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In seasonally dry tropical forest regions, drought avoidance during the dry season coupled with high assimilation rates in the wet
season is hypothesized to be an advantageous strategy for forest trees in regions with severe and long dry seasons. In contrast,
where dry seasons are milder, drought tolerance coupled with a conservative resource-use strategy is expected to maximize car-
bon assimilation throughout the year. Tests of this hypothesis, particularly at the intraspecific level, have been seldom conducted.
In this study, we tested the extent to which drought resistance mechanisms and rates of carbon assimilation have evolved under
climates with varying dry season length and severity within Quercus oleoides Cham. and Schlect., a tropical dry forest species that
is widely distributed in Central America. For this purpose, we conducted a greenhouse experiment where seedlings originating
from five populations that vary in rainfall patterns were grown under different watering treatments. Our results revealed that
populations from xeric climates with more severe dry seasons exhibited large mesophyllous leaves (with high specific leaf area,
SLA), and leaf abscission in response to drought, consistent with a drought-avoidance strategy. In contrast, populations from
more mesic climates with less severe dry seasons had small and thick sclerophyllous leaves with low SLA and reduced water
potential at the turgor loss point (πtlp), consistent with a drought-tolerance strategy. Mesic populations also showed high plasti-
city in πtlp in response to water availability, indicating that osmotic adjustment to drought is an important component of this strat-
egy. However, populations with mesophyllous leaves did not have higher maximum carbon assimilation rates under well-watered
conditions. Furthermore, SLA was negatively associated with mass-based photosynthetic rates, contrary to expectations of the
leaf economics spectrum, indicating that drought-resistance strategies are not necessarily tightly coupled with resource-use strat-
egies. Overall, our study demonstrates the importance of considering intraspecific variation in analyses of the vulnerability of
tropical trees to climate change.
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Introduction

Water availability is one of most critical selective abiotic factors
in nature. It limits growth, survival and reproduction, and affects
the distributions and adaptive evolution of species (Wright et al.
2001, Ordoñez et al. 2009). In recent years, an increasing num-
ber of drought-induced dieback events have been observed in

multiple ecosystems worldwide (Malhi and Wright 2004, Allen
et al. 2010, Asner et al. 2016). These events have been asso-
ciated with increases in the frequency, duration and severity of
drought (Sheffieldm and Wood 2008, Allen et al. 2010,
McDowell et al. 2011). Seedlings are particularly vulnerable to
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water stress, and consequently, they are expected to be more
susceptible to the effects of increasingly severe drought events
than adult trees (Dale et al. 2001). Under changing climatic con-
ditions, improving our understanding of how species have
evolved in response to water limitation is of increased urgency
because it informs predictions of the potential impact of climate
change on plant communities (Engelbrecht et al. 2007, Bonan
2008, Feeley et al. 2011, Choat et al. 2012, Anderegg et al.
2016).
Drought avoidance and drought tolerance are considered the

main strategies that plants use to resist drought (Levitt 1980,
Ackerly 2004, Poorter and Markesteijn 2008, Tomlinson et al.
2013). In general, drought avoidance allows plants to maintain
water potential by reducing water loss (e.g., reducing leaf transpir-
ation surface area), increasing water uptake (e.g., having more
investment in roots) or both (Levitt 1980, Lambers et al. 2008).
Drought tolerance allows plants to maintain physiological function
under low soil water potentials (Loewenstein and Pallardy 1998,
Ackerly 2004, Bucci et al. 2005, Buckley 2005, Brodribb et al.
2014, Meinzer et al. 2014).
Some authors have suggested that these drought resistance

strategies are aligned with the leaf economics spectrum (LES)
(Reich 2014). The LES describes leaf economic variation at the
global scale and is defined as the covariation of a suite of leaf
morphological, physiological and biochemical traits along
resource availability gradients (Reich et al. 1997, 2007, Wright
et al. 2004, 2005). Six leaf traits are fundamental to this spec-
trum: leaf lifespan, specific leaf area (SLA), rates of photosyn-
thesis and respiration, and concentrations of nitrogen and
phosphorus (Reich et al. 1997, Wright et al. 2004). The LES
represents a continuous range of strategies of leaf carbon and
nutrient investment and return, between resource-acquisitive
strategies characterized by leaves that require low investment
and have high productivity but short leaf life spans, and
resource-conservative strategies with high-investment, low-
productivity leaves that last for much longer (Mason and
Donovan 2015). Drought tolerance traits are generally expected
to be associated with a resource-conservative strategy whereas
drought avoidance traits are expected to be associated with a
resource-acquisitive strategy (Reich et al. 2014). Consequently,
increased drought tolerance is hypothesized to be associated
with reduced carbon assimilation rates whereas drought avoid-
ance is expected to be linked to increased growth potential
(Wright et al. 2010, Reich et al. 2014). However, at small evolu-
tionary scales these associations have not usually been tested
(Brouillette et al. 2014, Mason and Donovan 2015, Niinemets
2015). This is particularly true for seasonally tropical biomes.
Seasonally dry tropical ecosystems are dominated by a mix of

drought deciduous and evergreen tree species (Borchert et al.
2002, Givnish 2002, Bowman and Prior 2005, Klemens et al.
2011, Vico et al. 2015). Deciduousness has been related to
drought avoidance. Deciduous species drop their leaves during

dry seasons in order to reduce water loss via transpiration and
costs of maintaining leaves under unfavorable periods to fix car-
bon (Reich and Borchert 1984, Eamus and Prichard 1998).
These species usually have leaves with high SLA (leaf area per
unit leaf dry weight), low leaf thickness and short leaf life spans
that reduce leaf construction costs and increase the investment
in photosynthetic tissues per unit leaf mass (Sobrado 1986,
Franco et al. 2005, Vico et al. 2015). Consequently, thinner
mesophyllous leaves (with high SLA) are thought to sustain
higher photosynthetic and growth rates under favorable condi-
tions of water (Reich et al. 1997, Wright et al. 2004). These
leaves are considered to be beneficial in terms of carbon, water
and nutrient balance in seasonally dry tropical areas since they
can maximize carbon uptake and nutrient use when water avail-
ability is not limiting and avoid water loss during the severe dry
seasons (Cornelissen et al. 1996, Givnish 2002, Poorter and
Markesteijn 2008).

As the dry season becomes shorter and less severe in season-
ally dry tropical ecosystems, there is usually an increasing abun-
dance of species with longer leaf life spans that retain their
leaves throughout the dry season (Oertli et al. 1990, Niinemets
2001, Read and Sanson 2003, Wright et al. 2005, Poorter et al.
2009, Markesteijn et al. 2011). This strategy requires greater
carbon and nutrient investment in sclerophyllous leaf tissue (low
SLA, high leaf thickness and high lignin concentration), which is
thought to limit maximum photosynthetic rates but allow leaves
to maintain function much longer. In fact, evergreen leaves are
thought to be beneficial for carbon and nutrient balance when
the dry season is short and mild because they allow carbon
assimilation throughout the entire year including during the dry
season. These leaves usually have low turnover rates, smaller
size and lower surface-to-volume ratios, reducing water loss
and increasing desiccation tolerance and water-use efficiency
(WUE), particularly in the dry season (Parkhurst and Loucks
1972, Fetcher 1981, Niinemets 2001, Ackerly et al. 2002,
Preston and Ackerly 2003, Read and Sanson 2003, Pickup et al.
2005, Wright et al. 2007, Markesteijn et al. 2011). These spe-
cies with a conservative resource-use also possess traits that
allow them to be functionally active at low soil water potentials
such as adaptations that reduce xylem cavitation (e.g., narrow
vessels with resistant pit membranes, high stem wood density)
and traits that maintain leaf turgor (Brodribb et al. 2003). In par-
ticular, the water potential at the turgor loss point (πtlp), or the
wilting point, is considered an integrative trait that accurately
captures leaf and plant drought tolerance (Niinemets 2001,
Brodribb et al. 2003, Lenz et al. 2006, Baltzer et al. 2008). This
trait is a measure of the water potential at which leaves lose tur-
gor and wilt; it also indicates the minimum soil water potential at
which plants can access soil water (Lambers et al. 2008). In
general, plants decrease πtlp by accumulating solutes and
decreasing osmotic potential, which can be defined as the water
potential produced by the cell solute concentration at full
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hydration (Bartlett et al. 2012a). The turgor loss point (πtlp) is
considered to be negatively associated with drought tolerance
such that lower (more negative) values allow plants to maintain
higher stomatal conductance, hydraulic conductance and assimi-
lation rates under lower soil water potential. In a recent meta-
analyses, Bartlett et al. (2012a) showed that πtlp varied across
species in a manner expected based on biome, with plants from
dry ecosystems showing lower πtlp than plants from moist
ecosystems.
The attributes that confer the capacity to tolerate water stress

are thought to limit growth potential under favorable conditions
of water such that a trade-off between drought tolerance and
growth rate has been hypothesized (Tilman 1988, Wright et al.
2010). Nevertheless, empirical evidence supporting this trade-
off is still limited (Fernandez and Reynolds 2000). In this study,
our goal was to determine the extent to which drought resist-
ance mechanisms and carbon assimilation rates have evolved
under tropical climates that differ in severity and length of the
dry season within a species that is widely distributed in Central
America, Quercus oleoides. Cham. and Schlect. We conducted a
greenhouse experiment in which seedlings originating from five
populations that vary in rainfall patterns were grown under differ-
ent watering treatments. We asked the following questions:

(i) Do morphological and physiological traits related to drought
resistance and carbon assimilation respond plastically to
water availability?

