
Chapter 4
Physiological Evidence from Common
Garden Experiments for Local Adaptation
and Adaptive Plasticity to Climate
in American Live Oaks (Quercus
Section Virentes): Implications
for Conservation Under Global Change

Jeannine Cavender-Bares and José Alberto Ramírez-Valiente

Abstract Climate is known to be a critical factor controlling the broad-scale dis-
tribution of plants but often the physiological basis for species distribution limits is
not well understood, nor is the extent to which populations within species are
locally adapted to climate. Reciprocal transplant experiments designed to test for
local adaptation are difficult to conduct and interpret in long-lived species, like
oaks. Linking the physiological tolerances of species to their climatic distributions
is an alternative approach to understanding adaptation to climate, and is important
in predicting future distributions of species under changing climatic conditions.
Here we synthesize a series of studies in a single lineage of American oaks that span
the temperate tropical divide and encompass a range of precipitation and edaphic
regimes, to determine (1) the physiological basis for adaptation to seasonal winter
and seasonal drought and (2) the variation among populations that associated with
climate variation and can be interpreted as local adaptation. We focus primarily on a
series of common gardens that allow us to determine the genetically based differ-
ences in functional and physiological traits as well as the genetically based
responses to contrasting temperature or precipitation regimes. We show that vari-
ation in freezing tolerance among closely related species is greater than variation
among populations within species. Nevertheless, freezing tolerance varies pre-
dictably with climate of origin and is negatively associated with growth rate. In
contrast, drought tolerance mechanisms vary more among populations within a
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single species, at least for the most widely distributed species, Quercus oleoides,
than between species. Within this species, climate of origin predicts a suite of leaf
physiological traits, and there is evidence for evolutionary trade-off between des-
iccation avoidance and desiccation resistance. Combined, these results show evi-
dence for local adaptation to both freezing and drought stress within species, as well
as adaptive differentiation between closely related species, despite phylogenetic
conservatism in functional traits and highly similar physiognomy across the
American live oak clade. The results inform conservation efforts aimed at pre-
venting extinction of tree species in the face of global change.

4.1 Introduction

A central biological question under rapidly changing global climatic conditions is
the extent to which species are locally adapted to climate. Climate is a driving force
in evolution (Etterson 2004a; Jump et al. 2006; Ramírez-Valiente et al. 2010; Shaw
and Etterson 2012), even though niche conservatism is widespread (Crisp et al.
2009b; Wiens et al. 2010). Physiological traits that are linked to tolerance of
seasonal temperature variation and water availability are known to vary consider-
ably among woody taxa and are thought to delimit species distributions across
climatic gradients in both temperate and tropical biomes (Larcher 1960, 2000; Sakai
and Larcher 1987; Koerner and Larcher 1988; Engelbrecht and Kursar 2003; Tyree
et al. 2003; Brodribb and Holbrook 2006; Engelbrecht et al. 2006). Such traits are
likely to be under strong selection in relation to climate. We have used a small
“model clade” of live oaks (Quercus section Virentes Nixon) that span a range of
climates from the temperate zone to the tropics to examine evidence for adaptive
evolution in response to seasonal winter and seasonal drought. The evolutionary
history and ecological distribution of the live oaks are well understood, providing a
platform for investigation of adaptive change. More broadly, the oaks of the
Americas contribute a large fraction of the total forest biomass and woody diversity
of North America in both the US and Mexico (Cavender-Bares 2016). Climate
change scenarios predict warmer climates in southern and southeastern regions of
eastern North America and drier climates in most regions of Mexico Central
America by 2100 (IPCC 2007), but the seasonal timing of decreases in rainfall are
uncertain (Karmalkar et al. 2008). We used the live oaks as a system to address the
question of whether variation between populations and between species in both
sensitivity to chilling and freezing stress and resistance to drought corresponds to
the climate of origin. We compare our studies of the American live oaks, trees
adapted to wet summers and either dry or cold winters, to parallel work on old
world Mediterranean oak species, which also experience seasonality in precipitation
and temperature but are adapted to cold temperatures that are seasonally offset from
low rainfall. These oaks are similar in appearance and many functional attributes
but display important physiological and phenological differences as a consequence
of the contrasting patterns in seasonality.
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Our goal was to examine evidence for local adaptation to climate using a series
of common garden experiments, where environmental variation was limited and
individual plants were randomized across this variation. Distinguishing between
plasticity and genetically-based variation has important implications for under-
standing range limits and how plants respond to changing environments. As part of
these investigations, we tested for environmentally-induced changes in resistance to
cold and to drought in plants grown under contrasting and experimentally manip-
ulated climate regimes (temperature or precipitation). These experiments allowed us
to examine plasticity in response to contrasting climatic regimes and to evaluate
evidence in support of adaptive plasticity. We examined variation within and
among species in response to freezing stress in five of the live oaks but focused on
the two most widespread species, Quercus virginiana (temperate biome) and
Quercus oleoides (tropical biome). In examining adaptation to drought and sea-
sonality in precipitation, we focused primarily on Quercus oleoides, which spans a
range of precipitation regimes, all of which fall within the classification of
seasonally-dry tropics. We planted common gardens in the field and also recipro-
cally transplanted populations to test directly for local adaptation and supplemented
water at two times during the year to decipher consequences of water limitation. We
review these common garden studies to synthesize what we have learned about
genetically based variation within and among closely related species of this lineage
in response to the range of climatic variation that it encompasses. We suggest future
steps needed to (1) better understand the evolution of climate responses in oak
ecosystems and the evolutionary potential of oaks to adapt to increasing drought
severity expected in future decades and (2) provide guidance on conservation to
prevent extinction of threatened oaks.

4.2 The Live Oaks, Quercus Section Virentes,
as a Study System

The live oaks consist of seven species of interfertile brevideciduous or semiever-
green oaks that span the tropical temperate divide in southern USA, Mexico and
Central America and the Caribbean (Muller 1961; Nixon 1985; Nixon and Muller
1997; Cavender-Bares et al. 2015) (Fig. 4.1).

