50 PPA), del drea foliar (50 PPH) y de la
conductividad hidraulica (50 PPC), atributos que representan la respuesta fisiolégica
durante la sequia experimental. En la grafica se muestran los dos componentes principales
gue explican el mayor porcentaje de variacion. Simbolos cerrados indican a las especies
tardias de la sucesidon y simbolos abiertos indican a las especies tempranas de la sucesion.
Caesalpinia eriostachys o, Cordia eleagnoides <, Gliricidia sepium /\, Senna atomariall,
Piptadenia constricta=, Mimosa arenosa O, Apoplanesia paniculata ¢, Caesalpinia coriaria
==, Ceiba aesculifolia e, Ceiba grandiflora A, Ipomea wolcottiana m, Lonchocarpus
constrictus ».
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La capacidad de explotacion de recursos y la tolerancia a la sequia se correlacionan con

atributos morfoldgicos de las plantas

Al analizar qué atributos morfoldgicos estan asociados con la disyuntiva funcional entre
explotar el agua y tolerar la sequia, se detectd asociacidn entre el primer componente del
ACP de la disyuntiva y siete atributos morfoldgicos (Tabla 3). En general, |la tolerancia de las
especies a la sequia estuvo relacionada con la densidad de los tejidos, ya que se encontré
correlacién positiva entre el primer eje del andlisis de componentes y el contenido de
materia seca en hojas y raices (CMSH y CMSR; respectivamente), la densidad de madera
(DM) y la densidad de vasos (Dv; Fig. 2 a, b). Por otro lado, la eficiencia hidraulica y la tasa
de crecimiento estuvieron asociadas fuertemente con el diametro hidraulico de los vasos
(Dh), y el contenido de agua en el tallo (CAT; Fig. 2 ¢, d) y en menor grado con el area foliar

especifica (AFE).
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Tabla 3. Matrices de correlaciones pareadas de Pearson entre atributos morfoldgicos y los dos primeros ejes del analisis de
componentes principales de la exploracion de la disyuntiva funcional entre capacidad de explotacién — tolerancia a la sequia. Las
correlaciones pareadas se exploraron con el valor promedio de cada uno de los 8 atributos de cada una de las 12 especies.

CMSH AFE DM CAT Dh Dv LRE CMSR
r p r P r 14 r 14 r 14 r 14 r 14 r 14
CpP1 0.70 0.01 -0.60 0.04 0.85 0.0005 -0.84 0.0005 -0.96 <0.00001 0.74 0.006 -0.17 0.61 084 0.0007
CP 2 -0.37 0.24 0.36 0.25 -0.14 0.67 0.17 0.58 0.19 0.55 -0.3€ 0.25 -0.50 0.1C -0.06 0.85

Abreviaturas: CP 1y CP 2: componente principal 1y 2, respectivamente; CMSH: Contenido de materia seca en hojas; AFE: Area foliar
especifica; DM: Densidad de madera; CAT: Contenido de agua en el tallo; Dh: Diametro hidraulico; Dv: Densidad de vasos; LRE:
Longitud radical especifica y CMSR: Contenido de materia seca en raiz.
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Figura 2. Relacion entre atributos morfoldgicos y los puntajes de las especies (loadings) del
primer eje del andlisis de componentes principales y que refleja la disyuntiva explotacion
de recursos — tolerancia a la sequia. Abreviaciones DM: densidad de madera; CMSR:
Contenido de materia seca en raices; D,: Diametro hidraulico y CAT: contenido de agua en
el tallo. Simbolos como en la Figura 1.
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Discusion

La respuesta fisioldgica de las especies es guiada por la disyuntiva explotacion de recursos-

tolerancia a la sequia.