(ii) Do populations with contrasting origins along a precipita-
tion gradient differ in trait means?

(iii) Do populations exhibit differences in phenotypic plasticity
in response to water availability?

(iv) Are drought-resistance strategies and resource-use strat-
egies associated?

We hypothesized that, on average, low water availability
would cause seedlings to: decrease carbon assimilation rates,
growth rates, SLA, leaf size and water potential at the turgor loss
point; reduce leaf surface area through leaf abscission; and
increase WUE and leaf thickness. Second, we hypothesized that
live oak populations originating from climates with less severe
dry seasons would exhibit drought tolerance traits, including
reduced turgor loss point and small, sclerophyllous leaves, par-
ticularly when exposed to dry conditions (Givnish 2002,
Bowman and Prior 2005, Bartlett et al. 2012a, Vico et al.
2015). In contrast, we hypothesized that populations originating
from climates with longer and more severe dry periods would
have mesophyllous leaves and a greater propensity to abscise
leaves in response to water stress (Borchert 1994, Condit
1998, Markesteijn et al. 2011). Finally, based on the expect-
ation that drought-resistance strategies are associated with the
LES across species (Reich et al. 2014), we hypothesized that
within Q. oleoides, seedlings exhibiting drought avoidance would
have traits associated with resource acquisition, including higher

carbon assimilation rates and relative growth, while those exhibit-
ing drought tolerance would have traits associated with a
resource-conservative strategy including limited growth potential.

Materials and methods

Study species

Quercus oleoides is a wind-pollinated, monoecious species that
inhabits seasonally dry tropical forests of Central America. It usu-
ally forms mono-dominant stands and it is a key forest tree spe-
cies for these ecosystems since it influences local hydrologic
budgets and soil conservation (Boucher 1981). It is considered
to have a sub-evergreen or brevi-deciduous leaf habit (Muller
1942). This species is a useful study system to explore evolu-
tion of drought strategies and growth rate for several reasons.
First, it spans the largest gradient of dry-season aridity and wet-
season rainfall within live oaks (Quercus section Virentes)
(Cavender‐Bares et al. 2015) and one of the highest pre-
cipitation ranges within the American oaks (M. Kaproth,
personal communication). Second, previous studies have shown
differences among populations in leaf morphology and photo-
protective pigments associated with water availability
(Cavender‐Bares et al. 2011, 2015, Ramírez-Valiente et al.
2015), indicating genetic divergence associated with adapta-
tion to different water availabilities.

Seed collection and population description

For this study, we collected acorns in early 2013 from 91
mother trees (10–33 per population) randomly selected within
five populations of Q. oleoides. Mother trees were separated by
more than 150 m, which is long enough to avoid familial struc-
tures (Deacon and Cavender-Bares 2015). The studied popula-
tions represented a wide range of the precipitation and soil
moisture availabilities found within the species distribution
(Table 1, Figure 1, Cavender‐Bares et al. 2015). The length of
the dry season ranges from ~3 months in the most mesic popu-
lation (Rincón de la Vieja, Costa Rica) up to 5 months in the
most xeric populations from Honduras (Las Tablas and
Macuelizo), which occur in the driest region of the entire Q.
oleoides range (Figure 1, see Cavender‐Bares et al. 2015 for
more information). Rincón is much wetter than all of the other
populations and has the highest rainfall of anywhere in the range.
Santa Elena (Costa Rica), which is in close proximity to Rincón but
at lower elevation, gets much lower rainfall due to the rain shadow
effect of the Cordillera de Guanacaste (Janzen and Hallwachs
2016). All Honduran populations (Las Tablas, Macuelizo and
Sabana Grande) were also characterized by a ‘little dry season’ in
the middle of the wet season. This is a two-month period (July and
August) during which precipitation is lower than potential evapo-
transpiration (Figure 1).

In order to climatically characterize the studied populations,
we recorded the geographical coordinates of each mother tree
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and used the Worldclim database to obtain monthly temperature
and precipitation (Hijmans et al. 2005). We subsequently esti-
mated an index of moisture, which takes into account precipita-
tion and potential evapotranspiration at the location of each
mother tree. This index of moisture (Im) is calculated as

= ∑ ( − )I P PETi im , where Pi is the monthly precipitation and
PETi monthly potential evapotranspiration. Potential evapotrans-
piration was estimated using monthly mean temperature and
average day length per month following Thornthwaite (1948).
This index reflects the annual water balance (negative values
indicate water deficit and positive values indicate water surplus).
It has been broadly used for spatio-temporal climatic character-
ization and global climate change studies (e.g., Sánchez-
Salguero et al. 2010, Linares & Camarero 2012, Rigling et al.
2013, Trenberth et al. 2014). The index does not take into
account soil properties or belowground water storage, which
may impact water availability, but are not related to climate.

Common garden experiment

Acorns stored at 4 °C were synchronously sown in a greenhouse
at the University of Minnesota in June 2013. A total of 12,160
acorns (11–96 per maternal family) were sown randomly in
deepots (500 ml volume and 25 cm height approx.) with mix of

60% LC8 growing mix, 20% perlite and 20% vermiculite.
Greenhouse temperatures were set at tropical conditions (28 °C
(daytime average), 18 °C (nighttime average)). In October
2013, 1431 seedlings (6–25 per maternal family depending on
availability) were randomly selected for transplantation into 6.2-l
pots (40.6 cm height) with a 50% mix of sand and LC8 growing
mix soil.

A common garden experiment was set up following a rando-
mized block design with a total of seven blocks. Seedlings were
grown for 5 months under well-watered conditions and main-
tained at tropical temperatures, as described above. Photoperiod
was set to 12 h using halogen lamps between October 2013
and March 2014. At the end of this period, two watering treat-
ments were implemented so that half of the plants per family
were subjected at ~23–30% of soil moisture (well-watered
treatment) whereas the other half was subjected to a reduction
of soil moisture until reaching 9–13%, and then maintained at
those levels throughout the experiment (dry treatment) (see
Figure S1 available as Supplementary Data at Tree Physiology
Online).

Soil moisture

We measured soil moisture in a subsample of plants established
in the experiment using time domain reflectometry (TDR)
throughout the experiment. A calibration curve between sensor
values and volumetric soil water content (VWC) was constructed
following previously described methods (Cavender‐Bares and
Holbrook 2001), VWC = 2.6585 + 1.2036x, R2 = 0.99, P <
0.0001, where VWC is the volumetric water content and x is the
relative water content measured using a Field Scout TDR 300 Digital
soil moisture sensor calibrated (Spectrum® Technologies, Inc.,
Aurora, IL, USA). In the well-watered treatment, VWC was kept
between 23% and 30% throughout the experiment by watering
plants at field every day or every 2 days (see Figure S1 available
as Supplementary Data at Tree Physiology Online). In the dry
treatment, VWC was reduced from 24.35 ± 0.13% to 12.42 ±
0.56% in the first month and kept around 9–13% throughout
the rest of the experiment by watering plants for ~30 s every 5
or 6 days (see Figure S1 available as Supplementary Data at
Tree Physiology Online). We did not find differences among
populations nor population by treatment interactions in VWC
(data not shown).