Q. virginiana and Q. oleoides are the two most broadly distributed members of
the live oaks. Q. virginiana extends from the outer banks of southern Virginia and
North Carolina in the U.S. into northern Mexico, and Q. oleoides extends from
northern Mexico to northwestern Costa Rica. We hypothesized that the wide range
of climatic variation encountered by the two species throughout their ranges has led
to both interspecific and intraspecific variation as a consequence of adaptation to
contrasting climates. The majority of the work we present on population-level
differentiation is within and between these two species.
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Fig. 4.1 The live oaks, Virentes, are a monophyletic lineage of interfertile American oaks that
span the southeastern US, Mexico, Central America and the Caribbean and occur across a range of
climates that vary in both minimum temperature and precipitation. The live oaks fall within the
white oak group (Nixon and Muller 1997; Cavender-Bares et al. 2015). Shown are the geographic
distributions of the seven species in the lineage, their phenotypes, and their climatic distribution in
terms of mean annual precipitation (cm) and minimum temperature of the coldest month (°C).
Modified from Cavender-Bares et al. (2015)
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4.3 Adaptation to Winter Stress: Species and Population
Responses to Freezing Under Different Climate
Regimes

Freezing is considered a major barrier to migration and a strong selective force
(Sakai and Weiser 1973; Larcher 2000; Cavender-Bares 2005; Zanne et al. 2014).
Freezing temperatures can cause lethal injuries in living plant tissues, and the ability
of different species to avoid or tolerate freezing stress through various mechanisms
can go a long way in explaining their geographic distributions (Parker 1963; Burke
et al. 1976). Live oaks are likely strongly limited by freezing, given that they are not
deciduous. Deciduousness is a very common adaptation to freezing winters, and has
evolved repeatedly in oaks (Hipp et al. 2017). However, the live oaks are restricted
to mild climates and are considered evergreen or brevideciduous, but not deciduous,
in taxonomic treatments (Miller and Lamb 1985; Nixon 1985; Nixon and Muller
1997). While they occur in the temperate zone, they are found only in climates
where winters are fairly mild but where subzero temperatures are nevertheless
frequent. Tree species, such as the live oaks, that remain active during winter are
subject to freezing of living and nonliving tissues. Freezing can cause intracellular
ice formation, which can kill the cells, or extra-cellular ice formation, which may
lead to cellular dehydration and cell membranes damage (Fujikawa and Kuroda
2000).

We tested the hypothesis that populations at different latitudes within species are
differentially adapted to cold and freezing stress. However, given the tendency for
phylogenetic conservatism in traits (Ackerly and Reich 1999; Wiens et al. 2010),
we hypothesized that, alternatively, populations within species could be equally
tolerant of cold and freezing, due to ancestral acquisition and conservatism of such
traits, even though only some populations currently experience these stresses. The
ability to cold acclimate is itself an evolved trait, and the capacity to undergo
morphological shifts that protect against freezing damage is characteristic of tem-
perate species. We therefore anticipated that the growth climate would influence the
freezing response, and exposure to winter temperatures would lead to cold accli-
mation in populations adapted to cold such they would show less damage in
response to freezing stress.

In an initial controlled environment experiment with two populations of both Q.
virginiana (temperate species) and Q. oleoides (tropical species), Cavender-Bares
(2007) found ecotypic differentiation in cold and freezing sensitivity between
populations within species and between species across a latitudinal gradient, when
grown under either tropical or temperate growth conditions. In response to short
term freezing, both the North Carolina and Florida populations from the temperate
Q. virginiana showed small losses of photosynthetic function (dark acclimated
quantum yield, assessed as variable to maximum chlorophyll fluorescence, Fv/Fm),
24 h after freezing at −10, −5, −2 °C compared to before freezing. In contrast,
Belize and Costa Rica populations from the tropical Q. oleoides showed very large
losses in photosynthetic function after freezing at −10 °C. However, the extent of
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damage to the photosynthetic apparatus was a consequence of growing conditions,
and populations within Q. virginiana showed different degrees of damage,
depending on climate of origin. Plasticity in the responses of populations to
freezing stress is an important adaptation. Plasticity is adaptive if it results in a
higher fitness across environments (van Kleunen and Fisher 2005). The case for
claiming adaptive plasticity for increased freezing tolerance in response to cold
exposure is not disputed. The widely observed changes in cell wall properties and
other functions that reduce intracellular freezing and frost damage among most
freezing tolerant plants, called “cold acclimation,” increases plant survival
(Steponkus 1984; Wisniewski and Ashworth 1985; Huner et al. 1993;
Cavender-Bares 2005). Cold acclimation encompasses the range of physiological
and morphological changes that occur in response to chilling and prepare a plant to
encounter freezing stress. Overall, Q. virginiana plants showed an ability to cold
acclimate, while Q. oleoides populations did not. When grown in a tropical treat-
ment exposed to consistently warm growth conditions both Q. virginiana popula-
tions showed greater loss of photosynthetic function when exposed to decreasing
minimum temperatures, as indicated by a decline in Fv/Fm, than when acclimated to
three months of winter chilling (Fig. 4.2a, b). Across populations and species, the
decline in Fv/Fm under both climate conditions corresponded to climate of origin.
Under the tropical treatment (Fig. 4.2a), while both populations in both species
suffered declines in Fv/Fm after freezing at −10 °C, the northern most population
from North Carolina showed only a minimal decline in Fv/Fm and plants in the
Florida population of Q. virginiana showed an intermediate response at −10 °C.
The ability of Q. virginiana populations grown in the temperate treatment to cold
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Fig. 4.2 Effects of minimum temperature (0, −2, −5, and −10 °C) on recovery of photochemical
efficiency in dark leaves a in plants grown under warm conditions all year (tropical treatment), and
b in plants acclimated to cold temperatures (temperate treatment). Dark Fv/Fm was measured on
leaves of branches with a stem submersed in water before and 24 h after a dark freezing cycle.
Immediately after the freezing cycle, branches were placed in a dark cabinet at room temperature.
Plants were measured in February. c Percentage of leaf loss during the interval between November
and February in the tropical and temperate growth treatments. Q. virginiana is represented by
triangles (open = North Carolina; closed = Florida), and Q. oleoides is represented by circles
(open = Belize; closed = Costa Rica). Redrawn from Cavender-Bares (2007)
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acclimate was apparent from the lack of decline in Fv/Fm, even at −10 °C. In
contrast, the two Q. oleoides populations showing very large declines under both
treatments with values of Fv/Fm that dropped below 0.2 at −10 °C.