En el presente estudio, mediante la comparacion de las tasas fisioldgicas obtenidas durante
la sequia progresiva y sin limitacién de agua, fue posible detectar evidencia en favor de la
disyuntiva entre la capacidad de explotar recursos y la de tolerar estrés hidrico. En un
extremo de la disyuntiva se encontro a las especies con una estrategia de explotacion de
recursos, las cuales fueron demandantes de recursos debido a que presentaron altas tasas
de crecimiento (Grime & Hunt 1995) y que a su vez tuvieron una alta eficiencia en la
conduccién de agua en su sistema hidrdulico. En el otro extremo, se encontrd a las especies
con una estrategia de conservacién de recursos, ya que presentaron bajas tasas de
crecimiento y de transporte de agua en el tallo. Asimismo, las especies con una estrategia
de conservacion de recursos presentaron una mayor tolerancia a la sequia, ya que
mantuvieron sus funciones fotosintéticas y de conduccidn de agua en el tallo ademas de
conservar sus hojas en pie a niveles altos de déficit hidrico de la planta. En conjunto esta
evidencia sugiere que entre las especies del bosque tropical seco una estrategia de
conservacion de recursos también se asocia a una mayor tolerancia a la sequia. Nuestro
resultado de la asociacion entre la eficiencia de conduccién y la tasa de crecimiento,
concuerda con un estudio previo, que si bien carece de medidas directas de la
conductividad hidraulica, detecta una asociacidn entre los atributos anatémicos del xilema
que confieren mayor capacidad de conduccidn y la tasa de crecimiento (Castro-Diez et al.
1998). Por otro lado, un aspecto interesante fue que la tasa fotosintética no cambié de
manera coordinada con el eje de la eficiencia en la conduccién del tallo, representando un
eje distinto de diferenciacion funcional entre las especies. Esto ultimo contrasta con
estudios previos, donde la capacidad de intercambio de gases esta fuertemente asociada a
la capacidad de conduccién de agua en el tallo (Santiago et al. 2004; McCulloh et al. 2011;
Shi-Dan et al. 2012).
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Especies tempranas y tardias de la sucesion secundaria difieren en su tasa de captura de

carbono.

En el presente estudio, no se detectd que las especies tempranas y tardias se diferenciaran
claramente a lo largo de la disyuntiva entre capacidad de explotar recursos y tolerancia a la
sequia. Si bien las especies tempranas presentaron niveles intermedios de tolerancia a la
sequia si tuvieron una mayor capacidad de captura de carbono que las especies tardias.
Estos resultados estan parcialmente acorde con los patrones detectados a lo largo de la
sucesidn secundaria en los bosques tropicales y subtropicales himedos. En estas
comunidades humedas las especies pioneras, en comparacién con las tardias, presentan
una mayor capacidad de adquirir recursos, altas tasas fotosintéticas y de crecimiento
ademas de una mayor eficiencia hidrdulica (Bazzaz & Pickett 1980; Markesteijn et al. 2011;
McCulloh et al. 2011; Shi-Dan et al. 2012). En estas comunidades humedas, las etapas
tempranas de la sucesidn tienen baja probabilidad de presentar sequia en el suelo ademas
tienen alta disponibilidad de luz, lo que favorece a las especies con una estrategia de alta

capacidad de adquisicién de recursos (Bazzaz & Pickett 1980; Guariguata & Ostertag 2001).

Por otro lado, en los bosques secos las primeras etapas de la sucesién imponen un
mayor riesgo de sequia (Lebrija-Trejos et al. 2010; Pineda-Garcia et al. 2012), sin embargo
esto contrasta con la estrategia de las especies tempranas ya que presentaron niveles
intermedios de tolerancia y alta tasa fotosintética. En estudios previos hechos en el bosque
seco han detectado que las especies tempranas tienen una mayor capacidad de captura de
carbono, ademas tienen hojas que morfoldgicamente contribuyen a mantener el estatus
hidrico de la planta y a evitar el sobrecalentamiento (Lebrija-Trejos et al. 2010; Alvarez-
Aforve et al. 2012). Asimismo, Pineda-Garcia et al. (2012) detectaron que entre las
especies tempranas se encuentran las que mas rapido escapan de la sequia tirando sus
hojas. En conjunto estos resultados sugieren que las especies tempranas tienen una mayor
capacidad de adquisicién de carbono y que los mecanismos que contribuyen al
mantenimiento del estatus hidrico de la planta pudieran ser mas importantes a nivel de la

hoja. De la misma forma, éstas tienen una respuesta mas fina de escape a la sequia para
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evitar falla hidrdulica y que en consecuencia esto reduce la presion por desarrollar un
xilema altamente resistente a la formacién de embolismos, con el alto costo energético
implicado en su construccidn (i.e. paredes de los vasos engrosadas). En general, esta
evidencia sugiere que las especies de las primeras etapas de la sucesion presentan una

estrategia oportunista de captura de recursos y de escape rapido ante la sequia.