Figure 1. Monthly index of moisture (Im) averaged across maternal fam-
ilies for the five studied populations (data from WorldClim; Hijmans et al.
2005). Index of moisture (Im) was calculated as Im = P – PET, where P is
annual precipitation and PET potential evapotranspiration (see text for
details). Values below zero indicate months of water deficit.

Table 1. Location and climatic variables for the five studied populations.

Code Site n Latitude Longitude Altitude P T Im

TA Las Tablas 18 14° 00′ 25″ N 87° 02′ 04″W 933 1014 22.2 −513.4
MZ Macuelizo 12 13° 59′ 51″ N 87° 02′ 41″W 1030 1017 21.7 −494.0
SG Sabana Grande 10 13° 48′ 54″ N 87° 14′ 55″W 1104 1185 21.2 −312.2
SE Santa Elena 33 10° 53′ 30″ N 85° 34′ 54″W 278 1776 24.9 172.3
RI Rincón de la Vieja 18 10° 46′ 42″ N 85° 21′ 36″W 779 2683 22.0 1164.3

n is the number of maternal trees sampled within each population. Altitude is given in meters above sea level. P is annual precipitation (mm), T is annual
mean temperature and Im is an index of moisture (see Materials and methods for details).
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Growth rate

We measured stem height, basal diameter, number of leaves,
and width and length of the largest leaf in all plants at the begin-
ning and at the end of the experiment (i.e., 0 and 100 days after
the start of the water treatments). We used these variables to
estimate initial (t = 0 days) and final biomass (t = 100 days)
with allometric equations developed from a subsample of plants
harvested throughout the experiment (n = 120 plants, 12 plants
per population within each treatment). A multiple regression was
performed including total biomass as the dependent variable
and height, diameter, number of leaves and leaf size of the lar-
gest leaf as independent variables (n = 165). The allometric
equation obtained was: M = 0.2376x1 + 0.2063x2 + 0.074x3 +
0.2637x4, R

2 = 0.92, P < 0.0001, where M is plant biomass
(g) x1 is height (cm), x2 is diameter (mm), x3 is leaf lamina area
and x4 is number of leaves. Absolute growth rate (g day−1) was
calculated as AGR = (Mfinal – Minitial)/(Tfinal – Tinitial), where Mfinal

is the estimated biomass at the final of the experiment, Minitial is
the estimated biomass at the beginning of the experiment, Tfinal
is the date of the final measurement and Tinitial is the starting
date of the water treatment. Relative growth rate (g g−1 day−1)
was calculated as RGR = [loge(Mfinal) – loge(Minitial)]/(Tfinal –
Tinitial) (see Cavender-Bares et al. 2004 for a similar procedure).

Leaf abscission

A few weeks after the beginning of the watering treatments,
some plants started to drop leaves. We took measurements of
growth including number of leaves at the middle of the experi-
ment (t = 50 days). For further analyses, we calculated the dif-
ference between the number of leaves at the middle (t = 50
days) and the end (t = 100 days) of the experiment relative to
the total number of leaves in t = 50. This trait is referred here-
after as ‘Percentage of change in leaf number between April and
June’ and abbreviated as ‘PCLN’ (Table 2). Negative values for
PCLN indicate leaf abscission and positive values indicate leaf
flushing.

Gas exchange

Between Days 45 and 55 of the experiment, we measured gas
exchange in two to five seedlings per maternal family within
each treatment (n = 695 plants). Measurements were taken
from 10:30 am to 2:00 pm on seven sunny days using an LI-
COR 6400 (LI-COR, Lincoln, NE, USA). Leaves were exposed to
a CO2 concentration of 400 ppm, relative humidity around
45–65% and saturating light of 1500 μmol m−2 s−1. Light levels
sufficient for saturation were determined in a previous study
(Cavender-Bares et al. 2007). Leaves were maintained in these
specific conditions for 2 min, which allowed photosynthetic rate
and stomatal conductance to stabilize. Photosynthetic rate and
stomatal conductance were determined on both area and mass
bases using mean SLA data for the same leaves (see details

below). Intrinsic water-use efficiency (WUEi) was also calculated
by dividing photosynthetic rate and stomatal conductance.

We also measured soil moisture in every single plant selected
for physiological measurements to control for potential differ-
ences in water availability within treatments that could affect gas
exchange measurements. See statistical analyses.

Leaf morphology

The youngest fully expanded leaf was collected between Days
45 and 55 and included the one selected for physiological mea-
surements. Thickness was measured using a micrometer and
then leaves were scanned and dried at 60 °C for 7 days to esti-
mate leaf area and dry leaf mass. We calculated SLA as leaf area/
leaf mass.

Predawn leaf water potential and water potential at the
turgor loss point

At the end of the experiment (t ≈ 100), we randomly sampled
456 plants (two to three plants per maternal family within treat-
ment) to measure the predawn leaf water potential. We used a
Scholander pressure chamber (Soil Moisture Equipment Corp.,
Santa Barbara, CA, USA).

We also estimated the water potential at turgor loss point
(πtlp) following a modified protocol from Bartlett et al. (2012b).
This protocol is based on a previously established linear relation-
ship with the osmotic potential at full hydration (πo) measured in
an osmometer. For this purpose, we randomly selected one or
two plants from 70 maternal families within each treatment (n =
222). To get full hydration of leaves, instead of rehydrating
shoots by placing them in water overnight as in Bartlett et al.
(2012b), we watered plants to field capacity three times with an
interval of 2 h between each watering during the evening

Table 2. List of traits and their corresponding abbreviation and units.

Abbreviation Trait Units

AGR Absolute growth rate g day−1

RGR Relative growth rate g g−1 day−1

ψpd Predawn water potential MPa
πtlp Water potential at the turgor loss

point
MPa

PCLN Percentage of change in leaf
number between April and June

%

Leaf size Leaf lamina area cm2

SLA Specific leaf area cm2 g−1

Thickness Leaf lamina thickness mm
Aarea Light-saturated photosynthetic

capacity per unit leaf area
μmol CO2 m

2 s−1

Amass Light-saturated photosynthetic
capacity per unit leaf mass

μmol CO2 kg
−1 s−1

gs,area Stomatal conductance per unit
leaf area

mol H2O m2 s−1

gs,mass Stomatal conductance per unit
leaf mass

mol H2O kg−1 s−1

WUEi Intrinsic water use efficiency μmol CO2 mol H2O
−1
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previous to collection. Cutting shoots could have killed the
sampled plants. We conducted initial tests with 82 plants col-
lected from both treatments that we rehydrated using this meth-
od. All had predawn leaf water potential values between −0.03
and 0.00 MPa, indicating that plants were fully hydrated. Leaves
for water potential at the turgor loss point were collected at pre-
dawn and placed in humidified zipper double-bags. They were
kept at 4 °C in a dark room until measurements (always less
than 12 h after collection). A 1-cm2 leaf disc was extracted from
each leaf avoiding secondary veins and submerged in liquid
nitrogen at least 2 min. Osmolality was measured with a VAPRO
5600 vapor pressure osmometer (Wescor, Logan, UT, USA).
Solute concentration (mmol kg−1) values were converted to
pressure–volume curve osmotic potential and turgor loss point
(hereafter referred as ‘estimated turgor loss point’, πtlp) follow-
ing equations in Bartlett et al. (2012b).

Statistical analyses

Linear mixed models were used for statistical analyses of
growth and functional traits. The estimated initial biomass of
the plants was included in the models as a covariate because
of its potential influence on leaf traits and growth rate and also
to minimize potential maternal effects (Ramírez-Valiente et al.
2010, 2011, Koehler et al. 2012). Mixed models included
population, water treatment, population by treatment and block
as fixed factors, and maternal family nested within population
as a random factor. For gas exchange traits, date of measure-
ment was also included as a fixed factor and time as a covari-
ate. In addition, we included VWC of the soil, measured the
same day as the instantaneous measurements of gas
exchange, as a covariate in the models, given its influence on
gas exchange and the potential variation among pots within
treatments. The statistical significance of the random factor
was assessed using likelihood ratio tests (Littell et al. 2006).
In order to test whether traits were associated with climate of

the origin, when differences among populations were found, we
performed linear regressions between the index of moisture and
traits using population means. We also tested how multivariate
trait variation was associated with climate. For this purpose, (i)
principal component analyses (PCA) were performed to sum-
marize multidimensional trait variation. PCAs were carried out
within each treatment (i.e., two PCAs in total) using maternal
family means. Only traits that showed significant or marginally
significant (P < 0.10) differences among populations within
treatments according to mixed models and post-hoc Tukey’s
tests were included in the analyses (see Results section). (ii)
PCA factor scores were extracted for each maternal family within
each treatment and used to perform one-way ANOVAs (one
ANOVA per PCA factor and treatment) and obtain their popula-
tion means. (iii) Linear regressions were performed between
PCA factors for populations and the index of moisture (see
Craine and Lee 2003 for a similar procedure).