We also observed a striking difference in leaf abscission in responses to cold
exposure both between populations within Q. virginiana and between the two
species that corresponded to latitude (Fig. 4.2c), which again demonstrates adaptive
plasticity. Abscission in response to cold provides evidence for evolution towards
deciduousness. The northern population of Q. virginiana from NC lost nearly 60%
of its leaves in response to prolonged cold exposure that reached 4 °C at night,
while the Florida population abscised less than 40% compared to only 6% for all
populations in the tropical treatment. Meanwhile, the tropical Q. oleoides showed
only approximately 10% abscission in response to the same cold exposure, and not
significantly different from the abscission rate in the tropical treatment.

In a second study (Cavender-Bares et al. 2011), we again found genetically
based differences in freezing sensitivity between Q. virginiana and Q. oleoides;
although variation within species was not significant in this case. As before, Fv/Fm

was measured in a replicated controlled environment experiment under tropical and
winter-treated temperate conditions, before freezing and 12 h after freezing at −5,
−7 and −10 °C. Critical freezing temperatures (the freezing temperature at which
Fv/Fm = 0.4) were more negative for Q. virginiana than Q. oleoides, indicating
higher freezing tolerance in the temperate species. However, populations within
species did not differ significantly (Fig. 4.3c). In the temperate treatment, where
plants were acclimated to cold temperatures for three months prior to freezing, all
Q. virginiana populations showed an increase in freezing tolerance relative to when
they were grown in consistently warm conditions. Q. oleoides populations showed
no ability to increase freezing tolerance when exposed to cold.

In the most extensive study of the series examining freezing tolerance, Koehler
et al. (2012), tested maternal families from multiple populations within five species
of the Virentes for freezing tolerance and response to cold exposure (Fig. 4.4). In
this study we used the electrolyte leakage method to examine intracellular cell death
of stems in response to freezing, as well as loss of chlorophyll function in leaves, as
before. Minimum temperatures in the climate of origin of maternal families across
all species strongly predicted freezing tolerance, cold acclimation ability, and
growth rates. Maternal families from climates with colder winters had slower
growth rates and greater freezing tolerance than those from milder climates. As a
consequence, we found evidence for an evolved trade-off between freezing toler-
ance and growth rate, such that the maternal families from warmer latitudes within
and across species showed faster growth rates but lower freezing tolerance than the
maternal families from colder latitudes. Live oaks from lower latitudes had much
high freezing tolerance and ability to acclimate to freezing, but lower growth rates
in the absence of cold stress.

In a study on the same species, populations and maternal families,
Ramírez-Valiente et al. (2015) found significant variation among populations and
species, as well as increasing anthocyanin content with minimum temperature in the
climate of origin. The maternal families with higher freezing tolerance (Fig. 4.4)
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had lower anthocyanin accumulation (Fig. 4.5). Our interpretation is that maternal
families with lower freezing tolerance use anthocyanins as a general protective
mechanism in response to cold, by attenuating light and/or neutralizing reactive
oxygen species to diminish the risk of photodamage under low temperatures
(Pietrini et al. 2002; Gould 2004; Hughes et al. 2012).

Tropical Treatment

Temperate Treatment

(a) (c)

(b) (d)

Fig. 4.3 Genetically based differences in freezing sensitivity between Q. virginiana and Q.
oleoides. The dark-acclimated quantum yield of photosynthesis (Fv/Fm) was measured in a
common garden experiment under a tropical conditions and b winter-treated temperate conditions,
before freezing and 12 h after freezing at −5, −7 and −10 °C. Asterisks indicate temperatures and
treatments for which the two species were significantly different (a = 0.05). Small symbols to the
right in b indicate dark-acclimated Fv/Fm values of leaves warmed at 22 °C for 48 h. c Climatic
distributions showing the percentage of herbarium record occurrences at each temperature for the
mean minimum temperature in the coldest month. These occurrence localities were used in the
Maxent model to predict climatic distributions for Q. oleoides and Q. virginiana, which showed
that minimum temperature was an effective climate variable for predicting species occurrence and
was significantly different between the species (P < 0.0001). d A *3 °C difference in critical
freezing temperatures between the two species was apparent. Quadratic curves fitted to Fv/Fm

responses of individuals to three freezing temperatures (not shown) allowed the prediction of
critical freezing temperatures (the freezing temperature at which Fv/Fm = 0.4) for each population.
Redrawn from Cavender-Bares et al. (2011)
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All of these studies provide clear evidence for adaptive divergence in freezing
tolerance and the ability to acclimate to cold winters among species with contrasting
climates of origin. Within Q. virginiana, we also found adaptive differentiation
among populations in cold acclimation ability and freezing tolerance. In other
words, families and populations within the species have different levels of adaptive
plasticity in response to cold, depending on climate of origin. The ability to increase
freezing tolerance after cold exposure is entirely absent in the tropical species, Q.
oleoides, and remains untested in Q. brandegeei and Q. sagraena in Cuba. Lacking
freezing and cold tolerance, which is hypothesized to be maintained at significant
metabolic cost (Burke et al. 1976; Guy 2003; Savage and Cavender-Bares 2013).
This lack of cold acclimation ability and freezing tolerance, more generally, helps
explain why Q. oleoides appears to use anthocyanins as a general mechanisms to
reduce photoprotective stress under cold conditions, particularly in young leaves
(Ramírez-Valiente et al. 2015). Our current working hypothesis is that the live oaks
lost freezing tolerance after radiation into Mexico and Central America, given that
the oaks colonized the temperate zone first (Hipp et al. 2017). The alternative
possibility is that the live oaks originated in tropical climates and gained freezing
tolerance. Regardless, these studies demonstrate population level local adaptation in
freezing tolerance in the widely distributed temperate Q. virginiana, and either
adaptive loss of freezing tolerance and cold acclimation ability in the tropical Q.
oleoides, or adaptive acquisition of these attributes in Q. virginiana. Molecular
evidence from candidate genes lends support to the hypothesis that the live oaks
lost freezing tolerance, given strong conservatism and purifying selection in a core
gene responsible for cold acclimation ability (Meireles et al. 2017). In these same
populations of Q. virginiana and Q. oleoides, we studied two cold response can-
didate genes ICE1, a key gene in the cold acclimation pathway, and HOS1, which
modulates cold response by negatively regulating ICE1. Meireles et al. (2017)
found that that HOS1 experienced recent balancing selection. This finding indicates
that evolution has favored diversity in cold tolerance modulation through balancing
selection in HOS1, perhaps due to the range of climatic environments the species
experience across their ranges. At a deeper evolutionary scale, a codon based model
of evolution revealed the signature of negative (or purifying) selection in ICE1. In
the same analysis, three positively selected codons were identified in HOS1, pos-
sibly a signature of the diversification of Virentes into warmer climates from a
freezing adapted lineage of oaks. It thus appears that, while evolution has favored
diversity in cold tolerance modulation through balancing selection in HOS1, it has
maintained core cold acclimation ability, given evidence for purifying selection in
ICE1.
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4.4 Species and Population Responses to Water
Availability Under Different Climate Regimes