Por ultimo, en el presente estudio la falta de diferenciacién entre las especies
tempranas y tardias a lo largo de la disyuntiva también puede ser atribuida a que estas
ultimas se encontraron en los dos extremos de la disyuntiva. Es decir, dentro de las
especies tardias estdn tanto las que tienen una mayor capacidad de explotar recursos
como las mas tolerantes a la sequia. De manera interesante, las especies tardias con mayor
capacidad de adquisicidn de recursos también pueden resistir altos niveles de desecacién
del suelo, ya que cuentan con grandes almacenes de agua en el tallo, lo que les permite
mantener el estatus hidrico de la planta a pesar de la elevada sequia en el suelo (Pineda-
Garcia et al. 2012). En conjunto resulta intrigante que las especies tardias sean las mas
resistentes a la sequia, a través de dos mecanismos independientes (tolerancia y escape via
almacenes de agua), ya que en el bosque seco el ambiente de las etapas tempranas de la
sucesién imponen un mayor riesgo de sequia (Lebrija-Trejo et al. 2010; Pineda-Garcia et al.
2012). Qué otro factor ambiental o ecoldgico favorece la tolerancia en el bosque maduro
(i.e. mayor competencia por agua asociada a una mayor densidad de arboles) es una
pregunta que permanece abierta. Asimismo, la generalidad de nuestros resultados necesita
ser probada al incluir un mayor nimero de especies representativas de las distintas etapas

de la sucesidon secundaria.

La disyuntiva explotacion de recursos-tolerancia al estrés hidrico estuvo fuertemente
asociada a la densidad de los tejidos, al didmetro de vasos y al contenido de agua en el

tallo.

En el presente estudio, se detectd que la diferenciacion de las especies a lo largo de la

disyuntiva estuvo fuertemente asociada con ciertos atributos morfolégicos, ya que en
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principio la forma de construccidén de estos atributos tiene una influencia mas directa en la
respuesta fisioldgica de las especies. La estrategia de explotacion de recursos con alta
eficiencia para conducir agua y alta tasa de crecimiento estuvo asociada con el didmetro
hidraulico, la capacidad de almacenar agua en el tallo y el area foliar especifica. En principio
la eficiencia hidraulica se relaciona directamente con el didmetro hidraulico e
indirectamente con la capacidad de almacenamiento de agua en el tallo. Segun la ley de la
Hagen-Poiseuille la conduccién de agua escala con el diametro de los vasos, es decir, vasos
de mayor didmetro permitiran tener un mayor flujo de agua en el tallo (Tyree &
Zimmermann 2002). Si bien se detectd una asociacion entre el almacenamiento de agua en
el tallo y vasos de mayor didmetro, en estudios previos se ha sugerido que el mayor
potencial de almacenamiento ocurre en el parénquima del xilema (Choat et al. 2005;
Jacobsen et al. 2007; Pratt et al. 2007). Por ultimo, la estrategia de explotacién de recursos
también estuvo asociada con el area foliar especifica. Esta asociacién ocurre por la tasa
relativa de crecimiento, ya que ésta es determinada por el area foliar especifica. Valores
altos de area foliar especifica representan una mayor superficie de captura de carbono
desplegada por unidad de biomasa invertida en su construccidn, que en consecuencia

maximiza la tasa de crecimiento (Poorter & Remkes 1990).

