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Abstract 

Broadly distributed species often span a large range of environmental conditions, which 

pose contrasting physiological challenges. Such species are thought to persist across this 

heterogeneity, either by locally adapting or by evolving wide environmental tolerances 

via phenotypic plasticity or maintaining high genetic variation. The extent to which 

populations display local adaptation, phenotypic plasticity, and high within-population 

genetic variation will have large impacts on species responses to climate change. Large-

scale habitat fragmentation impedes migration making plasticity and adaptation important 

mechanisms for in situ persistence. Using common gardens with reciprocal plantings we 

investigated the consequences of changes in water availability in the broadly distributed 

tropical live oak, Quercus oleoides.  Chapter 1 examines the relationship among seed 

production timing, germination and seedling fitness at the local scale in dry forests of 

NW Costa Rica. In chapter 2, I investigate the extent to which four populations of Q. 

oleoides from regions with contrasting rainfall patterns exhibit local adaptation and the 

role of changes in water availability on seedlings fitness. In chapter 3, I examine the 

extent that populations exhibit differentiation in traits related to carbon and water use. 

Chapter 3 also investigates the role of trait plasticity in seedling responses to changes in 

seasonal water availability and the patterns of phenotypic selection on traits. Results from 

these studies show that local-scale differences in seed production timing have significant 

consequences for germination and seedling fitness. At a larger spatial scale, results of this 

work indicate that the broadly distributed Q. oleoides does not consist of a series of 

locally adapted populations, but rather, of populations with wide environmental 

tolerances. Seedlings from all populations show similar physiological and morphological 

responses to changes in water availability and differences among garden sites. Trait 

plasticity contributes more to phenotypic trait variation than within-population genetic 

differences. Overall, populations of Q. oleoides lineage represent a lineage well-adapted 

to drought. Populations are able to maintain fitness with changes in water availability in 

the short-term through plasticity but may be limited in their long-term adaptive capacity 

to future changes in rainfall patterns due to low within-population genetic variation for 

physiological traits.  
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Introduction 

Broadly distributed tree species often span large environmental gradients and are 

rich testing grounds to examine the evolutionary mechanisms underlying population 

responses to environmental pressures. Contrasting selection pressures on fitness-related 

traits have been shown to result in adaptive differentiation among populations in broadly 

distributed species (Endler 1986, Linhart and Grant 1996, Dudley 1996a, Heschel et al. 

2002, Kawecki and Ebert 2004). Genetic divergence among populations is not 

necessarily adaptive and may be the result of genetic drift among relatively isolated 

populations (Lande 1976, Travisano et al. 1995, Lammi et al. 2001, Gandon and 

 Nuismer 2009).  Additionally, asymmetrical gene flow from central to peripheral 

populations can impede adaptive responses at range margins (Moeller et al. 2011). The 

extent that differentiation in traits is adaptive among spatially structured populations 

depends on the relative strengths of selection and gene flow (Slatkin 1987, Rehfeldt 

1999, Storz 2002, Baines et al. 2004, Lopez et al. 2008). If the homogenizing influence of 

gene flow is weak, the likelihood of populations being locally adapted is expected to 

increase with the extent of environmental divergence between populations (Lande 1976, 

Endler 1977, Slatkin 1985, Hereford 2009).  

Long-lived trees have been shown to be well-adapted to local conditions 

(Rehfeldt et al. 1999, Rehfeldt et al. 2002, Ramírez-Valiente et al. 2009). However, given 

their long generation times, trees, particularly those that span broad geographic ranges, 

are often associated with high environmental tolerances and plastic responses to 

environmental variability (Delagrange et al. 2004, Rozendaal et al. 2006, Valladares et al. 

2007, Ramírez-Valiente et al. 2010). Theory predicts that plasticity, the ability of a single 

genotype to produce various phenotypes for a trait, should be greater in populations that 

inhabit more heterogeneous environments (Bradshaw and Hardwick 1989, Alpert and 

Simms 2002). For example, theoretical models in plants have shown that predictable 

variation, such as seasonal environmental stress, select for plastic changes in 

underground carbohydrate storage, while unpredictable environmental fluctuations favor 

a constant level of storage (Iwasa and Kubo 1997). The roles of specialization and 

plasticity in population responses to environmental variability have been extensively 
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studied in both Mediterranean (Balaguer et al. 2001, Gimeno et al. 2009, Ramírez-

Valiente et al. 2010, Peguero-Pina et al. 2014) and temperate (Schlichting and Levin 

1990, Dudley 1996, Rehfeldt et al. 2001, Etterson 2004a, Zhang and Cregg 2005, 

Donovan et al. 2007) systems, few studies have examined these mechanisms in broadly 

distributed and long-lived tree species of highly seasonal tropical systems. The extent to 

which populations of such species display adaptation to local conditions, high within-

population genetic diversity, and/or phenotypic plasticity has important implications for 

their likely responses to future environmental changes (Davis et al. 2005, Jump and 

Peñuelas 2005).  

Current models estimate that much of the tropics, including Central America, will 

be drier by 2100 (IPCC 2013b). Dry season drought in seasonal tropical forests has 

shown to significantly influence seedling survival and growth of many species (Gentry 

1988, Veenendaal et al. 1998, Hawkins et al. 2003). Additionally, short dry spells during 

the wet season have been found to influence seedling survival of pioneer species in 

seasonally dry forests (Pearson et al. 2003, Engelbrecht et al. 2006). However, it remains 

unclear whether seedlings are more limited by total annual rainfall or severity of dry 

season drought. Compounding the effects of climate change, extensive land-use change 

and habitat fragmentation in tropical systems (Malhi and Phillips 2004, Portillo-Quintero 

and Sanchez-Azofeifa 2010) limit migration and dispersal of many species. Limitations 

in species’ ability to spatially shift ranges make in situ adaptation and phenotypic 

plasticity important mechanisms for persistence given the progression of climate change.  

The tropical live oak, Quercus oleoides, of seasonal dry forests of Latin America 

spans a range from the Gulf Coast regions of northern Mexico to northwestern Costa 

Rica. Populations from northern Mexico to Honduras represent a disjoint patchy network 

of partially isolated populations and do not show large divergence at neutral loci 

(Cavender-Bares et al. 2011). Populations throughout the range experience similar 

temperature regimes, with a mean maximum temperature between 30-34°C, but 

experience differing local rainfall patterns. Dry forests regions of Belize are characterized 

by wet season rainfall levels similar to that in Honduras, but have a less severe dry season 

than dry forests of Honduras regions. At the southern edge of the species range, 
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populations in Costa Rica are both geographically and genetically distinct from the rest of 

the range (Cavender-Bares et al. 2011). Dry forest regions in Costa Rica differ in wet and 

dry season rainfall depending on elevation; lowland areas (<300m above sea level) are 

characterized by a severe dry season and high rainfall during the wet season. Upland dry 

forest regions (~900 m above sea level) have a mild dry season comparable to Belize and 

high rainfall during the wet season.  

Quercus oleoides is an atypical tree species for seasonally dry forests because it is 

evergreen in a system dominated by deciduous or semi-deciduous species. It is wind 

pollinated and produces nondormant and desiccation intolerant seeds in a system where 

the majority of trees are insect pollinated and produce dormant seeds that are desiccation 

tolerant (Klemens et al. 2010). While seemingly mismatched for seasonally dry forests, 

Q. oleoides is found at high densities where it occurs and may represent up to 80% or 

more of individuals in a stand (Boucher 1983). Ecologically, this species plays an 

important role in terms of biomass and the ecosystem services it provides (Boucher 1983, 

Powers et al. 2009, Klemens et al. 2010, Cavender-Bares et al. 2011). It has been shown 

to influence local water balance, carbon storage, temperature mitigation, and seasonal 

productivity (Boucher 1983, Powers and Veldkamp 2005, Powers et al. 2009, Kissing 

and Powers 2010). Given its importance in Latin American dry forests, in the subsequent 

three studies we investigate the physiological and fitness consequences of seasonal 

rainfall variation in seedlings from populations with contrasting rainfall regimes.  

Quercus oleoides trees generally flower at the beginning of the wet season and set 

seed just before the onset of the dry season (Deacon and Cavender-Bares accepted). 

Some populations in NW Costa Rica have been found to flower up to seven months of 

the year and produce seeds both early- and late- in the wet season, (Boucher 1983, 

Deacon 2010) a pattern atypical for this genus. Given high sensitivity of the seeds to 

drying (Klemens et al. 2010), in chapter 1 we investigated the consequences of seed 

production timing on germination, seedling survival and growth, and fitness (cumulative 

measure of survival and growth). We found that the early- and late- produced seeds differ 

in their germination success such that early-produced seeds had high seed mortality and 

delayed germination. Late- produced seeds germinated quicker on average and exhibited 
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high germination success and estimates of seedlings fitness. Post-germination, seedlings 

were limited by dry season drought through its effects on growth. However, high seedling 

survivorship suggests that Q. oleoides seedlings are well adapted to cope with drought at 

early life stages.  

 At a larger spatial scale, in chapter 2 we investigated whether populations that are 

geographically disparate and genetically differentiated exhibit local adaptation. We also 

examined the consequences of variation in water availability on seedlings fitness from 

populations that experience contrasting rainfall regimes. We found that the broadly 

distributed tropical live oak does not appear to consist of a series of locally adapted 

populations, but rather, of populations with wide tolerances of changes in water 

availability. Specifically, we found that both within-population genetic variation and 

plasticity contribute to fitness.  

 In chapter 3 we investigated the physiological and morphological consequences of 

seasonal rainfall variation in seedlings from populations with contrasting rainfall regimes. 