Water limitation is a second major barrier in the ability of plants to occupy a given
biome and accounts for major shifts in the Earth’s species composition (Pennington
2006; Crisp et al. 2009a; Anderegg et al. 2016). Within the same climatic zone,

Fig. 4.4 Minimum temperature of the coldest month in the climate of origin predicts leaf a and
stem b freezing tolerance in maternal families grown under nonstressed tropical (gray) and after
exposure to cold temperatures in temperate conditions (black) based on leaf decline in Fv/Fm after
freezing at −10 °C and stem index of injury after freezing at −15 °C. Minimum temperature of the
coldest month further predicts leaf cold acclimation ability ((tropical-temperate)/tropical for
decline in Fv/Fm after freezing at −10 °C) c and stem cold acclimation ability ((tropical-
temperate)/tropical for index of injury after freezing at −15 °C) d. e and f show the trade-offs
between growth rate (absolute growth rate, AGR) in tropical and temperate conditions and freezing
tolerance across maternal families from four live oak species. Leaf freezing tolerance and stem
freezing tolerance are both higher in maternal families within and among species with lower
growth rates. Species: Q. virginiana, squares; Q. geminata, crosses; Q. fusiformis, circles; Q.
oleoides, triangles. Redrawn from Koehler et al. (2012). Regressions are shown as least squares
fitted lines
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water limitation can be caused by topographic variation and soil type. In these
cases, water availability and soil fertility often covary (Cavender-Bares et al. 2004).
Quercus virgininiana and Quercus geminata, two co-occurring temperate live oak
species, known to be sister species, occur in contrasting soils and hydraulic regimes
in the southeastern US (Cavender-Bares and Pahlich 2009). They provide a good
test of sympatric divergence in function in relation to microhabitat water avail-
ability. Quercus virginiana occurs on moister and richer soils than Q. geminata
based on ecological studies in Florida (Myers 1990; Cavender-Bares et al. 2004) as
well as taxonomic treatments of the species (Kurz and Godfrey 1962; Nixon and
Muller 1997). Cavender-Bares et al. (2004) found significant niche differentiation
across soil types between the two species based on soil moisture and soil fertility
(pH, calcium content, exchangeable NH4 and NO3, and exchangeable P). Q. vir-
giniana occurrs on moister, more nutrient rich, and higher pH sites than Q. gem-
inata. Quercus virginiana also has a broader distribution across the range of
variation in all of the edaphic factors relative to Q. geminata (Cavender-Bares and
Pahlich 2009). When sympatric Florida populations of each species that occur in
different microhabitats are grown in a common environment, Q. virginiana has
faster growth and higher photosynthetic rates per gram of leaf tissue than
Q. geminata, corresponding to its more resource rich native habitat. The resource
allocation patterns of Q. virginiana support its faster growth strategy; it has thinner
leaves (higher specific leaf area, SLA) and allocates more to leaf area relative to
total plant biomass, thus maximizing light capture and total plant photosynthetic
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Fig. 4.5 a Means for populations (within species) under temperate (black) and tropical (gray)
treatments for anthocyanin concentration measured in the reddest leaf of the plants. Bars indicate
standard errors. Different letters indicate significant differentiation (P < 0.05) within the temperate
and tropical treatments. Populations: Q. fusiformis (circles), TX_FUS—Texas; Q. geminata
(diamonds), FLN_GE—Northern Florida; NC_GE—North Carolina; Q. oleoides (triangles),
CR_OL—Costa Rica; BZ_OL—Belize; MX_OL—Mexico; Q. virginiana (squares), FLS_VIR—
Southern Florida; FLN_VI—northern Florida; LA_VIR—Louisiana; TX_VIR—Texas; NC_VIR
—North Carolina. b Relationship between anthocyanins and minimum temperatures of the coldest
month in the source of origin of the maternal families under temperate (black) and tropical (gray)
treatments. Q. fusiformis (circles), Q. geminata (diamonds), Q. oleoides (triangles) and Q.
virginiana (squares). Points represent mean maternal-family values
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capacity. Quercus virginiana also allocates less to root mass than shoot mass. In
contrast, the slower growth strategy of Q. geminata is accompanied by a greater
investment in roots relative to shoots and lower allocation to leaf area per unit
biomass. Lower evaporative surface area and greater proportional belowground
biomass permits Q. geminata to conserve water. This conservative strategy matches
the lower water availability in their native habitat. Based on measurements from
stems naturally grown in the field, Q. virginiana has higher stem specific hydraulic
conductance than Q. geminata and lower Huber values than Q. geminata
(Cavender-Bares and Holbrook 2001). The significant functional differentiation
between the species observed both in common gardens and in naturally occurring
populations corresponds to habitat differentiation and provides evidence for adap-
tive divergence between these sympatric sister species. Adaptive differentiation
must have either occurred in sympatry, a possibility given contrasting phenology
and flowering times (Cavender-Bares and Pahlich 2009) or in allopatry prior to
secondary contact. In a subsequent series of studies, we found similar kinds of
adaptive differentiation within a single species that spans a range of climates and
soils as we explain in Sect. 4.5.