To test for relationships between plasticity of the traits and cli-
mate, when a significant interaction of population by treatment
was found in the mixed models, we performed linear regressions
between Im and plasticity. We calculated plasticity of a given
population as the difference of trait means between environ-
ments (represented hereafter as ‘Δ’ as used in Bartlett et al.
2014). We used this metric instead of other published plasticity
indices because it better reflects the reaction norms (Valladares
et al. 2006). We did not use principal factor analysis for plasticity
because only a limited number of traits showed significant popu-
lation by treatment interaction.

Results

Predawn leaf water potential (ψpd), growth rates and most func-
tional traits differed between treatments, indicating that they
exhibit phenotypic plasticity to water availability (Tables 3
and 4). In response to water limitation (lower values of ψpd), Q.
oleoides seedlings reduced leaf size, light-saturated photosyn-
thetic rates (Aarea, Amass), stomatal conductance (gs,area, gs,mass),
absolute and relative growth rates (AGR, RGR) and increased
WUEi (Table 3, Figure 2, see Figure S2 available as Supplementary
Data at Tree Physiology Online).

Populations originating from across a precipitation gradient
showed differences in RGR, leaf size, SLA, thickness and Amass

among treatments, indicating genetically based differences in
these traits (Tables 3 and 4). In addition, AGR, estimated πtlp
and PCLN exhibited population by treatment interactions, indic-
ating that populations differed in their levels of plasticity for
these traits (Tables 3 and 4). On average, our results showed
that populations from the most xeric climates tended to exhibit
larger and thinner leaves with high SLA, higher leaf abscission in
response to drought, but higher estimated πtlp (i.e., lower
drought tolerance under dry conditions) in comparison with
more mesic populations (Figure 2, see Figure S3 available as
Supplementary Data at Tree Physiology Online). Associations
between index of moisture and growth rates (AGR and RGR)
were significant but had small slopes. We obtained similar results
in multivariate analyses (see Appendix S1 and Figure S4 avail-
able as Supplementary Data at Tree Physiology Online) as well
as for climate-trait regressions using maternal family means (see
Figure S5 available as Supplementary Data at Tree Physiology
Online).

Plasticity (‘Δ’) of the estimated turgor loss point (πtlp) was
positively associated with Im (R2 = 0.95, P = 0.005, Figure 3),
indicating that populations inhabiting more xeric climates have a
canalized response (low phenotypic plasticity) in their tolerance
to drought.

Finally, contrary to expectations, resource-conservative trait
values such as low SLA, low estimated πtlp and high leaf thick-
ness were not associated with lower carbon assimilation or
growth rates (see Table S1 available as Supplementary Data at
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Tree Physiology Online). In fact, SLA was negatively (and leaf
thickness was positively) associated with photosynthetic rates
(Aarea and Amass) and growth rates (AGR and RGR) (see
Table S1 available as Supplementary Data at Tree Physiology
Online).

Discussion

Our common garden study reveals differences in leaf morph-
ology and physiology among populations of the tropical live oak,
Q. oleoides, originating from contrasting precipitation regimes in
dry tropical forests of Mesoamerica. Populations from climates
with the most severe and prolonged dry seasons exhibited thin,
mesophyllous leaves with high SLA, large leaf size and leaf
abscission in response to drought, as expected. Populations
from climates with less severe and shorter dry seasons had small
and thick sclerophyllous leaves with low SLA and decreased the

estimated water potential at the turgor loss point (πtlp) when
grown under dry conditions. However, contrary to expectations
based on the LES at global scale, Q. oleoides seedlings with lower
SLA and higher leaf thickness exhibited higher photosynthetic
rates (on both area and mass bases) and growth rates. Our study
also provides the first evidence of intraspecific genetic differences
in plasticity of πtlp and suggests that differential adaptation to cli-
matic regimes that vary in dry season length and severity has
resulted in population divergence in functional traits related to
drought resistance and resource acquisition within this species.

Climate predicts population-level variation in traits related
to drought-resistance

In the dry treatment, populations differed significantly in the esti-
mated turgor loss point (πtlp), leaf morphology, leaf abscission
and to some extent in relative growth rates (Figure 2B–G).
Variation in individual and multivariate traits showed strong

Table 4. Results of the mixed models for gas exchange traits: Aarea, Amass, gs,area, gs,mass, WUE. Fixed effects: treatment, population, population by treat-
ment (P × T), block, date. Random effects: family within population. Covariates: time, volumetric water content within treatment (VWC), initial size.

Treatment Population P × T Family Block Date Time VWC Initial size

Aarea F or χ2 27.27 3.84 2.22 5.37 1.86 5.91 1.21 3.67 20.04
P <0.0001 0.0044 0.0654 0.0205 0.0856 <0.0001 0.2715 0.0262 <0.0001

Amass F or χ2 30.55 2.42 1.36 0.99 1.27 6.78 0.96 3.85 30.43
P <0.0001 0.0479 0.2454 0.3204 0.2699 <0.0001 0.3269 0.3269 <0.0001

gs,area F or χ2 35.82 1.22 2.34 1.75 1.37 2.24 0.02 5.57 27.98
P <0.0001 0.3011 0.0541 0.1857 0.2230 0.0380 0.8805 0.0041 <0.0001

gs,mass F or χ2 29.53 0.77 1.92 0.11 0.69 1.73 0.19 4.32 38.37
P <0.0001 0.5429 0.1058 0.4566 0.6579 0.1121 0.6647 0.0139 <0.0001

WUE F or χ2 13.23 0.95 1.66 0 1.03 12.36 0.04 2.61 30.68
P 0.0003 0.4354 0.1577 1 0.4030 <0.0001 0.8414 0.0748 <0.0001

Significant values are in bold type (P < 0.05).

Table 3. Results of the mixed models for ψpd, AGR, RGR, πtlp, PCLN, leaf size, SLA and leaf thickness. Fixed effects: treatment, population, population by
treatment (P × T), block. Random effects: family within population. Covariates: initial size.

Trait Treatment Population P × T Family Block Initial size

ψpd F or χ2 227.27 1.16 2.03 0.00 3.26 17.42
P <0.0001 0.3298 0.0891 0.9909 0.0039 <0.0001

AGR F or χ2 712.02 4.40 3.52 33.98 20.61 37.52
P <0.0001 0.0016 0.0073 <0.0001 <0.0001 <0.0001

RGR F or χ2 681.98 4.09 0.73 25.96 21.02 154.03
P <0.0001 0.0027 0.5703 <0.0001 <0.0001 <0.0001

πtlp F or χ2 43.77 0.58 2.77 1.11 1.01 11.83
P <0.0001 0.6791 0.0304 0.2926 0.4215 0.0008

PCLN F or χ2 532.80 3.58 3.49 7.46 10.71 49.94
P <0.0001 0.0066 0.0076 0.0063 <0.0001 <0.0001

Leaf size F or χ2 63.60 28.61 0.86 32.97 5.57 123.42
P <0.0001 <0.0001 0.4899 <0.0001 < 0.0001 <0.0001

SLA F or χ2 1.14 13.80 0.71 62.57 24.79 84.10
P 0.2859 <0.0001 0.5856 <0.0001 <0.0001 <0.0001

Thickness F or χ2 0.58 26.05 0.69 22.28 7.67 8.02
P 0.4451 <0.0001 0.6002 <0.0001 <0.0001 0.0047