Phenotypic selection analyses were used to examine the relationship between seedling 

fitness (chapter 2) and phenotypic traits related to carbon and water use. We found that 

seedlings from contrasting rainfall regimes did not show differentiation in traits related to 

carbon and water use according to their population of origin. We found that dry season 

drought limits seedling physiological function of gas exchange traits but this was not 

reflected in integrated measures of water use efficiency (carbon isotope discrimination). 

Additionally, plasticity contributed more to phenotypic trait variation than genetically-

based differences among maternal families within-population. Selection generally 

favored increased water use efficiency and lower SLA regardless of season, watering 

treatment, or garden site. Overall populations of Q. oleoides represent a lineage well 

adapted to drought and exhibit large tolerances for changes in water availability through 

plasticity. There was little evidence of significant within-population genetic variation for 

traits (except carbon isotope discrimination) related to carbon and water use.  All R code 

for chapter analyses is available at github (https://github.umn.edu/cente016/Dissertation-

Analyses) 
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Chapter 1: Seed production timing influences seedling fitness in the tropical live 

oaks, Quercus oleoides, of Costa Rican dry forests  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 6 

 

Seed production timing is expected to be especially critical for tree species in highly 

seasonal habitats that have non-dormant and desiccation intolerant seeds.  Species in 

seasonally dry systems with these seed characteristics depend on seed dispersal, 

germination, and seedling establishment during the wet season prior to the onset of 

drought. We tested whether previously observed peaks of seed production in the 

evergreen tropical live oak, Quercus oleoides, represent distinct strategies to contend 

with seasonality in dry forests of NW Costa Rica.  We collected seeds from early- and 

late- wet season cohorts from two populations with contrasting rainfall regimes and 

reciprocally planted them into common gardens.  At the low-elevation garden, the site 

with a more severe dry season, two watering treatments were established: ambient 

rainfall, and added water during the dry season that increased water availability to levels 

found at the high-elevation site.  Only one treatment was established at the high-elevation 

garden since it represents the site with higher annual rainfall and has a milder dry season. 

Supplemental watering at the low-elevation garden allowed us to isolate the role of dry 

season drought severity on germination, seedlings survival, growth and fitness 

(cumulative measure of seedling survival and growth). We conducted selection analyses 

in the contrasting conditions to examine selective pressures on germination and seed size. 

Collectively, we found that seeds produced early in the wet season had delayed and 

reduced germination success compared to seeds produced late in the wet season. Post-

germination, water limitation during the dry season only had a small effect on 

survivorship. Germination appears to be a critical stage in seedling fitness. Phenotypic 

selection on days to germination and seed size differed both temporally between seed 

cohorts and spatially between sites. Overall, the delayed and reduced germination of early 

produced seeds suggests that wet season conditions may be inhospitable to juvenile 

establishment. 
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Introduction 
 Germination is a critical transitional stage in the plant lifecycle that has been 

shown to affect lifetime fitness, especially in short-lived species (Kalisz 1986, Donohue 

2002). Abiotic and biotic conditions at the time of germination can have profound 

consequences for survival of young seedlings (Kalisz 1986, Shimono and Kudo 2003, 

Leger et al. 2009, Mercer et al. 2011), early growth (Gross and Smith 1991, Stratton 

1992, Verdú and Traveset 2005), timing of subsequent life history stages (Donohue 2002, 

Galloway 2002), and establishment (Stratton 1992, Seiwa 2000, Castro 2006, Gómez-

Aparicio et al. 2008). Not surprisingly, plants have evolved diverse endogenous and 

exogenous mechanisms that influence germination phenology (Baskin and Baskin 2001, 

Willis et al. 2014), including responsiveness to environmental cues such as fluctuations in 

light quality (Vázquez-Yanes and Smith 1982, ten Brink et al. 2013), temperature 

(Hardegree and Van Vactor 1999), water availability (Zohar et al. 1975, Bradford and 

Haigh 1994, Köchy and Tielbörger 2007, Footitt et al. 2013), and fire (Daskalakou and 

Thanos 1996).  The relationship between fitness and germination phenology has been 

studied extensively in temperate species in seasonal environments (Stratton 1992, Seiwa 

2000, Simons and Johnston 2000, Donohue 2002, Shimono and Kudo 2003, Castro 2006, 

Benard and Toft 2007, Mercer et al. 2011) and selection frequently favors early 

germination over late germination (reviewed by Donohue et al. 2010). However, in some 

systems, seedlings that germinate early in the growing season have been found to be at a 

disadvantage like that of Potentilla marsumurae of the alpine regions of Japan, where late 

germination was found to increase seedling survivorship (Shimono and Kudo 2003).   

 Seed dormancy, desiccation tolerance, and mode of dispersal are mechanisms that 

allow many plant species to escape adverse environments. Species with dormant and 

desiccation tolerant seeds may persist through unfavorable temporal and spatial 

conditions (Evans and Cabin 1995, Donohue 2002, Galloway 2002, Pearson et al. 2002). 

Desiccation intolerant and non-dormant seeds have a moisture content between 30-70% 

at maturity are metabolically active (Baskin and Baskin 2001) and, consequently, 

establishment depends upon germination prior to seed mortality through desiccation, 

reserve depletion, and/or predation (Donohue et al. 2010). Typically, desiccation 

intolerant seeded species germinate readily and are thought to have less opportunity to 
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alter germination timing in response to external cues compared to dormant seeds (Berjak 

et al. 1989).  Although it is reasonable to hypothesize that species with desiccation 

intolerant and nondormant seeds are capable of delaying germination within a season, 

few studies to date have documented this phenomenon in a natural system (but see 

Garwood 1983, Pierce and King 2007). 

  Reproductive phenology for species with desiccation intolerant and nondormant 

seeds is expected to be especially important for fitness in seasonal and drought-prone 

environments.  In tropical dry forests, seedling germination and establishment is 

restricted to the months of high rainfall during the wet season (Khurana and Singh 2001).  

During this mesic period, seedlings must establish before the onset of drought.  It follows 

that tropical dry forests are dominated by species with dormant orthodox seeds that break 

dormancy during the wet season.  Despite the odds, almost one quarter of species (24%) 

in these environments produce desiccation intolerant and nondormant seeds (Khurana and 

Singh 2001).  The timing of seed production is critically important for these species given 

the high reductions in seed viability past a minimum water content threshold (Pammenter 

et al. 1998, Finch-Savage 1992).   

Recruitment in desiccation intolerant seeded species requires seed dispersal, 

germination, and seedling establishment within a single wet season because these seeds 

do not survive through drought (Klemens et al. 2010).  Thus, it is reasonable to expect 

that these species would be under strong selection to set seeds early in the wet season and 

germinate rapidly thereafter. However, if the wet season consists of periods of very high 

rainfall and prolonged soil saturation, waterlogging may stress seeds (Pierce and King 

2007) and young seedlings, reducing survival and growth (Parolin 2001, Ferreira et al. 

2007).  Under these conditions, there may be a much narrower window at the end of the 

wet season and before the onset of the dry season that is truly favorable for germination 

and establishment.  

Here we examine the fitness consequences of seed production and germination 

phenology in the desiccation intolerant-seeded species, Quercus oleoides, in the seasonal 

dry forests of NW Costa Rica.  Seasonal dry forests of this region are characterized by 

extreme rainfall during the wet season at all elevations but the dry season differs in 
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drought intensity (Klemens et al. 2010) and is less severe at high-elevation compared to 

low-elevations (Fig. 1.1).  Quercus oleoides initiates flowering at the end of the dry 

season (April-May) and continues to flower throughout the wet season (until October) for 

up to seven months in some populations, a pattern that is atypical for species in the 

Quercus genus because of its extended duration.  Semi-episodic peaks in seed production 

also occur early in the wet season (July/August) and late in the wet season 

(November/December, Deacon 2010). This unusual reproductive phenology and the 

desiccation intolerant and nondormant nature of Q. oleoides seeds coupled with variation 

in rainfall patterns across the elevation gradient in NW Costa Rica provides a rich testing 

ground to examine adaptive patterns in germination phenology in a desiccation intolerant 

and nondormant seeded species relative to water availability in this highly seasonally 

environment. 

It is difficult to assess the ultimate fitness consequences of reproduction and 

germination phenology for long-lived tree species because of delayed sexual maturity and 

decades of seed production.  In the absence of fecundity data, survival and growth have 

been found to be good surrogates of fitness (Rehfeldt et al. 2001).  However, because 

these fitness components have distinct underlying statistical distributions (i.e. survival, 

binomial; growth, Poisson) their joint analysis is fraught with statistical difficulties.  We 

use Aster statistical models (Geyer et al. 2007, Shaw et al. 2008) to estimate cumulative 

seedling fitness, an approach that simultaneously and appropriately accounts for 

components of fitness with different statistical distributions and also allows the inclusion 

of covariates that are known to affect the timing of germination, such as seed size 

(Lafond and Baker 1986, Seiwa 2000, Pearson et al. 2002).  

We use field observations and experimental gardens with water-manipulation 

treatments to evaluate the relationship between reproductive phenology, seasonal rainfall, 

and seedling fitness of a high-elevation (~900m) and low-elevation population (~300m) 

of Quercus oleoides sampled from the dry forests of NW Costa Rica.  First, we 

hypothesized that trees from high-elevation populations would set seed more often and 

earlier in the wet season than trees from low-elevation population because trees require 

less time to recover from the milder dry season at this site.  Second, in contrast to 
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temperate systems, we hypothesized that later germination would be favored by selection 

at both elevations because water conditions are excessive during the peak of the wet 

season. Finally, we hypothesized that seeds produced early- and late- in the wet season 

would differ with respect to days from dispersal to germination such that seedling 

establishment would occur synchronously during a narrow window of favorable 

conditions after soil saturation diminishes but before excessive drying.  Support for these 

hypotheses would suggest that selection on the timing of germination differs qualitatively 

between temperate and tropical systems and that even species with desiccation intolerant 

and nondormant seeds can evolve delayed germination that enhances seedling fitness. 