4.5 Intraspecific Variation in Seasonally-Dry Tropical
Climates in the Widely Distributed Tropical Live Oak,
Quercus Oleoides

Across latitudes, variation in the timing and amount of precipitation establishes
contrasting selection pressures that may be anticipated to lead to adaptive differ-
entiation in populations and local adaptation. Yet it is not well understood the
extent to which local adaptation occurs in long-lived tree species. Maintenance of
high genetic variation and plastic responses to the environment are other important
means of persisting in variable environments, particularly when generation times
are long and an individual tree may experience a range of environments throughout
the course of its lifespan (Shaw and Etterson 2012; Meireles et al. 2017). Quercus
oleoides is a long-lived species widely distributed in seasonally dry tropical forests
(SDTFs) of Central America. This species usually forms mono-dominant stands and
influences local hydrologic budgets and soil conservation (Boucher 1981; Klemens
et al. 2011). It is considered to have a evergreen or brevi-deciduous leaf habit
depending on the population of origin (Muller 1942). This species is a useful study
system to explore evolution of drought resistance strategies in SDTFs because it
spans a large gradient of dry-season aridity and wet season rainfall in the region.
Here we review and synthesize the main findings from recent studies relative to the
drought response exhibited by Q. oleoides to seasonal water variation.

Vast areas in tropical latitudes are characterized by seasonally dry climates,
which are particularly abundant in Mesoamerica. Seasonally dry tropical forests
(SDTFs) in this region exhibit nearly constant temperatures throughout the year but
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have marked variation in precipitation. Usually, rainfall exhibits a bimodal distri-
bution with maximums in June and October and minimums between March and
April. The length of the dry season might vary between two and seven months, and
its severity is variable across the region. Xeric environments can also experience
drought events during the wet season (Ananthakrishnan and Soman 1989; Nicholls
and Wong 1990).

In an initial study of local adaptation to contrasting precipitation regimes using a
reciprocal transplant experiment within Costa Rica, Deacon and Cavender-Bares
(2015) found that upland and lowland populations of Q. oleoides both had higher
fitness, in terms of both growth and survival, in upland environments, where pre-
cipitation was higher and water limitation less severe during the dry season. The
results clarified that water was more limiting to fitness in the lowland environment
than in the upland. A later field common garden study in the same lowland region
again showed that water limitation during the dry season reduced seedling fitness
from both the upland and lowland populations by decreasing survival. Furthermore,
water supplementation at the low elevation site during the dry season resulted in an
increase in emergence of seedlings and subsequent fitness from seeds produced late
in the season (Center et al. 2016). The upland and lowland Costa Rican populations
originate from environments that span the full range of precipitation variation
across the entire species range. However, in two separate transplant experiments,
we found no evidence of local adaptation of these two populations within Costa
Rica through reciprocal transplanting, despite barriers to gene flow that could have
permitted it (Center 2015; Deacon and Cavender-Bares 2015). In the latter study
Center (2015), reciprocal transplanting included populations and sites in the upland
and lowland regions in Costa Rica as well as in a very xeric region in southern
Honduras. However, even including this broader span of populations we found no
evidence for local adaptation, although biotic factors may have interfered (Center
2015). Detecting local adaptation under complicated field conditions in long-lived
species is difficult, however, and sometimes better evidence can be obtained for
adaptive differentiation in physiological function in controlled environments.

Making inferences about local adaptation based on functional differentiation in
traits requires a clear understanding of the expectations for how traits should vary
with climatic and soil conditions. Seasonally dry tropical forests in Central
MesoAmerica are typically dominated by trees with very different leaf life spans,
including drought deciduous and evergreen species (Borchert et al. 2002; Givnish
2002; Bowman and Prior 2005; Klemens et al. 2011; Vico et al. 2015). Deciduous
species usually have thin leaves with high specific leaf area, short life spans and
high investment in photosynthetic tissues per leaf mass. For this reason, they are
thought to sustain high photosynthetic rates in the wet season under high soil water
potentials but to abscise their leaves in the drought season to reduce water loss via
transpiration (Reich and Borchert 1984; Eamus and Prichard 1998). Theoretical
models predict that this acquisitive resource-use strategy is beneficial for carbon,
nutrients and water balances in SDTFs when the dry season is longer or more
severe because it maximizes carbon uptake and nutrient use when water is not
limiting and minimizes water loss during the long dry season
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(Cornelissen et al. 1996; Givnish 2002; Bowman and Prior 2005; Poorter and
Markesteijn 2008). In contrast, as the dry season becomes shorter or less severe, a
conservative resource use strategy with increased drought tolerance is hypothesized
to be beneficial for species that inhabit SDTFs because it allows carbon assimilation
throughout the entire year including during the dry season (Oertli et al. 1990;
Niinemets 2001; Read and Sanson 2003; Wright et al. 2005; Bowman and Prior
2005; Poorter et al. 2009; Markesteijn et al. 2011). In general, a conservative
resource use strategy is associated with leaves with greater investment in structural
components with low SLA, high leaf thickness and high lignin concentration (Reich
2014). These leaves have lower photosynthetic rates but can maintain function
much longer (Parkhurst and Loucks 1972; Fetcher 1981; Niinemets 2001; Read and
Sanson 2003; Markesteijn et al. 2011). Species that use resources conservatively
also tend to possess adaptations 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). Photoprotection is also expected to vary
with leaf lifespan and exposure to dry season drought (Demmig-Adams and Adams
2006; Savage et al. 2009). To the extent that leaves remain functional during the dry
season, they would be expected to increase xanthophyll pigments that aid in energy
dissipation when water becomes limiting, stomatal conductance declines and
photosynthesis quenches less of the incoming absorbed solar radiation.

In several common garden studies testing for ecophysiological differentiation
among populations, Ramírez-Valiente et al. (2015), Ramírez-Valiente and
Cavender-Bares (2017) and Ramírez-Valiente et al. (2017) demonstrated evolu-
tionary divergence in leaf functional traits among populations of Q. oleoides from
contrasting precipitation regimes that vary in dry season length and severity. They
found, somewhat counterintuitively, that more mesic populations tend to face
greater water stress because they maintain functional leaves for longer during the
dry season. Ramírez-Valiente et al. (2015) observed that in response to drought,
Q. oleoides populations originating from mesic areas increased the de-epoxidation
rates of the xanthophyll cycle more than xeric populations (Fig. 4.6). They showed
that differences in physiological mechanisms, particularly the activation of the
xanthophyll cycle, were much higher among populations within species than among
different species. The nature of variation within and among species thus contrasts
that observed for freezing tolerance, which showed greater differentiation between
species than within them. Differences in SLA among Q. oleoides populations were
also higher than differences observed among live oak species. This study showed
for the first time that populations from more mesic areas tended to have more
sclerophyllous leaves with higher capacity for photoprotection in this tropical oak
(Ramírez-Valiente et al. 2015). The interpretation is that the mesic populations
maintain leaves for longer during the dry season and need to continue to maintain
function with increasing water stress.