Significant values are in bold type (P < 0.05).
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Figure 2. Relationship between the index of moisture (Im) and AGR (A), RGR (B), πtlp (C), change in leaf number or PCLN (D), leaf size (E), SLA (F),
thickness (G), Aarea (H), Amass (I) and gs,area (J). Points represent population means for well-watered (blue) and dry (red) treatments: Las Tablas (cir-
cles), Macuelizo (squares), Sabana Grande (down-triangles), Santa Elena (diamonds) and Rincón (up-triangles). Different letters indicate homogenous
groups using Tukey’s HSD tests for the well-watered and dry treatments, separately. The shaded area in (D) indicates negative values for the change in
number of leaves between April and June, i.e., leaf abscission. *Regression coefficient (R2) and significance level were obtained excluding the most
extreme individual value in the experiment that was observed in a seedling from Macuelizo (πtlp = −2.88 MPa).
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associations between local precipitation regimes, such that
populations from more mesic sites exhibited smaller sclerophyl-
lous leaves (low SLA and high thickness) (Figure 2E–G) and
greater drought tolerance (lower πtlp) (Figure 2C) than popula-
tions from more xeric sites, which have larger mesophyllous
leaves (high SLA and low thickness) and increased leaf abscis-
sion in response to drought.
These results contrast with the intraspecific variation observed

in temperate oak species that inhabit seasonally dry ecosystems,
which tend to exhibit smaller sclerophyllous leaves with longer
life spans and higher drought tolerance under increasing sum-
mer drought (Gratani et al. 2003, Ramírez-Valiente et al. 2010,
2014, Niinemets 2015).
The association between drought resistance strategy and

environment is frequently explained by cost–benefit ratio with
respect to investment in acquisition of water, carbon and nutrients.
Leaves may be costly for the plant under longer dry seasons
because water loss via transpiration increases proportionally with
leaf surface area (Kikuzawa 1991, Lambers et al. 2008). Since
all populations showed similar values of stomatal conductance
and WUE under dry conditions, foliage surface area might be the
main mechanism leading population-level differentiation in total
plant transpiration of Q. oleoides. Therefore, leaf senescence in
response to drought may have been favored in more xeric soil
conditions as a means of reducing water loss (Jonasson et al.
1997, Condit et al. 2000, Franklin 2005, Stevens et al. 2016).
Nevertheless, other traits that improve water uptake such as root
investment, root length, etc., should be measured in future studies
to have a better understanding of the water balance in seedlings of
Q. oleoides.
The observed leaf abscission in seedlings from xeric popula-

tions may have been selected for as a consequence of the high
costs of leaves that can withstand excess of light and heat as the
dry season becomes longer and more severe (Givnish 2002).

Under dry conditions plants need to protect leaves against the
excess of absorbed light because of down-regulation of photo-
synthesis (Ishida et al. 2014). Photoprotection by controlled dis-
sipation of excess excitation energy in the form of heat is known
to be mediated via de-epoxidation reactions through the xantho-
phyll cycle (Demmig et al. 1987, Adams and Demmig‐Adams
1994, Demmig-Adams and Adams 1996). The results derived
from our previous study showed that Q. oleoides populations
from mesic sites increased their de-epoxidation state (i.e.,
increased activity of xanthophyll cycle) in response to water
shortage (Ramírez-Valiente et al. 2015). This mechanism,
although it is energetically more efficient than repairing tissues
from oxidative damage, incurs an energy cost during overnight
epoxidation reactions (Raven 2011). Construction of leaves
also represents important carbon and nutrient costs for the plant.
More durable leaves, such as those with low SLA and high leaf
thickness, are more costly to construct and need longer periods
to pay back their investment (Williams et al. 1989, Eamus and
Prichard 1998, Villar and Merino 2001, Villar et al. 2006).
When the favorable season becomes shorter, the need to bal-
ance investment costs with photosynthetic returns may favor
mesophyllous leaves, which are cheaper to construct (Eamus
1999, Villar and Merino 2001, McDowell et al. 2008).

Negative association between photosynthetic rates and SLA

An important perspective in the ecophysiological literature is that
species and populations from tropical climates with severe dry
seasons, which often exhibit mesophyllous leaves (high SLA,
low leaf thickness and short leaf life spans), are expected to
have high photosynthetic rates given the shorter time available
to repay construction costs (Eamus and Prichard 1998, Eamus
1999, Reich et al. 2014).

In our study, populations from climates with longer and more
severe dry seasons had mesophyllous leaves but did not have
greater growth or photosynthetic capacity under well-watered
conditions (Figure 2A, B, H, I). Furthermore, SLA was negatively
related to photosynthesis (on both area and mass bases) and
growth rates (AGR and RGR) in the well-watered treatment (see
Table S1 available as Supplementary Data at Tree Physiology
Online), contrary to expectations based on the LES (Reich et al.
1997, Wright et al. 2004). Differences between global trends
and intraspecific variation have been reported for some species
(Martin et al. 2007, Grady et al. 2013, Brouillette et al. 2014).
Interestingly, negative associations between SLA and photosyn-
thetic rates have been reported in other evergreen oaks from
temperate and Mediterranean ecosystems (Niinemets 2015,
Harayama et al. 2016). Leaves with high SLA and low leaf thick-
ness are expected to have higher photosynthetic rates because
of their higher investment in photosynthetic tissues per unit of
leaf mass (Reich et al. 1997, Wright et al. 2004). Niinemets
(2015) suggested that the negative relationship between SLA
and area-based photosynthetic rate found for Q. ilex could rise

Figure 3. Plasticity across water treatments in turgor loss point (Δ πtlp =
πtlp dry treatment − πtlp well-watered treatment) in relation to index of
moisture (Im) of the population. Points represent population means ± SE:
Las Tablas (circle), Macuelizo (square), Sabana Grande (down-triangle),
Santa Elena (diamond) and Rincón (up-triangle). Population means and
standard errors were estimated by averaging Δ πtlp for family means
within populations.
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from the increased thickness of mesophyll and accumulation of
photosynthetic biomass per unit leaf area in this species.
Harayama et al. (2016) suggested that high investment of
photosynthetic nitrogen was the cause for the high photosyn-
thetic rates observed in temperate evergreen oaks with low SLA.
In our study, we found that leaf thickness was positively asso-
ciated with area- and mass-based photosynthesis (see Table S1
available as Supplementary Data at Tree Physiology Online).
These results suggest that high photosynthetic rates in leaves
with low SLA could be the result of higher mesophyll conductance
(Niinemets 1999, Garnier et al. 2001, Niinemets 2015). In add-
ition, in a recent review for Mediterranean species, Flexas et al.
(2014) suggested that the relatively high photosynthetic rates in
species with low SLA and thicker leaves could be the result of
higher carboxylation velocity. Further research on leaf anatomy
and photochemistry is needed to fully understand the mechanisms
causing the negative association between SLA and area- or mass-
based photosynthetic rates.
From an evolutionary perspective, relationships among LES

traits have been suggested to be influenced by biome- or spe-
cies-specific constraints caused by evolution under particular
environmental conditions (Wright et al. 2001, Heberling and
Fridley 2012, Mason and Donovan 2015, Niinemets 2015). In
Q. oleoides, the observed negative SLA-Amass or SLA-RGR
observed under well-watered conditions could be due to the fact
that xeric populations (with high SLA, low leaf thickness and
increased leaf abscission in response to drought) experience a
short period of water stress (July–August) within the wet season
during which, precipitation is lower than potential evapotranspir-
ation (negative Im, Figure 1). This ‘little dry season’ may con-
strain the evolution of increased Amass and RGR under favorable
conditions of water, particularly in seedlings, and promote leaf
drought resistance to prevent damage during intermittent water
shortage during the wet season (Choat et al. 2007). For
example, Brodribb & Holbrook (2004) showed that the little dry
season has consequences similar to the actual dry season in
terms of reducing water potential, stomatal conductance and leaf
hydraulic conductance. Consistent with this idea were the obser-
vations of a positive relationship between the estimated turgor
loss point (πtlp) and Im in well-watered conditions and the lack of
plasticity in πtlp in response to water availability for xeric popula-
tions (Figure 3).
Finally, the intraspecific differentiation of phenotypic plasticity

in πtlp that we observed in this study for Q. oleoides contrasts
results obtained in the meta-analyses by Bartlett et al. (2014).
Bartlett et al. (2014) found that despite a wide prevalence of
plasticity in πtlp in response to water availability in nature, differ-
ences in the degree of plasticity among populations, species or
biomes were minimal. To our knowledge, the significant differ-
ences in πtlp plasticity among populations of Q. oleoides we found
under different water treatments are the first evidence of intra-
specific divergence in plasticity of πtlp related to climate of origin.