 

Methods  

Study Species 

Quercus oleoides, the evergreen live oak of the tropical dry forests, a close 

relative of to the live oak, Q. virginiana, found in the southern United States (Cavender-

Bares et al. 2011), is among the minority of dry forest species that produce desiccation 

intolerant and nondormant seeds (Klemens et al. 2010). Q. oleoides grows on nutrient 

poor, rocky soil and commonly forms monodominant stands (Boucher 1983). Oaks are 

monoecious, producing both male and female flowers asynchronously on the same 

individual. Flowers are wind pollinated and assumed to be highly out-crossing as in other 

oak species (Muir et al. 2004).   

 

Study Site and Experimental Design 

 This study was conducted in the Guanacaste Conservation Area in NW Costa 

Rica across elevation extremes of the Q. oleoides range from dry coastal habitats to 

higher elevation forests with higher rainfall levels (Fig. 1.1a, b).  Climate variables, 

especially rainfall, differ across an elevation gradient from the high-elevation site at 

Sector Pailas (~900 m, 10°46’23’’N, 85°21’03’’W), which receives ~2900mm of rainfall 

annually, and ~11% of it within the three to five month dry season.  The low-elevation 

site at Sector Santa Rosa (~270 m, 10°55 ’12’’N, 85°36’39’’W) receives ~1800mm of 

rainfall annually with less than 4% of that occurring during the five- month dry season 
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(Hijmans et al. 2005).  Additionally these sites differ in mean temperature during the 

warmest and coldest quarter of the year.  Sector Santa Rosa, the low-elevation site, has 

mean temperatures of 26°C and 24°C during the warmest and coldest quarters 

respectively.  The high-elevation site, Sector Pailas, has lower mean warmest and coldest 

quarters, with 22.9 and 21.2°C respectively.  Meteorological data from 2000 to 2014 

were obtained from the Santa Rosa park weather station (low-elevation site) but data 

were not collected from the high-elevation site (Sector Pailas) due to technological 

limitations.  Mean monthly rainfall and average minimum and maximum temperatures at 

the low-elevation site during the duration of the experiment (2010-2012) appear to be 

within range of decadal variation (Fig. 1.1c).   

 Previous work by Deacon (2010) indicated that flowering phenology differs 

between high and low-elevation populations. We also characterized the phenology of 

seed production in maternal trees, by checking trees (14 high-elevation; 14 low-elevation) 

for presence of seeds early in the wet season (early August) and late in the wet season 

(late November) in 2010 and 2011.  To test for differences between the two focal 

populations, we calculated a production-difference index for each sampled individual by 

subtracting the early production score (0 for no seeds, 1 for seeds) from the late 

production score and generated a null distribution by permuting 999 times the 

production-difference index scores for individuals in both high- and low-elevation 

populations. A p-value was calculated based on a two-tailed test from the null model 

(Cavender-Bares et al. 2006).  

 Experimental gardens were established at a high-elevation site (hereafter referred 

to as the ambient wet treatment) and at a low-elevation site with an experimental 

watering treatment (ambient dry and supplemental wet treatments) in open pastures at the 

edge of the forest canopy where Q. oleoides seeds naturally germinate (Klemens et al. 

2010).  Gardens were established within 2km from collected seeds from each natural 

population. Early- and late-cohort seeds were collected from trees monitored for 

phenology and were also augmented with nearby trees (within 500m) because some 

observed trees failed to reproduce (high-elevation Nearly = 360, Nlate = 241; low-elevation 

Nearly = 246, Nlate =409).  Seeds were visually inspected upon collection and only those 
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with no visible insect or pathogen damage were used for the experiment.  Seeds were 

planted reciprocally into each garden in a randomized complete block design with 

maternal families represented evenly across treatments and blocks and seeds were 

randomized within blocks. Seeds collected in both August and November 2010 were 

planted within one week of collection (between August 12-18 and between November 

23-26) and are hereafter referred to as the “early-” and “late-‘ cohorts respectively.  Seeds 

were planted 1cm beneath the soil surface and 15cm apart. To prevent herbivory and 

photoinhibition, blocks were covered with wire mesh cages (0.6m x 0.6m x 0.6m) and 

70% shade cloth. Blocks were weeded biweekly to reduce competition effects; cages 

were removed when plants were ~0.5m tall, after a year of growth. Germination was 

monitored weekly for the first five months. Survival and growth (height, basal diameter, 

length of longest leaf, and total leaf number) were measured in April 2011, October 2011, 

and April 2012. 

 

Watering Treatment 

  To determine whether water limitation inhibits seedling fitness, three treatments 

were established, each of which were replicated with six blocks: 1) the “Ambient Dry 

Treatment” (ADT) in which plants experienced the natural rainfall at the drier low-

elevation site, 2) the “Supplemental Wet Treatment” (SWT) in which plants at the low-

elevation site were supplemented with 18mm of water per week during the dry season to 

mimic the average dry season water availability at the high-elevation site, and 3) the 

“Ambient Wet Treatment” (AWT) in which plants at high-elevation site received ambient 

rainfall.  Due to strong winds and logistical constraints, it was not feasible to construct 

rainout shelters to reduce water availability at the high-elevation site and produce a 

factorial design. 

 

Seed Size, Germination, Survival and Growth 

 Mass of these ellipsoid seeds was approximated based on seed volume (V) 

calculated as V=4/3π(d/2)2+ (h/2), where d is diameter, and h is height. Volume was 

converted to seed mass based on an empirical relationship with fresh mass without the 
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seed coat, M=0.636V-0.1213 (R2=0.97, (Cavender-Bares et al. 2004). Germination was 

considered to be successful if a shoot was visible above ground and this categorical 

measure was used to examine germination probabilities with a generalized linear mixed 

model.  Block and maternal family were treated as random effects, with block nested in 

treatment and maternal family nested in population.  Population, treatment and cohort 

were treated as fixed effects. Survivorship to the end of the experiment was analysed 

using a generalized linear mixed model with the logit link function and survival counts 

following a binomial distribution. Only plants that survived to the end of the experiment 

were included in the analyses for growth traits (stem height, leaf number, basal diameter, 

and length of longest leaf) using linear mixed models, treating block as random effect and 

all other effects as fixed and included covariates of seed mass and germination date. 

Maternal family could not be included in these analyses but was included as a random 

effect in the germination, survival and fitness analyses. Mixed effects models were 

analyzed in R (version 3.0.2) using ‘lme4’ package. To account for multiple testing of 

effects without correction in model P-values, likelihood ratio tests, using nested model 

comparison, were employed to test for significance of effects.  

 

Seedling Fitness and Phenotypic Selection 

Fitness was modeled with Aster based on final leaf count conditional upon 

germination and survival survival to the end of the experiment as follows: 

 

(1) Planted  !  Germination !  Survival   !  Leaf number   

 

with germination and survival modelled as Bernoulli, and leaf number conditional on 

survival, modelled as Poisson distribution.  Leaf count was chosen as a fitness surrogate 

measure because it reflects plant growth and photosynthetic capacity while accounting 

for multiple stems and compensatory growth after herbivory. The Aster model was used 

to estimate cumulative seedling fitness, estimated fitness (leaf count conditional on 

survival and germination) was modelled with block and maternal family as random 

effects and all other factors as fixed: treatment (ADT, SWT, AWT), seed cohort (early or 
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late), and population (high- or low-elevation). Seed size was included as a covariate since 

it often associated with maternal effects (Benard and Toft 2007, Donohue 2009, Ramírez-

Valiente et al. 2009).  Germination date was also included as a covariate in estimating 

seedling fitness and seeds that did not germinate were assigned a value of zero. Fitness 

analyses were conducted using the ‘aster’ package in R.  

Aster models were used to assess phenotypic selection on traits in April 2012 at 

the end of the experiment.  The Aster graphical model for estimating seedling fitness was 

reduced to only including seeds that germinated.  We quantified phenotypic selection on 

seed size and days to germination.  Data were analysed by combining the two populations 

(due to limitations in sample size) on a per treatment basis in order to examine 

differences in seasonal cohorts.  To reduce complexity, only the ambient treatments were 

included in the selection analyses (ambient dry and ambient wet treatments).  All 

phenotypic traits were standardized to have a mean of zero and a standard deviation of 

one.  Relative fitness was calculated by dividing individual Aster predicted fitness by the 

overall mean fitness for each treatment.  Partial selection coefficients (βi) were estimated 

as the slope of regressing predicted fitness on trait values (Lande and Arnold 1983, 

Brodie et al. 1995) using linear mixed models with block and maternal family (nested in 

population) as random effects. Separate multiple regressions were used to estimate the 

curvature of selection surfaces and relative fitness regressed on the quadratic (γii) and the 

cross-product terms between the traits (γij).  Partial regression coefficients from the 

quadratic selection analyses were separate from those estimating β because of 

correlations between linear and nonlinear variables (Brodie et al. 1995).  Given that 

assumptions of parametric models of phenotypic selection are frequently violated (Brodie 

et al. 1995), we used Aster models to test significance of selection gradients without 

violating assumptions of parametric tests.   Aster models appropriately integrate multiple 

components of fitness and accommodate non-normal underlying distributions of fitness 

components (Shaw et al. 2008, Shaw and Geyer 2010).  We also used nested model 

comparison to determine if selection differed between cohorts within a treatment by 

fitting models with and without interaction terms between the traits and cohort.  The 

same type of nested model comparison was used to test for differences between 
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treatments (within a cohort) by testing models with and without interaction terms 

between treatment and traits.   