Por otro lado, la capacidad para tolerar niveles altos de déficit hidrico estuvo
asociada con tejidos densos, en especial alta densidad del tallo, alto contenido de materia
seca en hojas y raices. El contenido de materia seca en las hojas, es un andlogo de la
densidad de las hojas, y se ha asociado con una mayor resistencia a la sequia (Niinemets
2001, Markestjein et al. 2011, Mendez-Alonzo et al. 2012). La mayor densidad en las hojas
se da por la presencia de células del mesofilo de menor tamano ademas de que sus
paredes celulares son mas gruesas, esto produce una mayor resistencia al colapso de sus
células durante la sequia e incrementa el mdédulo de elasticidad. Un mayor médulo de
elasticidad permite mayores cambios en el potencial hidrico con un menor cambio en el
contenido de agua en las hojas, lo cual reduce la perdida de agua y mantiene el estatus

hidrico de la planta (Niinemets 2001). En el presente, esto indica que es a través de este
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mecanismo que las especies tolerantes del bosque seco son capaces de mantener la
captura de carbono y por lo tanto las hojas en pie a niveles elevados de déficit hidrico de |a
planta. Por otro lado, la densidad de madera también estuvo asociada con la estrategia de
tolerancia. Estudios previos han propuesto que un xilema denso puede favorecer la
resistencia a la cavitacion ya que frecuentemente las maderas densas contienen vasos
delgados, con paredes engrosadas y mayor proporciéon de fibras que en su conjunto
ofrecen soporte a los vasos de conduccion en contra del colapso ante elevadas tensiones
(Hacke et al. 2001; Jacobsen et al. 2007, McCulloh et al. 2011). A su vez, se detectd que las
especies tolerantes de madera densa tenian vasos de menor didmetro y con paredes
engrosada (datos no mostrados), por lo tanto esto les confiere una mayor resistencia a la
formacién de embolismos y les permite mantener la funcionalidad del sistema hidraulico a
niveles altos de déficit hidrico de la planta. Si bien el contenido de materia seca en raices
cambio con la estrategia de tolerancia, no existe una conexion directa con la capacidad de
mantener la conductividad hidraulica, la fotosintesis y el mantener hojas a niveles altos de
déficit hidrico de la planta. Sin embargo, este resultado sugiere que el nivel de tolerancia se
cambia de manera coordinada entre los atributos aéreos y los subterraneos. Por lo tanto,
en las especies tolerantes la presencia de tejidos densos, con paredes celulares engrosadas,
tuvieron impactos sobre la tasa de crecimiento ya que son altamente costosos en su
construccion (Ryser 1996), esto sumado a una baja eficiencia hidraulica y menores
superficies de captura de carbono, reducen la capacidad de adquirir recursos de las

especies.

Por ultimo, la adquisicién y uso de recursos implica la coordinacion de érganos y
tejidos aéreos y subterraneos, por lo que se esperaba que atributos clave potencialmente
relacionados con la capacidad de capturar agua en el suelo pudieran estar relacionados con
atributos relacionados con la capacidad de conducir y usar agua en tallos y hojas,
respectivamente. En contra de lo esperado, la longitud radical especifica de las raices finas
no tuvo relacidn con ningun atributo, representando un eje ortogonal de diferenciacién

funcional. La evidencia previa acerca de la direccién de relacion entre el LRE y el resto de Ia
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estrategia no es concluyente. En algunas comunidades vegetales se ha detectado que el
area foliar especifica ademds de la tasa de crecimiento se relacionan con la longitud radical
especifica, pero en otras los atributos no hay tal (Poorter & Remkes 1990; Reich et al. 1998;
Wright & Westoby 1999; Eissenstat et al. 2000). No obstante, tener mayores superficies de
raiz por unidad de biomasa no parece ser el Unico mecanismo para maximizar la captura de
agua y de recursos. Estudios previos en comunidades estacionales han detectado una
exploracién diferencial del subsuelo entre las especies. En particular, se han detectado
especies que usan el agua de zonas mas profundas y otras especies que usan el agua de los
primeros centimetros del suelo (Hasselquist et al. 2010). Particularmente, en el bosque
seco de Chamela se ha detectado un gradiente de disponibilidad de agua con la
profundidad del suelo, ademas recurrentemente se presentan lluvias poco abundantes que
potencialmente solo pueden humedecer los primeros centimetros del suelo (H. Paz
observaciones personales; Maass & Burgos 2011). Esto apunta a que a nivel de plantula el
patrén de enraizamiento también pudiera ser un atributo clave en la estrategia de uso de
recursos entre las especies del bosque seco. Desplegar raices a mayor profundidad del
suelo pudiera ser un atributo que garantice una constante suficiencia de agua. Por otro
lado, desplegar una mayor superficie radical en los primeros centimetros del suelo,
permitiria el aprovechamiento de lluvias poco abundantes, pero con el riesgo inherente de
sufrir sequia mas frecuentemente, ya que estos primeros centimetros del suelo se desecan
a mayor velocidad por evaporacion debido al exceso de energia de la radiacion solar. En el
bosque tropical seco falta aln explorar cudl es la variacion en la profundidad de raiz entre