Conclusions

Our results show intraspecific differences in traits related to
growth and drought resistance in Q. oleoides. Consistent with
multi-species studies in seasonally dry ecosystems, populations
from more mesic climates had smaller and thicker sclerophyllous
leaves with low SLA and decreased the estimated turgor loss
point (πtlp). In contrast, populations from more xeric climates
exhibited thinner, larger mesophyllous leaves with high SLA, and
increased leaf abscission in response to drought. However, con-
trary to our expectations, xeric populations did not have greater
capacity to grow and photosynthesize under well-watered condi-
tions. Furthermore, SLA was negatively related to photosynthesis
(Aarea and Amass) and growth rates (AGR and RGR), contrary to
expectations based on the LES.

These unexpected patterns could be the result of adaptation
to a short period of water-stress within the wet season in popula-
tions with the most xeric origins, which may have constrained
their Amass and RGR despite higher SLA and lower thickness in
these populations. Both the positive relationship between the
estimated turgor loss point (πtlp) and Im under well-watered
conditions and the lack of plasticity in πtlp in response to water
availability within xeric populations are consistent with this
possibility. Overall, this study demonstrates the existence of
genetically based population variation in traits related to drought
resistance in Q. oleoides as a result of adaptation to different pre-
cipitation regimes. To our knowledge, we provide the first evi-
dence for intraspecific divergence in πtlp plasticity in relation to
climate of origin.

Acknowledgments

We thank Esaú Zuniga and Marileth de los Angeles Briceño for
seed collection in Honduras and Costa Rica and for facilitating
the permit process to bring acorns. We would like to thank
Rubén Ramírez, Xiaojing Wei, Chris Park, Matthew Kaproth,
Sydney Schiffner, Natalie McMann, Tatiana Dimugno, Nolan
Radziej and everyone who helped in planting seeds, transplant-
ing, setting up the irrigation system and taking gas exchange,
growth, leaf morphology and osmometer measurements. We
thank the Plant Growth Facilities staff, particularly Roger
Meissner and Pamela Warnke for their technical support during
the development of the greenhouse experiment and everyone in
the J.C.-B. lab for productive discussions about previous versions
of the manuscript. Lawren Sack and Megan Bartlett are gratefully
acknowledged for technical advice and comments on the manu-
script. We also thank Peter Reich for comments and suggestions
on the manuscript.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.

Tree Physiology Volume 37, 2017

898 Ramírez-Valiente and Cavender-Bares



Conflict of interest

Nothing to declare.

Funding

The project was funded by the National Science Foundation IOS
0843665 to J.C.-B. J.A.R.-V. was also supported by a postdoc-
toral fellowship from the Severo Ochoa excellence program.

References

Ackerly D (2004) Functional strategies of chaparral shrubs in relation to
seasonal water deficit and disturbance. Ecol Monogr 74:25–44.

Ackerly DD, Knight CA, Weiss SB, Barton K, Starmer KP (2002) Leaf
size, specific leaf area and microhabitat distribution of chaparral woo-
dy plants: contrasting patterns in species level and community level
analyses. Oecologia 130:449–457.

Adams WW, Demmig‐Adams B (1994) Carotenoid composition and
down regulation of photosystem II in three conifer species during the
winter. Physiol Plant 92:451–458.

Allen CD, Macalady AK, Chenchouni H et al. (2010) A global overview of
drought and heat-induced tree mortality reveals emerging climate
change risks for forests. For Ecol Manage 259:660–684.

Anderegg WRL, Klein T, Bartlett M, Sack L, Pellegrini AFA, Choat B,
Jansen S (2016) Meta-analysis reveals that hydraulic traits explain
cross-species patterns of drought-induced tree mortality across the
globe. Proc Natl Acad Sci USA 113:5024–5029.

Asner GP, Brodrick PG, Anderson CB, Vaughn N, Knapp DE, Martin RE
(2016) Progressive forest canopy water loss during the 2012–2015
California drought. Proc Natl Acad Sci USA 113:E249–E255.

Baltzer JL, Davies SJ, Bunyavejchewin S, Noor NSM (2008) The role of
desiccation tolerance in determining tree species distributions along
the Malay–Thai Peninsula. Funct Ecol 22:221–231.

Bartlett MK, Scoffoni C, Sack L (2012a) The determinants of leaf turgor
loss point and prediction of drought tolerance of species and biomes:
a global meta‐analysis. Ecol Lett 15:393–405.

Bartlett MK, Scoffoni C, Ardy R, Zhang Y, Sun S, Cao K, Sack L (2012b)
Rapid determination of comparative drought tolerance traits: using an
osmometer to predict turgor loss point. Methods Ecol Evol 3:880–888.

Bartlett MK, Zhang Y, Kreidler N, Sun S, Ardy R, Cao K, Sack L (2014)
Global analysis of plasticity in turgor loss point, a key drought tolerance
trait. Ecol Lett 17:1580–1590.

Bonan GB (2008) Forests and climate change: forcings, feedbacks, and
the climate benefits of forests. Science 320:1444–1449.

Borchert R (1994) Soil and stem water storage determine phenology
and distribution of tropical dry forest trees. Ecology 75:1437–1449.

Borchert R, Rivera G, Hagnauer W (2002) Modification of vegetative
phenology in a tropical semi‐deciduous forest by abnormal drought
and rain. Biotropica 34:27–39.

Boucher DH (1981) Seed predation by mammals and forest dominance
by Quercus oleoides, a tropical lowland oak. Oecologia 49:409–414.

Bowman DM, Prior LD (2005) Why do evergreen trees dominate the
Australian seasonal tropics? Austr J Bot 53:379–399.

Brodribb TJ, Holbrook NM (2003) Stomatal closure during leaf dehydra-
tion, correlation with other leaf physiological traits. Plant Physiol 132:
2166–2173.

Brodribb TJ, Holbrook NM (2004) Diurnal depression of leaf hydraulic
conductance in a tropical tree species. Plant Cell Environ 27:
820–827.

Brodribb TJ, McAdam SA, Jordan GJ, Martins SC (2014) Conifer species
adapt to low-rainfall climates by following one of two divergent path-
ways. Proc Natl Acad Sci USA 111:14489–14493.

Brouillette LC, Mason CM, Shirk RY, Donovan LA (2014) Adaptive differ-
entiation of traits related to resource use in a desert annual along a
resource gradient. New Phytol 201:1316–1327.

Bucci SJ, Goldstein G, Meinzer FC, Franco AC, Campanello P, Scholz FG
(2005) Mechanisms contributing to seasonal homeostasis of minimum
leaf water potential and predawn disequilibrium between soil and plant
water potential in neotropical savanna trees. Trees 19:296–304.

Buckley TN (2005) The control of stomata by water balance. New Phytol
168:275–292.

Cavender‐Bares J, Holbrook NM (2001) Hydraulic properties and freez-
ing‐induced cavitation in sympatric evergreen and deciduous oaks
with contrasting habitats. Plant Cell Environ 24:1243–1256.

Cavender-Bares J, Kitajima K, Bazzaz FA (2004) Multiple trait associa-
tions in relation to habitat differentiation among 17 Floridian oak spe-
cies. Ecol Monogr 74:635–662.

Cavender-Bares J, Sack L, Savage J (2007) Atmospheric and soil
drought reduce nocturnal conductance in live oaks. Tree Physiol 27:
611–620.

Cavender‐Bares J, Gonzalez‐Rodriguez A, Pahlich A, Koehler K, Deacon
N (2011) Phylogeography and climatic niche evolution in live oaks
(Quercus series Virentes) from the tropics to the temperate zone.
J Biogeogr 38:962–981.

Cavender‐Bares J, González‐Rodríguez A, Eaton DA, Hipp AA, Beulke A,
Manos PS (2015) Phylogeny and biogeography of the American live
oaks (Quercus subsection Virentes): a genomic and population genet-
ics approach. Mol Ecol 24:3668–3687.

Choat B, Sack L, Holbrook NM (2007) Diversity of hydraulic traits in nine
Cordia species growing in tropical forests with contrasting precipita-
tion. New Phytol 175:686–698.

Choat B, Jansen S, Brodribb TJ et al. (2012) Global convergence in the
vulnerability of forests to drought. Nature 491:752–755.

Condit R (1998) Ecological implications of changes in drought patterns:
shifts in forest composition in Panama. Clim Change 39:413–427.