Consistent patterns of variation in leaf thickness and specific leaf area with the
index of moisture in the location of the source populations were found in multiple
common garden studies in both the greenhouse and in the field (Ramírez-Valiente
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and Cavender-Bares 2017; Ramírez-Valiente et al. 2017). Regardless of the location
of the experiment, watering treatment and sampled populations, a consistently
negative association between specific leaf area and the index of moisture of the
source has been observed (Fig. 4.7). Differences in SLA among populations were
mainly due to leaf thickness and to a lesser extent to leaf density. In fact, a positive
association between leaf thickness and the index of moisture of the source were also
observed across studies (Ramírez-Valiente and Cavender-Bares 2017;
Ramírez-Valiente et al. 2017).

These studies further revealed that Q. oleoides populations had similar values of
stomatal conductance and water use efficiency (WUE) (Ramírez-Valiente and
Cavender-Bares 2017; Ramírez-Valiente et al. 2017) but significantly differed in
water potential at the turgor loss point and leaf abscission in response to drought.
Differences in these two traits were again associated with the climate of origin,
consistent with variation in leaf morphology. Overall, our findings reveal that
populations from more mesic sites have smaller sclerophyllous leaves (lower SLA
and higher thickness) and greater drought tolerance (lower ptlp) (Fig. 4.8a) than
populations from more xeric sites, which have larger mesophyllous leaves (higher
SLA and lower thickness) and increase leaf abscission in response to drought
(Fig. 4.8b). Since populations had similar stomatal conductance and WUE, leaf
senescence in response to drought may have been favored in populations from 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). The increased drought tolerance
and more durable leaves observed in the most mesic areas within the distribution
range of Q. oleoides would allow maintaining photosynthetic activity under lower
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water potentials. Thus, the association between drought resistance strategies, leaf
morphology and climate of populations for Q. oleoides agrees with the postulates
by the resource-use hypothesis in SDTFs (Borchert 1994; Medina 1995; Condit
1998; Givnish 2002; Bowman and Prior 2005; Choat et al. 2007; Tomlinson et al.
2013; Vico et al. 2015). Our findings for Q. oleoides are consistent with temporal
studies, which show that decreasing rainfall in the dry season enhances the relative
abundance of deciduous species in tropical dry forests over time (Enquist and
Enquist 2011) and by spatial analyses at small scales, which show that dry de-
ciduous species preferentially occupy drier microhabitats than evergreen species
(Comita and Engelbrecht 2009). In sum, these findings suggest that water avail-
ability is a key factor driving the spatial and temporal dynamics of functional
strategies in the tropics and provide experimental evidence that selection has
favored an increase in deciduousness with increasing dry season severity in
Quercus oleoides.
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Fig. 4.7 Relationship between specific leaf area and the index of moisture (Precipitation −
potential evapotranspiration) in Quercus oleoides seedlings established in three common garden
experiments: a Greenhouse experiment (red: dry treatment, blue: well-watered treatment)
(Ramírez-Valiente and Cavender-Bares 2017), b Field experiment a, established in Honduras in
2011 with eight populations (red: dry season, blue: wet season) (Ramírez-Valiente et al. 2017) and
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means. Bars indicate standard errors. Index of moisture values are population means in the climate
of origin
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4.6 Comparison of the Seasonally Dry Tropical
Q. Oleoides to Mediterranean Oaks

It is interesting to note that the trends observed in Q. oleoides are opposite to those
reported by Barlett et al. (2012) at global scale, who found a positive relationship
between water availability and ptlp in a metanalysis. This inconsistency across
studies probably reflects contrasting patterns in the evolution of drought tolerance
among- and within-biomes. Differences in ptlp among functional types within
biomes are broadly documented (Bartlett et al. 2012). In fact, species adapted to
avoid or escape from dry seasons usually exhibit lower drought tolerance (increased
osmotic potentials and turgor loss points) in dry tropical and temperate ecosystems
(Medina 1995).

Our results also contrast with those found in intraspecific studies on evergreen
oak species from seasonally-dry temperate zones (i.e. Mediterranean-type ecosys-
tems), which show that populations from xeric climates with long dry seasons have
a conservative resource-use strategy (Gratani et al. 2003; Ramírez-Valiente et al.
2010, 2014; Niinemets 2015). We speculate that the differences in the patterns of
variation of functional traits between tropical and Mediterranean oaks are probably
related to temperatures in the wet season. In Mediterranean-type ecosystems carbon
assimilation is limited by both water deficit in summer and low temperatures in
winter (Larcher 2000; Nardini et al. 2000; Cavender-Bares 2005; Flexas et al. 2014;
Granda et al. 2014; Niinemets 2016). In contrast to Mediterranean ecosystems,
which have cold winters, in seasonally-dry tropical ecosystems, temperature is not a
limiting factor for photosynthesis in the wet season. Mediterranean species face a

Fig. 4.8 a Relationship between the index of moisture (Precipitation − potential evapotranspi-
ration) and water potential at the turgor loss point (ptlp) in one-year old Quercus oleoides seedlings
established in a greenhouse experiment (red: dry treatment, blue: wall-watered treatment)
(Ramírez-Valiente and Cavender-Bares 2017). Circles represent population means. Bars indicate
standard errors. b Relationship between the index of moisture (Precipitation − potential
evapotranspiration) and leaf abscission in one-year old Quercus oleoides seedlings established in a
greenhouse experiment (red: dry treatment, blue: wall-watered treatment). Redrawn from
Ramírez-Valiente and Cavender-Bares (2017). Circles represent population means. Bars indicate
standard errors
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range of severity in drought stress in summer and mild to more significant freezing
stress in winter. Across species of Mediterranean oaks, generally, those with longer
leaf lifespans, including the evergreen Q. ilex (holm oak), which maintains its
leaves for well over two years, and Q. suber (cork oak), which maintains leaves for
well over one full year, have much lower SLA than species with shorter leaf
lifespans, including the deciduous species such as Q. afares and Q. faginea, from
northern Africa, (Fig. 4.9a). Species with lower SLA also have lower leaf nitrogen
concentration and are much more resistant to freezing (Cavender-Bares et al. 2005).
This direction of variation in these traits is consistent with leaf economic spectrum.
Within the two evergreen species, Q. ilex and Q. suber, the nature and severity of
seasonal stress drives leaf variation either in the same direction as the LES or in the
opposite direction, similar to Q. oleoides. We hypothesize that a conservative
resource-use strategy with long leaf life span, thick leaves, high density tissues and
high water use efficiency is beneficial in terms of carbon, nutrient and water balance
for species inhabiting areas with long dry seasons and cold winters. Thick leaves
with higher investment in structural tissues are more resistant to water stress but
also to freezing temperatures (Cavender-Bares 2005; Granda et al. 2014). They
have higher construction costs but might be offset by a longer payback interval
(Williams et al. 1989; Eamus and Prichard 1998).