las especies y su relacion con el resto de la estrategia de uso de recursos.
Conclusiones.

En el presente estudio se encontrd que la capacidad para explotar recursos en las
especies esta fuertemente determinada por el tipo de atributos morfoldgicos vy fisiolégicos
que éstas despliegan. Se detectd que las especies se diferenciaron en la forma que
adquieren y usan sus recursos a lo largo de un continuo. Este continuo representa la

disyuntiva funcional, detectada a nivel de la fisiologia, entre explotacién de recursos y la
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tolerancia al estrés hidrico. La tolerancia a la sequia estuvo fuertemente relacionada a la
densidad de sus tejidos, y por otro lado, la estrategia de adquisicién de recursos fue
definida por una mayor tasa de crecimiento y eficiencia hidraulica, la cual se asocié al
diametro de los vasos, almacenamiento de agua en tallo y el area foliar especifica. Aun
cuando no se detectd una clara diferenciacion a lo largo del gradiente de respuestas a esta
disyuntiva entre las especies tempranas y tardias de la sucesion secundaria del bosque

seco, las primeras tuvieron una mayor capacidad de captura de carbono.
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CAPITULO V

DISCUSION Y CONCLUSIONES GENERALES
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En comunidades tropicales himedas, donde la luz es el Unico eje de mayor variacion
ambiental, se considera que existe una baja diversidad de estrategias funcionales entre las
especies (Hubbell 2005). Sin embargo, en comunidades de matorral seco con un marcado
patron de precipitacidon (veranos calurosos y secos e inviernos frios y lluviosos) se han
detectado entre las especies una alta variacidn en la capacidad de explotacion del agua, asi
como en los patrones fenoldgicos y de enraizamiento, y de igual forma en la sensibilidad de
a la sequia, lo cual se piensa facilita la coexistencia de las especies y contribuye a la
estructuracién de las comunidades (Ackerly 2004). Esto sugiere que la alta variacion en
disponibilidad del agua, tanto espacial como temporal, ejerce tal presidn de seleccidén que

favorece la diferenciacion de las especies en sus estrategias funcionales de uso de agua.

Particularmente, en las selvas secas se tiene un reducido periodo de tiempo para el
crecimiento, definido por la temporada de lluvias, ademas de una alta frecuencia de
periodos de sequia durante la misma temporada (Paramo-Pérez 2009). Asimismo, en la
comunidad persiste una alta heterogeneidad espacial en |la disponibilidad de agua en el
suelo, generada por la topografia y por el disturbio antropogénico. Por lo tanto, se
esperaria que en zonas con menor disponibilidad de agua en el suelo, como lo son las
partes altas de las cuencas y las zonas desprovistas de vegetacidn, los efectos tanto de las
sequias cortas como del inicio de la sequia estacional se intensificaran. En este contexto
ambiental, las plantas tienen que lidiar entre maximizar funciones competitivamente
excluyentes, como lo es la ganancia de recursos y crecer durante periodos con alta
disponibilidad, o resistir y sobrevivir en los periodos de sequia (Grime 2001; Pineda-Garcia
et al. 2011, 2012). En este caso, la diversidad de estrategias puede resultar de disyuntivas
entre pares de atributos que hayan marcado rutas alternativas de evolucién de las especies
favoreciendo un atributo cada vez que se selecciona en contra otro, ya sea por conflictos
de inversion de recursos, de disefio o bien por la existencia de presiones selectivas
opuestas (Stearns 1992). Asi, no seria posible la evolucién de especies optimizadas en
todas sus capacidades (resistir la sequia o maximizar la explotacion del agua) tal que le