Condit R, Watts K, Bohlman SA, Pérez R, Foster RB, Hubbell SP (2000)
Quantifying the deciduousness of tropical forest canopies under vary-
ing climates. J Veget Sci 11:649–658.

Cornelissen JHC, Diez PC, Hunt R (1996) Seedling growth, allocation
and leaf attributes in a wide range of woody plant species and types.
J Ecol 84:755–765.

Craine JM, Lee WG (2003) Covariation in leaf and root traits for native
and non-native grasses along an altitudinal gradient in New Zealand.
Oecologia 134:471–478.

Dale VH, Joyce LA, McNulty S et al. (2001) Climate change and forest
disturbances: climate change can affect forests by altering the fre-
quency, intensity, duration, and timing of fire, drought, introduced spe-
cies, insect and pathogen outbreaks, hurricanes, windstorms, ice
storms, or landslides. BioScience 51:723–734.

Deacon NJ, Cavender-Bares J (2015) Limited pollen dispersal contri-
butes to population genetic structure but not local adaptation in
Quercus oleoides forests of Costa Rica. PloS One 10:e0138783.

Demmig B, Winter K, Krüger A, Czygan FC (1987) Photoinhibition and
zeaxanthin formation in intact leaves a possible role of the xanthophyll
cycle in the dissipation of excess light energy. Plant Physiol 84:218–224.

Demmig-Adams B, Adams WW (1996) The role of xanthophyll cycle car-
otenoids in the protection of photosynthesis. Trends Plant Sci 1:
21–26.

Eamus D (1999) Ecophysiological traits of deciduous and evergreen
woody species in the seasonally dry tropics. Trends Ecol Evol 14:
11–16.

Eamus D, Prichard H (1998) A cost-benefit analysis of leaves of four
Australian savanna species. Tree Physiol 18:537–545.

Engelbrecht BM, Comita LS, Condit R, Kursar TA, Tyree MT, Turner BL,
Hubbell SP (2007) Drought sensitivity shapes species distribution
patterns in tropical forests. Nature 447:80–82.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

Drought resistance mechanisms in a tropical oak 899



Feeley KJ, Davies SJ, Perez R, Hubbell SP, Foster RB (2011) Directional
changes in the species composition of a tropical forest. Ecology 92:
871–882.

Fernandez RJ, Reynolds JF (2000) Potential growth and drought toler-
ance of eight desert grasses: lack of a trade-off? Oecologia 123:
90–98.

Fetcher N (1981) Leaf size and leaf temperature in tropical Vines. Amer
Nat 117:1011–1014.

Flexas J, Diaz-Espejo A, Gago J, Gallé A, Galmés J, Gulías J, Medrano H
(2014) Photosynthetic limitations in Mediterranean plants: a review.
Environ Exp Bot 103:12–23.

Franco AC, Bustamante M, Caldas LS, Goldstein G, Meinzer FC, Kozovits
AR, Rundel P, Coradin VTR (2005) Leaf functional traits of Neotropical
savanna trees in relation to seasonal water deficit. Trees 19:
326–335.

Franklin DC (2005) Vegetative phenology and growth of a facultatively
deciduous bamboo in a monsoonal climate. Biotropica 37:343–350.

Garnier E, Laurent G, Bellmann A, Debain S, Berthelier P, Ducout B,
Roumet C, Navas ML (2001) Consistency of species ranking based
on functional leaf traits. New Phytol 152:69–83.

Givnish TJ (2002) Adaptive significance of evergreen vs. deciduous
leaves: solving the triple paradox. Silva Fenn 36:703–743.

Grady KC, Laughlin DC, Ferrier SM, Kolb TE, Hart SC, Allan GJ, Whitham
TG, Knapp A (2013) Conservative leaf economic traits correlate with
fast growth of genotypes of a foundation riparian species near the
thermal maximum extent of its geographic range. Funct Ecol 27:
428–438.

Gratani L, Meneghini M, Pesoli P, Crescente MF (2003) Structural and
functional plasticity of Quercus ilex seedlings of different provenances
in Italy. Trees 17:515–521.

Harayama H, Ishida A, Yoshimura J (2016) Overwintering evergreen
oaks reverse typical relationships between leaf traits in a species spec-
trum. R Soc Open Sci 3:160276.

Heberling JM, Fridley JD (2012) Biogeographic constraints on the world-
wide leaf economics spectrum. Glob Ecol Biogeogr 21:1137–1146.

Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very high
resolution interpolated climate surfaces for global land areas. Int J Clim
25:1965–1978.

Ishida A, Yamazaki JY, Harayama H et al. (2014) Photoprotection of
evergreen and drought-deciduous tree leaves to overcome the dry
season in monsoonal tropical dry forests in Thailand. Tree Physiol 34:
15–28.

Janzen DH, Hallwachs W (2016) Biodiversity conservation history and
future in Costa Rica: the case of Area de Conservacion Guanacaste
(ACG). Chapter 10. In: Kappelle M (ed) Costa Rican ecosystems.
University of Chicago Press, Chicago, pp 290–341.

Jonasson S, Medrano H, Flexas J (1997) Variation in leaf longevity of
Pistacia lentiscus and its relationship to sex and drought stress inferred
from leaf δ13C. Funct Ecol 11:282–289.

Kikuzawa K (1991) A cost-benefit analysis of leaf habit and leaf longev-
ity of trees and their geographical pattern. Amer Nat 138:
1250–1263.

Klemens JA, Deacon NJ, Cavender-Bares J (2011) Pasture recolonization
by a tropical oak and the regeneration ecology of seasonally dry trop-
ical forests. In: Dirzo R, Young HS, Mooney HA, Ceballos G (eds)
Seasonally dry tropical forests: ecology and conservation. Island Press,
Washington DC, USA, pp 221–237.

Koehler K, Center A, Cavender‐Bares J (2012) Evidence for a freezing
tolerance–growth rate trade‐off in the live oaks (Quercus series
Virentes) across the tropical–temperate divide. New Phytol 193:
730–744.

Lambers H, Chapin FS, Chapin FS, Pons TL (2008) Plant water relations.
In: Lambers H, Chapin FS, Pons TL (eds) Plant physiological ecology.
Springer, New York, NY, USA, pp 163–224.

Lenz TI, Wright IJ, Westoby M (2006) Interrelations among pressure–vol-
ume curve traits across species and water availability gradients.
Physiol Plant 127:423–433.

Levitt J (1980) Responses of plants to environmental stresses. In: Water,
radiation, salt, and other stresses Vol. II, 2nd edn. Academic Press,
New York, NY, USA.

Linares JC, Camarero JJ (2012) Growth patterns and sensitivity to climate
predict silver fir decline in the Spanish Pyrenees. Eur J For Res 131:
1001–1012.

Littell RC, Stroup WW, Milliken GA, Wolfinger RD, Schabenberger O
(2006) SAS for mixed models. SAS Institute, Cary, NC, USA.

Loewenstein NJ, Pallardy SG (1998) Drought tolerance, xylem sap absci-
sic acid and stomatal conductance during soil drying: a comparison of
canopy trees of three temperate deciduous angiosperms. Tree Physiol
18:431–439.

Malhi Y, Wright J (2004) Spatial patterns and recent trends in the climate
of tropical rainforest regions. Phil Trans R Soc Lond B Biol Sci 359:
311–329.

Markesteijn L, Poorter L, Paz H, Sack L, Bongers F (2011) Ecological dif-
ferentiation in xylem cavitation resistance is associated with stem and
leaf structural traits. Plant Cell Environ 34:137–148.

Martin RE, Asner GP, Sack L (2007) Genetic variation in leaf pigment,
optical and photosynthetic function among diverse phenotypes of
Metrosideros polymorpha grown in a common garden. Oecologia 151:
387–400.

Mason CM, Donovan LA (2015) Evolution of the leaf economics spec-
trum in herbs: evidence from environmental divergences in leaf physi-
ology across Helianthus (Asteraceae). Evolution 69:2705–2720.

McDowell N, Pockman WT, Allen CD et al. (2008) Mechanisms of plant
survival and mortality during drought: why do some plants survive
while others succumb to drought? New Phytol 178:719–739.

McDowell NG, Beerling DJ, Breshears DD, Fisher RA, Raffa KF, Stitt M
(2011) The interdependence of mechanisms underlying climate-
driven vegetation mortality. Trends Ecol Evol 26:523–532.