Three-dimensional plots were used to visualize the nonlinear selection gradients  

using the ‘persp’ function in R.  Selection surfaces were plotted as a mesh surface 

(interval=15) using the ‘loess’ function for local regression to estimate the surface from 

standardized trait values (days to germination and seed size) and predicted relative 

fitness.  Data were also plotted onto the projection surface using ‘trans3d’ function to 

increase clarity of how well the selection surface represents the relationship between 

relative fitness and traits.    

   

Results 

Early and Late Seed Cohorts 

Spatial and temporal differences in seed production timing were observed among 

adult maternal trees adjacent to the experimental gardens.  The majority of selected trees 

produced seeds only once during the wet season, either early or late (86% in 2010; 81.8% 

in 2011).  However, the number of trees producing seeds differed between source 

elevations and years (Fig. 1.2). As hypothesized, 71% of high-elevation trees produced 

acorns early in the wet season whereas only 29% of the low-elevation trees produced an 

acorn crop at this time (including trees that produced seeds only early and those that 

produced seeds during both times). Approximately 15% of selected low-elevation trees 

set seeds both early and late in the wet season in both 2010 and 2011, whereas only 7% 

of high-elevation trees set seeds both early and late in 2010.  No trees set seeds at both 

time points in 2011.  In general, the proportion of trees producing seeds was lower for 

both populations in 2011, but especially for the high-elevation population where only 

35% of the trees reproduced.  Between-population differences in the timing of seed 

production were significant in 2010 (P<0.01) and marginally significant in 2011 (P=0.06) 

based on randomization tests (Appendix 1- Fig. S1.1).  Overall, these results suggest that 

trees at the low-elevation site more often produced seeds late in the wet season, whereas 

high-elevation trees more frequently produced seeds early in the wet season.  
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Seed Size and Germination 

Seeds from the high-elevation population had significantly larger seeds than that 

of the low-elevation population on average (Table 1.1) and did not differ in mean seed 

size between seasons (Appendix 1- Fig. S1.2). For the low-elevation population, where 

trees experience a more extreme dry season, early-cohort seeds were significantly smaller 

on average than late-cohort seeds. However, these size differences did not significantly 

influence the likelihood or timing of germination (Table 1.1). 

Germination success of seeds from the two populations was highly variable and 

ranged from 4.7% to 77%, differing across seasonal cohorts, treatments and among 

maternal families (Table 1.1, Fig. 1.3a).  On average, early-cohort seeds germinated at 

the lowest rates regardless of population compared to late-cohort seeds. There was a 

significant cohort by population interaction with late-cohort seeds from the low-elevation 

population having higher germination success than late-cohort seeds from the high-

elevation population (Χ1
2= 23.78, P<0.01). Treatment significantly enhanced 

germination; a post hoc contrast showed that germination was higher in the ambient wet 

and supplemental wet treatments relative to the ambient dry treatment (Z1=3.00, P<0.01).  

Days from planting to germination did not differ between the populations but did differ 

between seasonal cohorts (Fig. 1.3b, Appendix 1- Table S1.1).  On average, early-cohort 

seeds germinated after 105 days (± 7.23), whereas late-cohort seeds germinated relatively 

rapidly after only 64 days (±1.78). Despite the delayed germination of early-cohort seeds, 

they did not germinate at precisely the same time as the late-cohort seeds but, on average, 

57 days earlier. 

 

Survival and Cumulative Seedling Fitness 

  Survivorship was generally high during the experiment and was nearly 100% in 

April 2011 and October 2011. Consequently, survivorship was only explicitly analysed at 

one time point at the end of the experiment in April 2012 where there was sufficient 

variation.  Although neither population nor seasonal cohort influenced likelihood of 

survival, seedlings at the high –elevation site had 34% lower survival than at the low-

elevation site (Table 1.1, Fig. 1.3c). At the low-elevation site, a post-hoc contrast 
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between the two treatments showed that supplemental water during the dry season 

significantly increased likelihood of survival (Z1= 2.40, P= 0.02). There was no 

difference in seedling survival between the early- and late-cohort seeds (Appendix 1- 

Table S1.1). Neither germination date nor seed size influenced likelihood of survival. 

An Aster model that combined three components (germination, survival, and 

terminal leaf count) into a single analysis revealed seedling fitness did not differ between 

populations (Table 1.1, Fig.  1.3d) but did differ between cohorts; late-cohort seeds had a 

significant fitness advantage over early-cohort seeds (Appendix 1- Table S1.1). Water 

supplementation at the low-elevation site during the dry season resulted in a modest 

increase of mean fitness for the late cohort seeds but not the early cohort.  Analysis of 

growth traits (leaf number, stem height, basal diameter and length of longest leaf) 

revealed that leaf number showed consistent trends with other components of growth and 

was a good surrogate for fitness (Appendix 1- Tables S1.2&1.3, Fig. S1.2).  Additionally, 

supplemental water during the dry season did not have a significant impact on growth at 

the low-elevation site. Seedlings at the high-elevation garden had the lowest estimates of 

fitness (and lowest estimates in growth, Tables S1.1-S1.3, Fig. S1.2), likely due to 

herbivory by leaf-cutter ants (personal observation). Both seed size and days to 

germination had strong positive impacts seedling fitness.  

 

Phenotypic Selection 

Phenotypic selection on days to germination and seed size of germinated seeds 

differed among seasonal cohorts and treatments (Table 1.2, Fig. 1.4).  At the low-

elevation site (ADT), seeds with fewer days to emergence were favored in the early-

cohort (β=-0.334 ± 0.114) but no selection on days to germination was detected for the 

late-cohort (β=-0.021 ± 0.021).  Additionally, larger seeds (β=-0.941 ± 0.142) were 

favored for the early-cohort in ADT but smaller seeds (β=-0.078 ± 0.025) were favored in 

the late-cohort (Aster nested model comparison, Dev=47l47, P<0.001). At the high-

elevation site (AWT), selection on days to germination also differed between cohorts 

(Dev=7.56, P=0.006) with selection favoring fewer days to germination in the early-

cohort (β=-0.475 ± 0.150) and delayed emergence in the late-cohort (β=0.195 ± 0.023).  
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Unlike the early-cohort in ADT, at the high-elevation site (AWT), selection favored 

smaller seeds for the early-cohort (nested model comparison, Dev= 34.62, P<0.001) and 

no direct selection was detected on seed size for the late cohort in AWT.  Quadratic 

selection analyses indicated that the shapes of selection surfaces differed somewhat 

between seasonal cohorts and treatments.  γii   for seed size was negative (γii = -0.126 

±0.010) for the late cohort in the ADT (Table 1.2, Fig. 1.4).  Visualization of the 

selection surface is consistent with stabilizing selection since the fitness maximum is at 

intermediate phenotypes.  γii  for germination timing was positive (γii = 0.209 ±0.129) for 

the early-cohort in AWT but visualization of the selection surface does not support the 

interpretation of disruptive selection.  We detected significant joint selection on 

germination timing and seed size in only the early-cohort in the AWT (γij = 0.715±0.170).  

 

Discussion 

This study yielded results that challenge our current understanding of the role of 

germination timing on seedling fitness, which is largely based on studies conducted on 

dormant seeds in temperate habitats.  In these temperate environments, natural selection 

typically favors early germination because it enhances post-germination survival (Jones 

et al. 1997, Benard and Toft 2007, Leger et al. 2009), or increases growth or fecundity 

(Kalisz 1986, Seiwa 2000, Donohue et al. 2005). Here we show that juvenile Q. oleoides 

trees in the dry forests of NW Costa Rica have higher fitness if they originate from seeds 

that disperse and germinate late in the wet season. Additionally, we show that selection 

on days to germination is temporally and spatially heterogeneous, with selection favoring 

either rapid or delayed germination depending on seed cohort and habitat.   

Germination  

Seeds produced early- and late- in the wet season differed in their germination 

success and average number of days to germination.  Late-cohort seeds showed higher 

germination success and more rapid germination (64 days ±1.78) compared to early-

cohort seeds that exhibited high seed mortality and delayed germination (105 days ± 7.23 

after planting).  Late-cohort seeds may have had greater germination success because 

they dispersed at the end of the wet season when extreme rainfall events are less frequent 
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and conditions are more amenable to germination. It is reasonable to expect that early 

dispersal during the wet season followed by rapid germination would be favored in 

seasonally dry forests, if it permitted juvenile establishment and growth when water is 

abundant. However, the extremely high rainfall in the wet season can lead to high seed 

mortality due to flooding, fungal infection, predation and/or reserve depletion (Garwood 

and Lighton 1990, Bustamante et al. 1993, Wagner and Mitschunas 2008).  Flooding has 

been shown to have both positive and negative impacts on germination in different 

species.  For example, Pierce and King (2007) found that two common floodplain oak 

species in the southeastern United States responded differently to flooding.  Quercus 

michauxii, as species with dormant seeds, showed significantly higher germination 

success in a flooding treatment compared to the non-flooded control.  However, Q. 

lyrata, a species with nondormant seeds, showed significantly lower germination success 

and high seed mortality in the flooding treatment. Given that the early-cohort seeds of Q. 

oleoides suffered from significantly higher seed mortality (lower germination success) 

and delayed germination of survivors suggests that periods of high rainfall are 

inhospitable for seeds.  Additionally, we find that both seed cohorts germinated in the 

transition period between the wet and dry seasons suggesting that excessive rainfall is not 

conducive to germination.  Although we did not explicitly test for the effects of flooding 

on seed viability in a controlled environment, our results are consistent with the finding 

that flooding events (or periods of high rainfall and excessive soil saturation in this case) 

are detrimental to viability of non-dormant Q. oleoides seeds. 

Delayed germination is surprising in this species since nondormant and 

desiccation intolerant seeds are widely thought to germinate rapidly (Berjak et al. 1989). 