The patterns of response to cold and drought found in oak species that inhabit
seasonally-dry areas as well as those that span the temperate-tropical divide provide
key results to understand patterns of resource-use strategies in oaks. For example, in
the Mediterranean evergreen oak species, Q. suber, one of the studied populations
exhibited higher SLA than expectations based on its low precipitation in summer.
That “outlier” population was located in the southernmost area of their distribution
ranges in the Iberian Peninsula (Cadiz province, Spain), characterized by mild

Fig. 4.9 a Specific leaf area (SLA, cm2 g−1) in relation to leaf lifespan for four Mediterranean
species from northern Africa and southern Europe, grown and measured in a common garden in
France, showing species means and standard errors from sampled individuals. Modified from
Cavender-Bares et al. (2005). b Relationship between summer precipitation and SLA in
seven-year-old saplings of Quercus suber established in a field common garden experiment
(Ramírez-Valiente et al. 2010). Circles represent population means. Bars indicate standard errors.
c Relationship between the index of moisture and specific leaf area (SLA) in seedlings of five
populations of Quercus ilex from contrasting climates (data from García-Nogales et al. 2016).
Circles represent population means. Bars indicate standard errors
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temperatures in winter. Q. suber from this location was also found to be highly
sensitive to low temperatures in winter (Aranda et al. 2005). Similar results have
been reported for the evergreen oaks Q. ilex. In a recent study with five holm oak
populations, García-Nogales et al. (2016) found that populations from the Iberian
Peninsula characterized by cold winters tended to have a positive association
between SLA and precipitation, indicating that mesic populations had higher SLA
as observed in Q. suber and Q. faginea. In contrast, southern populations from
North Africa with significantly lower index of moisture had higher SLA than
Iberian populations, following the pattern shown by Q. oleoides in the seasonally
dry tropical forest, where winter is absent.

4.7 Population Differentiation in Growth
and Photosynthesis

Despite the strong population patterns observed for leaf morphology and drought
resistance strategies, our results for growth and photosynthetic rates were not
consistent across studies. In analyses performed with data from four common
garden trials established in Honduras, we found population-level differentiation in
height growth (Fig. 4.10). Populations from areas with longer or more severe dry
seasons had higher growth rates in height than mesic populations, which agrees
with the resource-use hypothesis for SDTFs. However, the reverse pattern of
variation was also observed. Specifically, the results derived from a greenhouse
experiment with five Q. oleoides populations revealed a positive association
between growth rates and the index of moisture (Ramírez-Valiente and
Cavender-Bares 2017), contrary to expectations based on the resource-use
hypothesis. One possibility for this unexpected positive association between the
index of moisture and growth could be the influence of the Rincón population,
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a mesic isolated population from Costa Rica. This population showed an out-
standing growth rate in this experiment. In fact, once it was removed from the
analysis, the relationship between the index of moisture and growth rate became no
longer significant (R = 0.330, P = 0.001 including Rincón vs. R = −0.066,
P = 0.578 excluding Rincón). Rincón de la Vieja is a high elevation population
from Costa Rica that exhibits a marked neutral genetic differentiation relative to
lowland populations (Deacon and Cavender-Bares 2015). This isolation could have
leaded the evolution of particular traits conferring high relative growth rates in this
population, even though we detected no fitness advantage in this population.

Patterns of population-level variation for photosynthetic rates were not consis-
tent with the resource-use hypothesis. Populations from xeric areas did not show
higher photosynthetic rates as expected. Furthermore, SLA was negatively asso-
ciated with Amass or relative growth rate (RGR) under well-watered conditions in
different studies (Ramírez-Valiente et al. 2017). Xeric populations undergo a short
period of water deficit (July–August) within the wet season during which, precip-
itation is lower than potential evapotranspiration. This “little dry season” has an
impact on physiology of species similar to the actual dry season. It is possible that
this ‘little dry season’ may have constrained the evolution of increased Amass and
RGR under favorable conditions of water and have promoted some leaf drought
resistance during the wet season in xeric populations of Q. oleoides that experience
this unpredictable water shortage (Choat et al. 2007). Consistent with this idea, we
found a positive relationship between turgor loss point (ptlp) and index of moisture
when Q. oleoides grew under well-watered conditions and the lack of plasticity in
ptlp in response to water availability for xeric populations (see also next section).

4.8 Plasticity in Response to Drought

In long-lived species, plasticity is a critical means of surviving spatial and temporal
environmental variation and may be more important than local adaptation in tol-
erating seasonal stress. Studies on Q. oleoides have showed a high phenotypic
plasticity to water availability in growth rates, gas exchange, leaf morphology and
photochemistry (Ramírez-Valiente et al. 2015, 2017; Ramírez-Valiente and
Cavender-Bares 2017). Unlike in the case of cold acclimation discussed earlier,
whether the plasticity we observed in this suite of traits is adaptive and therefore
able to evolve in response to natural selection does not have an easy answer.
Several studies on annual or short-lived species have shown an association between
plasticity in response to water availability (or other resource) and fitness (Sultan
1995; Dudley 1996; Sultan 1996; Donohue et al. 2000). Plasticity is also considered
adaptive if genotypes of a given species differ in phenotypic plasticity and the
direction of the response is consistent with expectations based on the environment.
Studies on Q. oleoides found population-level differentiation in plasticity of three
functional traits: photoprotective pigments, water potential at the turgor loss point
and leaf abscission that was associated with the index of moisture of the
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populations. Specifically, we found that populations originating from mesic areas
tended to have higher plasticity in the de-epoxidation rates of the xanthophyll cycle
(Fig. 4.11a) and higher capacity of osmoregulation (i.e. high plasticity in the water
potential at the turgor loss point) (Fig. 4.11b) whereas populations from more xeric
populations had higher plasticity in leaf abscission (which is probably associated
with leaf life span) (Fig. 4.11c). These observations together with the fact that the
direction of the phenotypic change is consistent with expectations based on the
response to drought suggest that phenotypic plasticity is adaptive for these traits and
could be subjected to natural selection. A trade off between plasticity in drought
avoidance via leaf abscission with plasticity in drought tolerance via osmotic
adjustment, suggests that plants have evolved flexibility in one kind of response or