Meinzer FC, Woodruff DR, Marias DE, McCulloh KA, Sevanto S (2014)
Dynamics of leaf water relations components in co‐occurring iso‐ and
anisohydric conifer species. Plant Cell Environ 3:2577–2586.

Muller CH (1942) The Central American species of Quercus. United
States Department of Agriculture, Washington, DC, 93p.

Niinemets Ü (1999) Research review. Components of leaf dry mass per
area – thickness and density – alter leaf photosynthetic capacity in
reverse directions in woody plants. New Phytol 144:35–47.

Niinemets Ü (2001) Global-scale climatic controls of leaf dry mass per
area, density, and thickness in trees and shrubs. Ecology 82:
453–469.

Niinemets Ü (2015) Is there a species spectrum within the world‐
wide leaf economics spectrum? Major variations in leaf functional
traits in the Mediterranean sclerophyll Quercus ilex. New Phytol
205:79–96.

Oertli JJ, Lips SH, Agami M (1990) The strength of sclerophyllous cells to
resist collapse due to negative turgor pressure. Acta Oecol 11:
281–289.

Ordoñez JC, Bodegom PM, Witte JM, Wright IJ, Reich PB, Aerts R (2009)
A global study of relationships between leaf traits, climate and soil
measures of nutrient fertility. Glob Ecol Biogeogr 18:137–149.

Parkhurst DF, Loucks OL (1972) Optimal leaf size in relation to environ-
ment. J Ecol 60:505–537.

Pickup M, Westoby M, Basden A (2005) Dry mass costs of deploying
leaf area in relation to leaf size. Funct Ecol 19:88–97.

Poorter L, Markesteijn L (2008) Seedling traits determine drought toler-
ance of tropical tree species. Biotropica 40:321–331.

Poorter H, Niinemets Ü, Poorter L, Wright IJ, Villar R (2009) Causes and
consequences of variation in leaf mass per area (LMA): a meta‐ana-
lysis. New Phytol 182:565–588.

Tree Physiology Volume 37, 2017

900 Ramírez-Valiente and Cavender-Bares



Preston KA, Ackerly DD (2003) Hydraulic architecture and the evolution
of shoot allometry in contrasting climates. Am J Bot 90:1502–1512.

Ramírez-Valiente JA, Sánchez-Gómez D, Aranda I, Valladares F (2010)
Phenotypic plasticity and local adaptation in leaf ecophysiological traits
of 13 contrasting cork oak populations under different water availabil-
ities. Tree Physiol 30:618–627.

Ramírez-Valiente JA, Valladares F, Huertas AD, Granados S, Aranda I
(2011) Factors affecting cork oak growth under dry conditions: local
adaptation and contrasting additive genetic variance within popula-
tions. Tree Genet Genom 7:285–295.

Ramírez-Valiente JA, Valladares F, Sánchez-Gómez D, Delgado A, Aranda
I (2014) Population variation and natural selection on leaf traits in
cork oak throughout its distribution range. Acta Oecol 58:49–56.

Ramírez-Valiente JA, Koehler K, Cavender-Bares J (2015) Climatic ori-
gins predict variation in photoprotective leaf pigments in response to
drought and low temperatures in live oaks (Quercus series Virentes).
Tree Physiol 35:521–534.

Raven JA (2011) The cost of photoinhibition. Physiol Plant 142:87–104.
Read J, Sanson GD (2003) Characterizing sclerophylly: the mechanical

properties of a diverse range of leaf types. New Phytol 160:81–99.
Reich PB, Borchert R (1984) Water stress and tree phenology in a trop-

ical dry forest in the lowlands of Costa Rica. J Ecol 72:61–74.
Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra:

global convergence in plant functioning. Proc Natl Acad Sci USA 94:
13730–13734.

Reich PB, Wright IJ, Lusk CH (2007) Predicting leaf physiology from sim-
ple plant and climate attributes: a global GLOPNET analysis. Ecol Appl
17:1982–1988.

Reich PB (2014) The world-wide ‘fast–slow’ plant economics spectrum:
a traits manifesto. J Ecol 102:275–301.

Rigling A, Bigler C, Eilmann B et al. (2013) Driving factors of a vegetation
shift from Scots pine to pubescent oak in dry Alpine forests. Glob
Chang Biol 19:229–240.

Sánchez-Salguero R, Navarro RM, Camarero JJ, Fernández-Cancio Á
(2010) Drought-induced growth decline of Aleppo and maritime pine
forests in south-eastern Spain. For Syst 19:458–470.

Sheffield J, Wood EF (2008) Global trends and variability in soil moisture
and drought characteristics, 1950–2000, from observation-driven
simulations of the terrestrial hydrologic cycle. J Clim 21:432–458.

Sobrado MA (1986) Aspects of tissue water relations and seasonal
changes of leaf water potential components of evergreen and
deciduous species coexisting in tropical dry forests. Oecologia 68:
413–416.

Stevens N, Archibald SA, Nickless A, Swemmer A, Scholes RJ (2016)
Evidence for facultative deciduousness in Colophospermum mopane in
semi‐arid African savannas. Austr Ecol 41:87–96.

Tilman D (1988) Plant strategies and the dynamics and structure of plant
communities (No. 26). Princeton University Press, Princeton, NJ, USA.

Tomlinson KW, Poorter L, Sterck FJ, Borghetti F, Ward D, Bie S,
Langevelde F (2013) Leaf adaptations of evergreen and deciduous
trees of semi‐arid and humid savannas on three continents. J Ecol
101:430–440.

Trenberth KE, Dai A, van der Schrier G, Jones PD, Barichivich J, Briffa KR,
Sheffield J (2014) Global warming and changes in drought. Nat Clim
Change 4:17–22.

Valladares F, Sanchez-Gomez D, Zavala MA (2006) Quantitative
estimation of phenotypic plasticity: bridging the gap between the
evolutionary concept and its ecological applications. J Ecol 94:
1103–1116.

Vico G, Thompson SE, Manzoni S et al. (2015) Climatic, ecophysiologi-
cal, and phenological controls on plant ecohydrological strategies in
seasonally dry ecosystems. Ecohydrology 8:660–681.

Villar R, Merino J (2001) Comparison of leaf construction costs in woody
species with differing leaf life‐spans in contrasting ecosystems. New
Phytol 151:213–226.

Villar R, Robleto JR, De Jong Y, Poorter H (2006) Differences in construc-
tion costs and chemical composition between deciduous and ever-
green woody species are small as compared to differences among
families. Plant Cell Environ 29:1629–1643.

Williams K, Field CB, Mooney HA (1989) Relationships among leaf con-
struction cost, leaf longevity, and light environment in a rain-forest
plants of the genus Piper. Amer Nat 133:198–211.

Wright IJ, Reich PB, Westoby M (2001) Strategy-shifts in leaf physiology,
structure and nutrient content between species of high and low rainfall,
and high and low nutrient habitats. Funct Ecol 15:423–434.

Wright IJ, Reich PB, Westoby M et al. (2004) The worldwide leaf eco-
nomics spectrum. Nature 42:821–827.

Wright IJ, Reich PB, Cornelissen JH et al. (2005) Modulation of leaf eco-
nomic traits and trait relationships by climate. Glob Ecol Biogeogr 14:
411–421.

Wright IJ, Ackerly DD, Bongers F et al. (2007) Relationships among eco-
logically important dimensions of plant trait variation in seven
Neotropical forests. Ann Bot 99:1003–1015.

Wright SJ, Kitajima K, Kraft NJ et al. (2010) Functional traits and the
growth–mortality trade‐off in tropical trees. Ecology 91:
3664–3674.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

Drought resistance mechanisms in a tropical oak 901


	Evolutionary trade-offs between drought resistance mechanisms across a precipitation gradient in a seasonally dry tropical ...
	Introduction
	Materials and methods
	Study species
	Seed collection and population description
	Common garden experiment
	Soil moisture
	Growth rate
	Leaf abscission
	Gas exchange
	Leaf morphology
	Predawn leaf water potential and water potential at the turgor loss point
	Statistical analyses

	Results
	Discussion
	Climate predicts population-level variation in traits related to drought-resistance
	Negative association between photosynthetic rates and SLA

	Conclusions
	Acknowledgments
	Supplementary Data
	Conflict of interest
	Funding
	References