To the best of our knowledge, this is one of only a few studies to report nondormant and 

desiccation intolerant seeds that are capable of delaying germination, albeit still restricted 

to a single season (Garwood 1983, Vazquez-Yanes and Orozco-Segovia 1993, Piña-

Rodrigues and Figliolia 2005).  In a community-level study of germination across of 

range of both seed dormancy types and seed desiccation sensitivities, Garwood (1983) 

found that seed dispersal timing (early or late in the wet season) did not correlate with 

germination timing in the desiccation intolerant species.  Of the species that dispersed 
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and germinated seeds within the same wet season, half germinated in less than two weeks 

whereas the other half germinated anywhere from two to sixteen weeks after planting.   

Although differences in the timing of germination have been found among species with 

desiccation intolerant seeds at the community level seeds, there are no previous studies 

that we are aware of that have found this type of variation within a species.  An 

alternative explanation for the observed differences in germination patterns is that 

germination is largely mediated by environmental factors, especially genotype by 

environment interactions.  For example, seeds from particular mothers may germinate in 

response to environmental cues following a hydro-thermal time model, which predicts 

rapid germination when conditions are closer to optimal water potential and temperature 

levels (Alvarado and Bradford 2002).  In this case, soil saturation during wet season 

would act to inhibit germination consistent with the delayed germination of early-cohort 

seeds. 

Selection on days to germination varied both between seed cohorts and 

environments.  Timing of germination is a heritable trait within these populations as 

indicated by significant differences among maternal families.  Thus, the differences that 

we observed could be a function of adaptive evolution in response to natural selection.  

Interestingly, we found that phenotypic selection favored distinct patterns of germination 

counter to the observed differences in days to emergence between the cohorts.  Of the 

seeds that germinated, more rapid germination was favored in the early-cohort regardless 

of environment but delayed germination was favored in the late-cohort in the AWT 

(high-elevation site).  Studies of selection in temperate systems have demonstrated that 

selection pressures can vary both temporally and on relatively small spatial scales (Kalisz 

1986, Gilbert et al. 1996, Etterson 2004a).  Additionally, large differences in days to 

germination between early-and late-cohort seeds suggests that early wet season 

conditions are inhospitable to germination but once rainfall decreases, seeds that 

germinate quicker from the early cohort have a fitness advantage over those that took 

longer to germinate.  The fitness advantage is likely due to influences on growth 

components as indicated by significant negative influence of days to germination 

covariate in growth analyses.   
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Maternal Seed Production Timing and Seed Provisioning 

Patterns of maternal seed production timing differed between the high- and low-

elevation populations in a manner consistent with the findings of Deacon (2010).  These 

differences in timing of when trees produced seeds could be due to genetic differentiation 

or due to contrasting environmental conditions.  This genetic versus environment issue is 

difficult to resolve because reciprocally transplanted trees would need to be monitored 

until sexual maturity. Differences in elevation could be attributed to contrasting intensity 

of the drought during the dry season, which is less severe at high-elevation site (Klemens 

et al 2010) and may permit early flowering and seed production. Flowering phenology of 

a deciduous tree, Tabebuia neochrysantha (Bignoniaceae), in dry forests of NW Costa 

Rica, was contingent upon recovery and stem rehydration after initial drought stress and 

the amount of recovery time needed differed with manipulated drought severity (Reich 

1995).  Likewise, in evergreen trees in Mediterranean climates, flowering initiation has 

been shown to be dependent on drought recovery after a rain event (de Lillis and 

Fontanella 1992). Our findings of differences in seed production timing between the sites 

(regardless of mechanism) suggest that shifts in maternal flowering and seed production 

and/or rainfall patterns may have large impacts on germination and subsequent seedling 

fitness. 

Maternal provisioning may play an important and extended role in fitness of 

Quercus oleoides seedlings. During the first year of growth, lipids and carbohydrates 

stored in the cotyledons of the acorn are shunted belowground into a tuber that swells 

around the root just below the root collar (Muller 1961, Nixon 1985). Although Q. 

oleoides and the other six species within the live oaks (Quercus section Virentes) are the 

only oaks to form underground tubers, they are not the only oaks with the capability of 

nutrient remobilization.  Quercus ilex in Mediterranean climates has been found to use 

nitrogen in root reserves during resprouting after disturbance (El Omari et al. 2003). 

Given the tuber formation from seed reserves, maternal effects may have a prolonged 

influence on seedling fitness. Seed mass was incorporated into the models as a means of 

accounting for such maternal effects.  However, we cannot rule out a contribution of 
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maternal provisioning to differences in fitness between the seasonal cohorts and 

populations.  Seed mass did not significantly influence likelihood of germination but had 

a positive effect on seedling fitness. The positive effect of seed mass on fitness is 

consistent with previous studies showing that larger seeds are advantageous over smaller 

seeds, especially in unfavorable conditions (Stanton 1984, Wulff 1986, Walters and 

Reich 2000, Moles and Westoby 2004).  

Our ability to test the hypothesis that abiotic factors associated with dry-season 

severity have contrasting fitness consequences at high- and low-elevation sites was 

complicated by herbivory at the high-elevation site. However, the differences in 

herbivore pressures between the sites demonstrate that biotic factors may have greater 

impact on seedling fitness than abiotic factors (Crawley and Long 1995, Asquith et al. 

1997). Regardless of treatment, we did find a consistent significant difference between 

seed cohorts and seedling fitness even with herbivore pressure (AWT).  Seedlings from 

early-cohort seeds had consistently lower estimates of fitness than the late-cohort across 

treatments suggesting early seed production may be a maladaptive consequence of 

environmentally induced maternal flowering phenology.  If trees initiate flowering in 

response to water availability (Deacon 2010) and rehydration (Reich and Borchert 1982), 

then trees that experience a less severe dry season should flowering earlier.  We find 

evidence that seed production timing differs between sites that vary in dry season 

severity.  Additionally, for both the 2010 and 2011 census we found that trees rarely 

produced seeds at both production peaks but either produce seeds early or late in the wet 

season indicating genetic based differences in production phenology.  A higher 

proportion of trees from the high-elevation population, which experiences a mild dry 

season, set seed earlier in the wet season but this did not correlate with an advantage at 

the seedling stage.   

Climate in tropical regions is influenced by many phenomena, including the 

Intertropical Convergence (ITC), North American Monsoon Systems (NAMS) and El 

Niño Southern Oscillation (ENSO).  These phenomena result in tropical regions showing 

high decadal variations in both temperature and precipitation patterns.  These dramatic 

fluctuations in seasonal and annual rainfall levels may impede adaptation by favoring 
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different genotypes depending on ENSO cycles.  Alternating patterns of selection within 

generations may act to maintain within-population genetic diversity by favoring different 

genotypes in alternating years (Etterson and Shaw 2001). Early cohort seeds could have a 

fitness advantage during dry years, and studies examining the role temporally 

heterogeneous selective pressures are needed to elucidate how ENSO cycles may 

influence within-population diversity.  Furthermore, the extent to which maternal 

flowering phenology and seed production are genetically based vs. plastic is not yet 

known.  Further research is necessary to disentangle the genetic and environmental 

factors that drive seed production timing to examine the adaptive potential of populations 

to synchronize maternal seed production timing with optimal germination and post-

germination seedling survival and growth conditions.  Regardless of the mechanism, we 

have shown a functional association between maternal seed production timing, 

germination asynchrony, and seedling fitness. 

Implications for Climate Adaptation 

Current climate change is expected to affect both temperature and rainfall patterns 

over much of Central America with the greatest warming and reduction in rainfall 

projected to occur during the middle of the wet season in dry forest regions in June-

August (IPCC 2013a). Declines in rainfall levels mid-wet season would potentially be 

beneficial for early-cohort seeds by reducing water levels and creating conditions more 

amenable to germination but could be detrimental for seeds produced late in the wet 

season if reductions in rainfall cause excessive drying below the viable threshold of 

nondormant and desiccation intolerants seeds (Finch-Savage and Clay 1994). The effects 

of climate change on El Niño Southern Oscillation (ENSO) events remains uncertain, but 

changes in the pattern and frequency of dry and wet years may impede species ability to 

synchronize seed production timing with optimal germination conditions through 

variability in the intensity of selection on germination timing.   
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Conclusion 

We provide evidence that seed production timing, germination timing, and 

germination success are critical factors in seedling fitness and recruitment of the 

nondormant and desiccation intolerant seeded Quercus oleoides in the seasonal dry 

forests of Costa Rica. Following germination, water limitation during the dry season 

results in a significant but modest decline in seedling survival.  Timing of seed 

production influenced both time-to-germination after seed fall and seedling fitness with 

late-cohort seeds showing low seed mortality, rapid germination, and high relative 

fitness. Phenotypic selection varied both spatially between sites and temporally between 

seed cohorts.  These results highlight the consequences of phenological variation in seed 

production for seedling fitness in the seasonal and interannually variable environments. 
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Table 1.1-Analysis of seed size, germination success, survival, and cumulative seedlings fitness measured on progeny from early-and 24 
late-cohort Quercus oleoides seeds sampled from a high-elevation and low-elevation population in NW Costa Rica and reciprocally 25 
planted into three watering treatments: ambient dry treatment (ADT) and supplemental water treatment (SWT) at the low-elevation 26 
site, and ambient wet treatment (AWT) at high-elevation site.  Block and maternal family (MF) treated as random effects. Degrees of 27 
freedom shown are for the difference in nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001  28 

 
 