Fig. 4.11 a Plasticity (D) in the de-epoxidation state of the xanthophyll cycle (D = dry
treatment − well-watered treatment) in relation to the index of moisture. Points represent family
means means. Redrawn from Ramírez-Valiente et al. (2015). Circles represent family means.
Plasticity (D) in turgor loss point b and leaf abscission c (D = dry treatment − well-watered
treatment) in relation to the index of moisture of the population. Points represent population
means. Bars indicate standard errors. d Relationship between plasticity in water potential at turgor
loss point (ptlp) and plasticity in leaf abscission (D = dry treatment − well-watered treatment).
Points represent population means. Bars indicate standard errors. b–d are redrawn from
Ramírez-Valiente and Cavender-Bares (2017)
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the other but not both (Fig. 4.11d). It is important to point out, however, that the
variation in the response patterns within each of the populations is quite high,
reinforcing other work in this system showing high diversity within populations
(Center 2015; Deacon and Cavender-Bares 2015; Cavender-Bares et al. 2011).

4.9 Response of Oaks to Past Climate Change Provides
Lessons for the Future

Understanding the physiological limits of species, and the nature of variation within
and among species, is critical to understanding species responses to climate change
and in providing guidelines for conservation. To the extent to which species are
composed of locally adapted populations with narrow climatic tolerances, on one
extreme, or of populations that have little variation among them but broad climatic
tolerances, at the other extreme, different conservation strategies are required. There
are real limits to adaptive potential in long-lived organisms relative to the rate of
climate change. Even during past climatic changes that occurred during the
expansion of the desert and Mediterranean biomes some 5-million years ago, evi-
dence is mounting that a live oak species, Quercus brandegeei (Fig. 4.12c, d),
currently found only in the Cape region of southern Baja California, underwent
severe range retraction in response to increased drought (Cavender-Bares et al.
2015). Coalescence models using molecular data indicate that the species once
occupied a much more extensive range and had a population size >100-fold larger
than its current population size. The species underwent range contraction as the
Earth continued to cool and dry forming both Mediterranean and desert ecosystems
globally. Rather than adapting to the novel climatic regime, now inhabited largely
by desert and chaparral species, Q. brandegeei became a relictual population
restricted to the edges of the ephemeral river beds in the Cape of Baja California. It
is now an IUCN red-listed species.

4.10 Evolutionary Potential of Oak Populations

Future work in this system is aimed at addressing the adaptive potential of the live
oaks to respond through genetic change to future climate change, a topic of
increasingly highlighted importance (Etterson 2004a, b, 2008; Davis et al. 2005;
Shaw and Etterson 2012). The genetic architecture of traits determines the potential
rate of adaptive evolution in response to a changing environment. Response to
natural selection requires genetic variation for traits (Falconer and Mackay 1996),
although genetic correlations of various kinds can enhance or impede the rate of
evolutionary change (Etterson and Shaw 2001). In particular, volutionary change
can be enhanced if the sign of a genetic correlation follows the direction of selection
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but impeded if these are antagonistic. Facilitating or antagonistic relationships
between the genetic architecture of traits and the direction of selection can occur
between different life history stages (Schluter et al. 1991), between pairs of traits in
a single life history stage (Conner and Via 1992; Caruso 2004) and between trait
expression in different environments (Dickerson 1955; Via 1993; Etterson 2004b).
Future work elucidating the underlying genetic architecture of physiological traits at
different life history stages and as expressed in different environments will help
predict the potential for evolutionary responses of these important long-lived spe-
cies to future climates. Parallel to these efforts, advances in deciphering the genes
and gene expression patterns associated with adaptations to climate is critical;
important progress in oak systems has been made recently (Gugger et al. 2016,
2017). Understanding the nature and distribution of physiological and genome-wide
variation within species facilitates conservation efforts. To that end, we are working
with botanical gardens to link the knowledge we have gained to help them with
in situ and ex-situ conservation of threatened oak species.

Fig. 4.12 a Photographs of the common garden experiment in Honduras, b the greenhouse
experiment at the University of Minnesota, and c, d of the endangered Quercus brandegeei in the
Cape region of Southern Baja California, Mexico
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4.11 Conclusions

We synthesized evidence from a series of common garden studies for adaptive
differentiation in physiological function both within and among closely related
species in response to low temperature and drought. While direct experimental
evidence for local adaptation to climatic variation associated with precipitation is
lacking, the pattern of trait variation as well as the direction of plasticity are con-
sistent with local adaptation to climate and adaptive plasticity. That nature of the
variation in function that exists within and among populations has conservation
implications. From these studies we have learned that the variation represented in
the species cannot be captured within a single location. At the same time, variation
in freezing tolerance is greatest between species, despite important evidence for
population differentiation within Q. virginiana. In contrast, variation in drought
tolerance, in some cases, is greater among populations within a species than
between species of live oaks. The patterns may depend on the degree and nature of
climatic variation that the populations within a species encounter. And despite clear
evidence for evolution in response to climate, the case of Q. brandegeei demon-
strates that even after 5 million years of exposure to drought conditions, the species
maintains its conserved niche in well-drained soils with seasonal water availability,
unable to migrate into the surrounding desert. As a consequence, it is a relictual
species that will very likely perish without human intervention. The work synthe-
sized here is fundamental to understanding and protecting the oaks, a critical group
of species that contributes much to human well-being.
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