garantizara éxito de supervivencia por igual en los distintos escenarios de disponibilidad de
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agua detectados para las selvas secas. Por lo tanto, uno de los objetivos centrales del
presente estudio fue explorar como cambian las estrategias funcionales de uso de agua y
gue contribuyan a la explicacidn de la diferenciacién en la distribucién en los gradientes
espaciales de disponibilidad de agua en el suelo. Asi mismo, mediante un novedoso
enfoque, se probaron los distintos mecanismos de respuesta fisioldgica durante la
variacién temporal de la sequia en el suelo. Por Ultimo, otro aspecto crucial del presente
estudio fue detectar las disyuntivas funcionales que operan entre las especies de la selva
seca, como mecanismo que contribuya a la explicacion en la diferenciaciéon de estrategias

de uso de recursos.

De esta forma, en el segundo capitulo de la tesis exploramos los patrones de
diferenciacidn en la estrategia morfo-fisioldgica a nivel de plantula entre 10 pares de
especies que difieren en su distribucidn espacial a lo largo de gradientes de disponibilidad
de agua en el suelo. Dentro de cada par de especies una se distribuye preferencialmente en
habitats secos, como lo son las partes altas de las cuencas, y la otra especie se ubica en los
habitats himedos que son las partes bajas de las cuencas, cerca de los arroyos (hdabitats
humedos) (Galicia et al. 1999). Basado en esta informacidn se probo si las especies de
habitat seco, en comparacién de las de habitat himedo, se diferenciarian mds hacia una
estrategia de tolerancia al estrés hidrico. En el Unico atributo donde se registré una
diferenciacién generalizada entre las especies de habitat seco y himedo fue en la tasa
fotosintética. Ademas la direccidn de la diferenciacidn fue en contra de la prediccion
planteada, las especies de habitat seco presentaron hojas con una mayor capacidad de
captura de carbono, lo cual puede requerir altas tasas de adquisicién de agua y de perdida
via transpiracion. Asimismo al explorar cdmo covarian en su conjunto los atributos
morfoldgicos y fisioldgicos, se detectaron dos patrones. Por un lado, en el espacio
multivariado se detectd que las especies de cada par se parecen mas entre si, lo que
demuestra una carga filogenética y que entre los pares hay una amplia variacién en la
estrategia funcional para vivir en cada habitat. En el segundo patrén se registré dentro de

cada par de especies una direccion generalizada en la diferenciacién de las especies de
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habitat seco. En general, éstas se diferenciaron hacia tener una mayor eficiencia en la
conduccién de agua en el tallo, mayor tasa de asimilacion de carbono y potencialmente
una mayor capacidad de ganar carbono por biomasa invertida en la hoja, todo esto al costo
de tener una menor eficiencia de uso de agua. Este patrén de diferenciacion generalizada
apunta a que las especies estan maximizando la captura de carbono, tal y como se predice
en la teoria de la economia de la hoja (Wright et al. 2005). Por ultimo encontramos varias
disyuntivas funcionales que guian la diferenciacién entre maximizar la adquisicion de
recursos y la de mantener el estatus hidrico de la planta o retardar los efectos de la sequia.
En conclusion los resultados sugieren que las especies de habitat seco tienen mds una
estrategia oportunista de uso de recursos. Este resultado concuerda con otros estudios en
comunidades caracterizadas por periodos cortos de crecimiento y poco predecibles, donde
han encontrado especies oportunistas con altas tasas de asimilacion de CO, en periodos de
alta disponibilidad de agua (Mooney 1972; Eamus et al. 1999; Santiago et al. 2004). Los
resultados sugieren que esta estrategia oportunista se favorece en los habitat secos ya que
tienen una mayor variacion en la disponibilidad de agua que los valles. En las cimas secas el
suelo experimenta una alta tasa de desecacién después de una lluvia, debido a sus
elevadas tasas de escorrentia y evaporacién (Galicia et al. 1999), reduciendo la ventana de

tiempo de crecimiento.