Seed Size Germination 
Days to 

Germination Survival Fitness 

Effect DF χ2  χ2   χ2   χ2   χ2  

Population (P) 1 551.6 *** 0.11  2.00   0.01   2.18  

Cohort (C) 1 9.13 ** 108.83 *** 83.71 *** 1.72   197.34 *** 

Treatment (T) 2 --  6.13  + 4.97 + 14.74 *** 23.44 *** 

P x C 1 6.35 * 23.78 *** 0.90  1.95   0.07   

T x C 2 --  0.39   8.09 *  0.38   14.85 *** 

P x T 2 --  2.38   3.10   0.22   3.18  

P x T x C 2 --  1.46   2.15   --   16.88 *** 

Seed Size 1 --  0.03   0.19   0.43   33.42 *** 

Germination date 1 --  --   --   3.03 + 843.54 *** 

Block (Treat) 1 --  48.39 *** 5.52  *** 12.60 *** 192.42 *** 

MF (Pop) 1 --  24.16 *** 18.85  *** 0   2.05  + 
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Table 1.2- Site-specific phenotypic selection analysis on traits (days to germination and seed size) from early- and late-cohort 
Quercus oleoides seeds sampled planted into common gardens in NW Costa Rica (ADT= ambient dry treatment at low-elevation site, 
AWT= ambient wet treatment at high-elevation site). Directional selection gradients (βi) were obtained from multiple regression of 
Aster predicted relative fitness on standardized trait values (days to germination and seed size). Univariate nonlinear selection 
gradients (γii) and bivariate nonlinear selection gradients (γij) were obtained from multiple regressions including quadratic and cross-
product terms.  Seeds from both populations were combined for phenotypic selection analyses.  Directional selection gradients (β) 
were estimated using linear mixed effects models and effects were tested for significance using nested Aster model comparisons 
(DF=1 between nested models). +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 

 

 

 

    ADT    AWT   
Trait   Early   Late   Early   Late   
Days β -0.334 (0.114) ** -0.021 (0.021)    -0.475 (0.150) ** 0.195 (0.023) + 
Seed Size (Seed) β 0.941 (0.142) *** -0.078 (0.025) * -0.634 (0.190) *** 0.174 (0.025)    
Days x Days γjj 0.178 (0.044)   0.018 (0.010)   0.209 (0.129) ** 0.091 (0.003)   
Seed x Seed γii 0.423 (0.044)   -0.126 (0.010) *** 0.522 (0.126)   0.069 (0.002)   
Seed x Days γij -0.165 (0.060)   -0.001 (0.012)   0.715 (0.170) * -0.106 (0.004)   
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Figure 1.1 a) Garden sites where early-and late-cohort Quercus oleoides seeds were 
harvested and reciprocally planted in gardens at two elevations in Guanacaste 
Conservation Area in NW Costa Rica. The low-elevation site was located at Sector Santa 
Rosa (circle), high-elevation site at Sector Pailas (triangle). b) BioClim mean monthly 
rainfall and minimum and maximum temperatures at the low- and high-elevation sites 
(Hijmans et al. 2005).  c) Mean monthly rainfall and minimum and maximum 
temperatures from 2000-2014 retrieved from meteorological station at low-elevation site 
(Sector Santa Rosa). 
 

a)#

b)#

c)#
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Figure 1.2- Proportion of monitored adult Quercus oleoides trees from low-and high-
elevation populations in Guanacaste Conservation Area of NW Costa Rica.  Proportions 
shown are for trees that either failed to reproduce or produced seeds at different time 
points during the wet seasons (early only, late only or at both production peaks) in 2010 
and 2011. 
 
 
 
 
 
 
 
 



 

 29 

 

 
Figure 1.3- Predicted means (SE) for a) germination proportion, b) days to germination, 
c) survivorship, and d) Aster model estimates of seedling fitness measured on progeny 
from early-and late-cohort Quercus oleoides seeds sampled from a high-elevation and 
low-elevation populations and reciprocally planted into three watering treatments: 
ambient dry site at low elevation (ADT), supplemental water at low elevation (SWT) and 
ambient wet at high elevation (AWT). 
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Figure 1.4- Bivariate fitness surfaces showing joint selection on days to germination and 
seed size in a) Ambient Dry Treatment (low-elevation site) and b) Ambient Wet 
Treatment (high-elevation site) for early- and late- cohorts seeds collected from two 
populations of Q. oleoides in NW Costa Rica. Traits were normalized to mean=0, SD=1. 
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Chapter 2: Evidence for high plasticity and within-population genetic variation for 

fitness but not local adaptation in tropical live oak seedlings (Quercus oleoides) of 

Central American dry forests 
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Climate change will alter patterns of selection that populations undergo by 

geographically shifting climatic spaces amenable to them. Large-scale habitat 

fragmentation impedes range shifts making phenotypic plasticity and adaptation 

important mechanisms for species persistence in situ.  Understanding the extent to which 

populations exhibit local adaptation, phenotypic plasticity and the levels of within-

population genetic variation for fitness will help elucidate how populations may respond 

to future changes in climate. Here we explore the environmental tolerances of 

populations from the broadly distributed tropical live oak species, Quercus oleoides.  We 

collected seeds in the wet seasons of 2009 and 2010 from four populations with 

contrasting rainfall regimes and varying degrees of genetic divergence at neutral loci and 

geographic isolation.  Common gardens were established near populations in Honduras, 

and two gardens were located in Costa Rica near populations at different elevations.  

Seeds were germinated in shadehouses and transplanted into common gardens, and some 

were planted directly as seeds into gardens after the onset of the following wet season 

(2010 and 2011 respectively).  Added watering treatments at the gardens allowed us to 

examine the role of changes in water availability on seedling fitness (defined as the 

cumulative measure of survival and growth). Survival and growth measurements were 

collected at the end of the dry and wet seasons for two years after planting.  In general we 

found no evidence that the broadly distributed tropical live oak consists of a series of 

locally adapted populations. Rather populations exhibit wide environmental tolerances 

and high within-population genetic variation for seedling fitness.  Furthermore, added 

water during the dry season had a slight positive influence on seedling fitness, but overall 

seedling survivorship was high suggesting that Q. oleoides represents a lineage highly 

tolerant of drought.   

 

 

 

 

 

 



 

 33 

 

Introduction 

Climate change will drastically alter the global landscape by disrupting current 

patterns of natural selection on plants and animals. Many tree species have undergone 

large range expansions and contractions during past climate changes (Collignon et al. 

2002, Kremer et al. 2002, Davis et al. 2005). However, large-scale habitat fragmentation 

in many regions may impede species ability to migrate (Malcolm et al. 2002), making 

phenotypic plasticity and adaptation important mechanisms for persistence (Rehfeldt et 

al. 2001) in both temperate and tropical regions. Understanding how adaptive processes 

have shaped populations in the past and the degree of local adaptation of isolated 

populations will help elucidate the genetic capacity of populations to persist in situ.  

Local adaptation is defined as the homesite fitness advantage of a native 

population compared to non-native genotypes and display lower relative fitness in 

alternative environments (Hereford 2009). In a meta-analysis of local adaptation in 

plants, Leimu and Fischer (2008) found that 71% of the included studies demonstrated 

that local plants performed better than non-native genotypes. However, upon a stricter 

definition of local adaptation, including the pair-wise comparison of performance of both 

populations in a reciprocal planting design, they found that only 45.3% of the studies 

showed evidence of local adaptation. The degree of local adaptation has been shown to 

depend on dispersal ability (and gene flow), genetic drift (Lynch et al. 1999, Lenormand 

2002, Petit and Hampe 2006, Savolainen et al. 2007), genetic architecture of traits 

(Antonovics 1976, Lande 1979, Conner and Via 1992, Etterson and Shaw 2001), and 

intensity and variability of selection (Huey and Hertz 1984, Via and Lande 1985, 

Etterson 2004b).  

Rapid evolutionary responses to current climate change have been seen in some 

short-lived species (Bradshaw and Holzapfel 2001, Franks and Weis 2008) and in other 

systems potential evolutionary responses in populations of both short- and long-lived 

species have been found to lag behind predicted pace of climate changes (Rehfeldt et al. 

2001, Etterson 2004b). For long-lived species, climate change will have both short- and 

long-term impacts on populations, with contemporary responses dependent on plasticity 
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in traits (Bradshaw 1965), and long-term population persistence determined by 

evolutionary processes (Rehfeldt et al. 2001). Long-lived species may likely have slower 

adaptive responses than short-lived species (Linhart and Grant 1996) because of their 

increased generation time, which reduces the opportunities for new genotypes to establish 

within the timeframe of present climate change. Additionally, trees are generally known 

to have low nucleotide substitution rates (Petit and Hampe 2006) and coupled with long 

generation times may slow adaptive responses. 

Intraspecific genetic variation in key traits is essential for populations to adapt to 

environmental changes. High genetic diversity provides resilience both at the population 

and community levels in the face of fluctuating environmental conditions (Hughes and 

Stachowicz 2004). Variation in water availability has been found to be a strong selective 

agent resulting in genetic differentiation of physiological traits related to water-use 

(Silander and Antonovics 1979, Dudley 1996a, Heschel et al. 2002) and limited water 

availability has been found to be a driver of local adaptation (Dudley 1996). Barring the 

effects of gene flow, the degree of local adaptation is expected to increase with the extent 

of environmental difference between habitats (Lande 1976, Endler 1977, Slatkin 1985, 

Hereford 2009). In broadly distributed species, asymmetrical gene flow from central 

populations to populations at the periphery may impede adaptive responses (Moeller et 

al. 2011). However, theory predicts rapid divergence if populations at the periphery are 

isolated and there is sufficient environmental divergence between populations and 

heritability of quantitative traits (García-Ramos and Kirkpatrick 1997). Given, the 

complexity of factors influencing populations, it remains not well understood (Bradshaw 

1965, Valladares et al. 2007) the extent to which broadly distributed species consist of a 

series of locally adapted populations (Fig. 2.1a) or consist of populations with broad 

environmental tolerances (Fig. 2.1b). 

Quercus oleoides spans a geographic range from the Gulf Coast of Mexico to the 

lowlands of NW Costa Rica. Populations throughout Latin America experience differing 

seasonal and total annual rainfall (Fig. 2.2). Populations from Northern Mexico through 

Honduras represent a disjoint patchy network of partially isolated populations but do not 

show large divergence at neutral loci (Cavender-Bares et al. 2011). Dry forests of Belize 
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are characterized by wet season rainfall levels similar to that in Honduras but the dry 

season is milder compared to the severe dry season drought in Honduras (Hijmans et al. 

2005). Interestingly, at the southern edge of the species range, populations in Costa Rica 

are both geographically and genetically distinct from the rest of the range (Cavender-

Bares et al. 2011). Dry forest regions in the Costa Rican lowlands (<300m above sea 

level) are characterized by severe dry season drought and high rainfall during the wet 

season. In contrast, upland dry forest regions (~900 m above sea level) have a mild dry 

season, comparable to Belize and high rainfall during the wet season (Hijmans et al. 

2005). Current climate change models predict that for dry forest regions of Latin 

America, changes in rainfall patterns will be more severe than changes in temperature. 

Tropical dry forest regions are predicted to be drier with the progression of climate 

change with alterations in both the seasonality and total annual rainfall (IPCC 2013b). 

Evaluating the intraspecific variation in seedling fitness (cumulative measure of survival 

and growth) in response to changes water availability will help elucidate how populations 

may respond to future changes in rainfall.  

In this study, we address the issue of environmental tolerances (water availability) 

of populations in a broadly distributed species and pose the following questions: (1) Are 

populations of Q. oleoides locally adapted at the seedling stage? (2) If populations show 

evidence of local adaptation, can it be attributed to differences in water availability 

among sites? (3) Are there differences among populations in the extent to which 

seedlings are limited by water? (4) Is there greater genetic variation for seedling fitness 

within or among populations? We hypothesize that isolated populations will exhibit local 

adaptation in relation to seedlings fitness. Second, we hypothesize that seedlings will 

have highest fitness at their homesite and in watering treatments that are similar to their 

homesite. Alternatively, we hypothesize that within population genetic variation for 

fitness will be greater than among population variation such that populations do not differ 

in response to site or water limitation but genotypes within populations do. Third, we 

hypothesize that all seedlings regardless of population of origin are limited by dry season 

drought. 
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To test these hypotheses we used a reciprocal planting design experiment 

(Turesson 1922, Antonovics and Primack 1982, Bradshaw 1984, Schmid 1985) with two 

years of plantings: both seeds planted directly into common gardens and seeds planted 

into shadehouses and then transplanted into common gardens. Common gardens were 

established in Honduras and Costa Rica because they represent sites with the extreme 

rainfall conditions throughout the range, from the driest (Honduras) to the highest annual 

rainfall in Costa Rica. Watering treatments varying wet and dry season water levels 

allowed us examine population responses to changes in water availability and to examine 

intraspecific genetic diversity for fitness.  

 

Methods 

Seed collection 

Seeds were collected in the wet season of 2009 and 2010 from four populations 

across the species’ range (Belize, Honduras, and two populations in Costa Rica at 

different elevations). Populations were chosen because they are subject to contrasting wet 

and dry season rainfall regimes and span a large geographical scale. Seeds were collected 

from a total of 30-50 trees that were at least 50m apart from each population. A total of 

37,460 seeds were collected in 2009 and 44,329 seeds in 2010 (Appendix 2- Table S2.1). 

Seeds were shipped to Zamorano University, Honduras and to Guanacaste Conservation 

Area in Costa Rica and were stored in 3°C refrigerators (unless in transit) until planted 

into shadehouses or into gardens. Seeds arrived to respective countries after the onset of 

the dry season and since Q. oleoides seeds are nondormant and metabolically active a 

subset of seeds were germinated in shadehouses in Honduras and Costa Rica in dry 

seasons of 2010 and 2011 to reduce seed mortality due to storage. In 2010, seeds were 

not planted in a randomized design in the shadehouses but were in the second year of 

planting in 2011. While masking our ability to examine very early seedling survival, 

transplants guaranteed ample sample sizes. The remaining seeds that were not planted 

into shadehouses were stored in refrigerators until the onset of the next wet season (either 

2010 or 2011) and planted directly into common gardens. Seed size was measured at the 

time of planting, as the seed volume (V), calculated from seed height (h) and diameter 
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(d), assuming an ellipsoid: V=4/3 x (d/2)2π+(h/2). Volume was converted to seed mass 

based on the empirical relationship between volume and fresh mass (M) without the seed 

coat, for 16 oak species: M=0.636V-0.1213, R2=0.97 (Cavender-Bares et al. 2004). 

 

Common garden sites 

Common garden locations in Honduras and Costa Rica were chosen because they 

differ in both total annual rainfall and wet and dry season rainfall patterns. In Costa Rica 

two common garden sites were chosen, both nearby the high- and low- elevation 

populations where seeds were collected. For both the 2010 and 2011 plantings, seeds and 

seedlings were planted into common gardens at all sites in a randomized complete block 

design with maternal lineage represented evenly among blocks and individuals 

randomized within blocks. Seeds planted directly into gardens (hereafter ‘direct planting’ 

cohorts) were planted 1cm beneath the soil surface and 15cm apart. To prevent herbivory 

and photoinhibition, blocks were covered with wire mesh cages (0.6m x 0.6m x 0.6m) 

and 70% shade cloth. Cages were removed when plants were ~0.5m tall, after a year of 

growth. Germination was monitored weekly for the first five months. Transplants were 

planted in the same randomized design as the direct plantings but cages were not used. In 

2010, transplants from the shadehouses were planted 25cm apart and well watered for 

two weeks after transplanting to encourage establishment. In 2011, transplants were 

planted 50cm apart to minimize competition and shading from nearby experimental 

plants and were also watered for two weeks post transplanting. All blocks were weeded 

biweekly to reduce competition effects.  

 

Water treatments 

To isolate the effects of water limitation, supplemental watering treatments were 

imposed. Each treatment was replicated in six blocks across two gardens at each site. At 

Zamorano University in Honduras, the location with the lowest annual and dry seasonal 

rainfall (hereafter referred to as the dry garden, DG) four treatments were established 

simulating all climatic scenarios natural populations are subjected to: 
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 1) Ambient rainfall (no water added, hereafter, DG-Ambient) 

2) Added water of 18mm/week during the dry season (hereafter referred to as dry 

season water-DG-DS Water or DG-DSW) 

3) Added water up to 25mm/week during the wet season if it did not rain 25 

mm/week (hereafter referred to as wet season-DG-WS Water or DG-WSW) 

4) Added water during both the dry and wet seasons per DS and WS protocols 

(hereafter DG-Both Water or DG-Both) 

In Costa Rica, at the low-elevation garden site, representing intermediate rainfall levels, 

(hereafter referred to as the intermediate garden, IG) two of the four watering treatments 

were established: 

 1) Ambient rainfall (no added water, hereafter IG-Ambient) 

2) Added water of 18mm/week during the dry season (hereafter IG-DS Water or 

IG-DSW) 

 At the high-elevation garden, the site with highest annual rainfall (hereafter, the wet 

garden, WG-Ambient) seedlings were subjected to only ambient rainfall conditions. 

Water removal at sites was not feasible to create a full-factorial design and data were 

subset to include the relevant treatments to address the biological questions.   

 

Statistical analyses 

Given the unique conditions each cohort were subjected to, data from each 

planting cohort were analyzed separately. Survival and growth (stem height, leaf number, 

basal diameter and length of longest leaf) were monitored at the end of each season 

(December for the end of the wet season; May for end of the dry season) for two years 

after planting for both the 2010 and 2011 collections. Aboveground growth 

measurements of plant height (h), leaf number (l) and basal diameter (d) were converted 

to above ground biomass (B) using the allometric regression equation from Q. oleoides 

grown under greenhouse conditions, B=1.4663(h+l+d)+ 39.794, R2=0.758 (Cavender-

Bares, unpublished).  

Growth and survival were analyzed separately at each measurement point to 

examine if populations differed in recruitment strategies and are reported in the appendix. 
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Survival was analyzed using a generalized linear mixed model with block (nested in 

treatment) and maternal family (nested in population) as random effects. Growth was 

analyzed using linear mixed effect models and residuals were checked visually and 

responses were transformed when appropriate (square root or logarithmic) to better meet 

assumptions of constant variance and normality. Both survival and growth analyses were 

conducted using the ‘lme4’ package in R, version 3.11.1.  

A joint analysis of survival and growth was conducted to estimate cumulative 

seedling fitness using Aster models (Shaw et al. 2008). Aster models appropriately 

integrate multiple components of fitness and accommodate non-normal underlying 

distributions of fitness components (Shaw et al. 2008, Shaw and Geyer 2010).  For the 

2010 transplants, seedling fitness was estimated at the last measurement time (leaf count 

conditional on survival to the time). Leaf count was chosen as a fitness surrogate measure 

because it reflects plant growth and photosynthetic capacity while accounting for 

multiple stems and compensatory growth after herbivory. The graphical for seedling 

fitness model used was: 

(1) Planted! survival dry season (DS) 2011! Survival DS 2012! leaf number 

DS 2012 

with survival at each node (binomial distribution) conditional on survival to the previous 

node and fitness surrogate, final leaf count (Poisson distribution) conditional on survival 

to the DS 2012. While aboveground biomass would be preferable fitness proxy in the 

Aster models, leaf count was chosen because it is an integer and had the highest 

correlation of a single growth trait with aboveground biomass (R2= 0.66, Cavender-

Bares, unpublished). The Aster models for the local adaptation analyses were 

parameterized as: 

 (2) Fijklm= Ti + Pj + S+ L + MF+ Ti *Pj + Mk(Pj) +Bl(Ti)+εijklm 

with treatment (T) i, population (P) j, seed mass (S), size at transplanting (L), as fixed 

effects. Maternal family (MF) k (nested in population j), and block (B) l (nested in 

treatment i) as random effects, and ε represents the residuals for plot m.  
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For 2010 direct planting cohort, seedling fitness was estimated using the graphical 

model: 

(3) Germinated! Survival DS 2011! Survival DS 2012! Leaf number DS 

2012 

with survival at each node conditional on survival to the previous node and fitness 

surrogate, final leaf count conditional on survival to the DS 2012. The Aster model was 

parameterized as: 

 (4) Fijklm= Ti + Pj + S+ L + Ti *Pj + MFk(Pj) +Bl(Ti)+εijklm 

with treatment (T) i, population (P) j, seed mass (S), size at transplanting (L), as fixed 

effects. Maternal family (MF) k (nested in population j), and block (B) l (nested in 

treatment i) as random effects, and ε representing the residuals for plot m. Unfortunately, 

due to restrictions of sample size from poor germination rates and high seed mortality 

during storage, the garden by population interaction could not be assessed. 