Por otro lado, en la actualidad las selvas secas estan sujetas a altas tasas de
transformacion por actividades relacionadas con la industria agropecuaria. En el paisaje de
Chamela, Jalisco es posible observar zonas que recientemente fueron abandonadas y que
ya no estan sujetas a ninguna practica de manejo. Ademas es posible detectar otras zonas
con distinta edad de abandono y recuperacién de la vegetacion. A lo largo de este mosaico
de recuperacion de la vegetacién cambia la distribucion de las especies (Lebrija-Trejo et al.
2010; Maza-Villalobos et al. 2011) y lo cual se ha detectado es guiado por la variacion en el
ambiente (Lebrija-Trejo et al. 2010). Debido a que en la regién de Chamela es poco
conocido cdmo cambia el ambiente a lo largo de la recuperacién de la vegetacion, ademas

de la diferenciacion entre las especies de |la sucesidon secundaria en los mecanismos de
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resistencia a la sequia, fueron aspectos que se exploraron en el tercer capitulo. Durante la
caracterizacion de las variables ambientales a lo largo de la sucesién secundaria, se
encontrd que existe un mayor riesgo de sequia en las primeras etapas de la sucesion, ya
gue ofrecen una menor disponibilidad de agua en el suelo y son mas calientes en
comparacion con las etapas tardias de la sucesién secundaria. Los resultados concuerdan
con estudios previos hechos en otras selvas secas que reportan un aumento en el
contenido de agua en el suelo, una disminucién en el déficit de vapor y la temperatura
durante el desarrollo de la sucesién secundaria (Hasselquist et al. 2010; Lebrija-Trejos et al.
2011). Al comparar a las especies tempranas y tardias de la sucesién secundaria de la selva
seca en su resistencia a la desecacion durante la sequia experimental del suelo, no se
detectaron diferencias en su nivel de tolerancia al estrés hidrico del suelo. Esta falta de
diferenciaciéon en su respuesta fue atribuida a distintos mecanismos fisiolégicos que
confieren un mismo nivel de resistencia a la sequia. Por un lado, se encontrd que un grupo
de especies tuvieron una alta resistencia a la sequia del suelo ya que su xilema tiene una
alta resistencia a la formacién de embolismos. Por otro lado, la relacién entre la capacidad
de almacenar agua en el tallo y el nivel de resistencia a la sequia, sugiere que este atributo
contribuye a desacoplar el estatus hidrico de la planta del suelo, lo que permite a esas
especies almacenadoras, con un xilema vulnerable a la formacién de embolismos,
mantener sus funciones a niveles altos de desecacion del suelo. Estudios previos en
comunidades tropicales con un régimen estacional en la precipitacidn han reconocido a los
almacenes de agua como una fuente transitoria de agua, que permiten extender la
ganancia diaria de carbono o reducir la tension en el xilema que potencialmente podria
producir embolismos (Stratton et al. 2000; Scholz et al. 2007, 2011; Meinzer et al. 2008),
pero existe poca informacién del rol que juegan los almacenes de las plantas durante
sequias que pueden durar semanas. El patron detectado puede ser muy importante para
las plantulas, ya que con una limitada capacidad de exploracién del suelo tienen que
depender de sus reservas de agua en sequias prolongadas. Por ultimo, se detecté que las
especies se diferencian a la largo de la disyuntiva funcional entre tolerar la sequia o escapar
a la sequia, un aspecto antes tratado pero que experimentalmente no habia sido probado.
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La disyuntiva fue evidente por la relacidén negativa entre la resistencia del xilema a Ia
formacion de embolismos y la velocidad de caida de las hojas durante las sequias. Especies
con un xilema sensible a la formacién de embolismos escapan tirando sus hojas a niveles
intermedio de sequia del suelo y las especies con un xilema resistente mantienen sus hojas

a niveles altos de sequia del suelo.

Aunque se ha propuesto que las disyuntivas funcionales juegan un papel
importante en la diferenciacion de habitat en las comunidades vegetales (Aerts 1999), en
las selvas secas existe aun poco conocimiento de que disyuntivas operan entre las especies
asi como de la importancia que tienen en la distribucidn de las especies a lo largo de la
sucesion secundaria. En el presente estudio se probd si existe evidencia a favor de la
disyuntiva funcional entre capacidad de adquisicion de recursos y tolerancia a la
desecacion y ademas se exploro si guia la diferenciacion entre las especies tempranas y
tardias de la sucesion secundaria. Mediante la comparacion de las tasas fisioldgicas tanto
en condiciones 6ptimas, es decir, sin sequia, como de sequia progresiva, fue posible
detectar evidencia en favor de la disyuntiva funcional entre la capacidad de adquirir
recursos y la de tolerar estrés. En un extremo de la disyuntiva encontramos a las especies
con una estrategia de explotacién de recursos, las cuales fueron demandantes de recursos
debido a que presentaron altas tasas de crecimiento (Grime & Hunt 1975) y que a su vez
tuvieron una alta eficiencia en la conduccion de agua en su sistema hidraulico. En el otro
extremo, se encontrd a las especies con una estrategia de conservacién de recursos, ya que
presentaron bajas tasas de crecimiento y de transporte de agua en el tallo. Asimismo las
especies con una estrategia de conservacion de recursos presentaron una mayor tolerancia
a la sequia, ya que mantuvieron sus funciones fotosintéticas y de conduccion de agua en el
tallo ademas de sus hojas en pie a niveles altos déficit hidrico. Por otro lado, no se detectd
gue las especies tempranas y tardias se diferenciaran a lo largo de la disyuntiva. En
contraste, a pesar de que en los bosques secos las primeras etapas de la sucesién imponen
un mayor riesgo de sequia (Lebrija-Trejos et al. 2010; Pineda-Garcia et al. 2012), en el

presente estudio las especies tempranas no fueron las mas tolerantes a la sequia, sino
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presentaron niveles intermedios de tolerancia. Ademas las especies tempranas tuvieron
una mayor capacidad de captura de carbono que las especies de bosque maduro. En
conjunto estos resultados sugieren que entre las especies tempranas es mas importante
tener mecanismos a nivel de la hoja que contribuyan al mantenimiento del estatus hidrico
de la planta, asimismo como una respuesta mas fina de escape a la sequia del suelo para
evitar falla hidraulica, y que en consecuencia reducen la presion por desarrollar un xilema
altamente resistente a la formacidn de embolismos, con los altos costos energéticos
implicados en su construccién. Por otro lado, la estrategia de adquisicion de recursos con
una alta eficiencia para conducir agua y alta tasa de crecimiento estuvo asociada con vasos
de mayor didmetro que en teoria permiten un mayor flujo de agua (Tyree & Zimmerman
2002), ademas se asociod con la capacidad de almacenar agua en el tallo y el drea foliar
especifica. Por otro lado, la capacidad para tolerar niveles altos de déficit hidrico estuvo
asociada con tejidos densos, en especial alta densidad del tallo, alto contenido de materia
seca en hojas y raices, que en general ofrecen una mayor resistencia a resistir colapso y
mantienen el estatus hidrico de la planta durante los periodos de sequia (Hacke et al. 2001;

Niinemets 2001).

En conclusion en el bosque tropical seco existe una amplia diversidad de estrategias
funcionales para sobrevivir en condiciones de limitacién de agua, asimismo es posible
encontrar estrategias que permiten maximizar la captura de recursos cuando el agua no es
limitante, ambas estrategias cambian con en el nivel de caducidad de las hojas. Ademas, en
los bosques secos existen disyuntivas fundamentales que guian la diferenciacion de las
especies. La futura ruta de investigacién debe ser encaminada a resolver si las estrategias
funcionales determinan la supervivencia de las especies en campo y bajo distintos

escenarios erraticos de sequias cortas en la época lluviosa.
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