For the 2011 transplants, seedling fitness was estimated using the graphical 

model: 

(5) Planted! Survival DS 2012! Survival DS 2013! Survival WS 2013! 

Survival DS 2014 ! Leaf number 2014 

Final leaf count conditional on survival to the DS 2014. The Aster models were 

parameterized as: 

 (6) Fijklm= Ti + Pj + S+ L + MF+ C+ H+Ti *Pj + Mk(Pj) +Bl(Ti)+εijklm 

with treatment (T) i, population (P) j, seed mass (S), size at transplanting (L), cut (C), and 

herbivory (H) as fixed effects.  The effects of accidental cutting of plants by volunteers 

and the impact of herbivory across blocks were assessed through the indicator variables C 

and H.  Maternal family (MF) k (nested in population j), and block (B) l (nested in 

treatment i) as random factors, and ε representing the residuals for plot m. 

For 2011 direct plantings, seedling fitness was estimated using the graphical 

model: 

(7) Germinated! Survival DS 2013! Survival DS 2014 ! Leaf number 2014 
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Final leaf count conditional on survival to the DS 2014. The Aster models were 

parameterized as: 

 (8) Fijklm= Ti + Pj + S+ L + MF+ C+H+Ti *Pj ++Bl(Ti)+εijklm 

with treatment (T) i, population (P) j, seed mass (S), size at transplanting (L), cut (C), and 

herbivory (H) as fixed effects, block (B) l (nested in treatment i) as a random effects, and 

ε representing the residuals for plot m.  

To address the question of local adaptation, data were subset to analyze the 

ambient rainfall treatments across gardens. Similarly, to address the question of how 

water availability throughout the year influences seedling fitness and to examine within-

population genetic diversity, analyses were conducted separately for the Honduras and 

Costa Rica sites. Models examining treatments within site were constructed similar to 

those for the local adaptation analyses. To account for variation among seedlings in 

herbivory damage, a herbivory index was included in analyses of treatments within the 

dry garden (Honduras). All seedlings at the wet garden (Costa Rica high-elevation) were 

subjected to high levels of herbivore damage and a herbivory index was not included in 

analyses of intermediate and wet gardens because it is confounded with treatment 

(Chapter 1). Maternal family was included as a random effect (nested in population) to 

examine if populations harbor high within-population genetic variation for fitness. 

Differences in seedling fitness among maternal families would suggest genetically based 

differences in seedling performance given that seeds from each maternal tree are assumed 

to be half-sibs. To visualize the within-population variation in fitness, data from the 

direct planting cohorts were subset to include maternal families that were represented 

multiple times in treatments at the dry garden site. The dry garden site was chosen 

because it allowed for incorporation of all four watering treatments. The same graphical 

models were used from the population level fitness analyses but maternal family was 

included as a fixed effect in the place of population to allow for fitness estimates at the 

maternal family level.  
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Results 

Test of local adaptation for nursery transplanted seedlings  

We did not find clear evidence of local adaptation in the broadly distributed Q. 

oleoides after two years of growth in three common gardens with contrasting climates. 

There was not consistent evidence of higher fitness of populations at their home 

environment or lower fitness in the away environment in the four planting cohorts 

(transplanted in 2010 and 2011, and direct plantings in 2010 and 2011).  

There was not a significant difference in overall seedling fitness in the 2010 

transplant cohort between the dry (Honduras) and intermediate (CR low-elevation) 

gardens, but all seedlings at the wet garden (CR high-elevation) had fitness estimates near 

zero and were subjected to high herbivory (Table 2.1, Fig. 2.3a). Population main effect 

for this cohort was not significant but there was a significant garden by population 

interaction. Seedlings from Honduras (HN) had the lowest estimates of seedling fitness at 

their home site (dry garden) compared to all other populations.  However, at the 

intermediate garden seedlings from HN had significantly higher estimates of fitness than 

seedlings from Belize (BZ) but not different from Costa Rica high-elevation (CRH) 

population seedlings. Additionally, seedlings from BZ had highest predicted mean fitness 

compared to all other populations at the dry garden but the lowest predicted mean fitness 

compared to all other populations at the intermediate garden.  At the intermediate garden, 

seedlings from the Costa Rica low-elevation (CRL) population did show a significant 

home-site advantage with higher estimates of fitness compared to non-native populations. 

Furthermore, seedlings from the CRL population had lower estimates of fitness at the dry 

garden than at the home-site intermediate garden. The CRH population had lower fitness 

estimates in the dry garden than the intermediate garden, but zero fitness in the home-site. 

For all populations, size at transplanting had a significant positive effect on seedling 

fitness but there was no effect of seed size on fitness.  

Separate analyses of survival and growth components of seedlings fitness showed 

that for all populations of the 2010 transplant cohort (although survivorship differed 

among the gardens) there was no difference between the dry and intermediate gardens 

with respect to growth traits (Appendix 2- Tables S2.2-S2.5, Figs. 2.1&2.2). By the end 
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of the dry season 2012, survivorship was highest at the intermediate garden, with a mean 

survival of 89% followed by the dry garden with a mean survival of 79% and 53% of 

seedlings survived at the wet garden.  

 Aster analyses of seedling fitness for the 2011 transplants showed a different 

pattern of seedling fitness than the 2010 transplants; there was a marginally significant 

effect of population, a significant garden effect, and a significant garden by population 

interaction (Table 2.1, Fig. 2.3b). Within the dry garden (Honduras), seedlings from HN 

had highest estimates of fitness.   However, seedlings from HN had significantly higher 

estimates of fitness at the intermediate garden (IG) than at their home-site (dry garden). 

Seedlings from the CRL population had significantly higher estimates of fitness at their 

home-site (IG) than at the DG in Honduras but did not have a fitness advantage over 

seedlings from HN or BZ populations at the IG. For all populations of the 2011 cohort, 

seed size and plant size at transplanting both had a positive effect on fitness. Analyses of 

survivorship showed that survival was significantly lower at the wet garden than the other 

two gardens (post-hoc contrast, Estimate= -2.05 ±1.09, Z1=-1.88, P=0.06, see Appendix 

2- Tables S2.6 &S2.7, Fig. S2.3) but survivorship did not differ between the dry and 

intermediate gardens (post-hoc contrast, Estimate=-0.49± 1.14, Z1=-0.43, P=0.67). Unlike 

the 2010 transplants, for all measurement points there was a consistent garden effect on 

growth traits, with seedlings at the intermediate garden having higher mean trait values 

than the dry and wet gardens (Appendix 2- Tables S2.8&S2.9, Fig. S2.4).   Additionally, 

seedlings from HN showed significantly higher mean growth trait values compared to 

other populations, which likely explains the observed fitness advantage. 

 

Test of local adaptation for direct planting cohort seeds 

 Analyses of seedling fitness from seeds planted directly into common gardens did 

not reveal consistent evidence for local adaptation. For the 2010 direct planting cohort, 

population was not significant but there was a significant garden effect (Table 2.1, Fig. 

2.3c). At both the dry and intermediate gardens, seedlings from HN had the highest 

estimates of mean fitness. Seedlings from all populations had higher estimates of fitness 

at the DG than at the IG. Seed size, block, and maternal family also had significant 
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effects on fitness. Although there was a large effect of garden on seedling fitness, 

survivorship did not differ significantly among the gardens (Appendix 2- Tables S2.10 & 

S2.11, Fig. S2.5), but garden did significantly influence growth traits (Appendix 2- 

Tables S2.12 & S2.13, Fig. S2.6). Seedlings at the dry garden exhibited higher growth 

traits values (stem height, basal diameter, leaf number, aboveground biomass) on average 

than seedlings at the intermediate or wet gardens (regardless of population of origin). 

Seedlings at the wet garden had the lowest estimates of survivorship after one year of 

growth (post-hoc contrast, Estimate=-1.14±0.45, Z1=-2.54, P=0.1), but by the end of DS 

2012 there were no differences in seedling survivorship among the gardens.  

Results from Aster analyses of seedlings fitness of the 2011 direct planting cohort 

there were significant effects of population and garden on fitness (Table 2.1, Fig. 2.3d). 

Seedlings from the CRL population had highest estimates of fitness compared to all other 

populations at both the dry and intermediate gardens. At the dry garden, seedlings from 

HN had the next highest estimates of fitness followed by CRH population and BZ 

seedlings with the lowest estimates. Separate analyses of survival and growth 

components showed that both survivorship and growth were higher at the dry garden 

compared to the intermediate garden (Appendix 2- Tables S2.14-S2.17, Figs S2.7 & 

S2.8). Seed size also had a positive effect on seedling fitness. 

 

Fitness consequences of water limitation—dry garden 

Seedlings that were transplanted into the dry garden in 2010 did not exhibit 

consistently higher fitness with water addition during dry season drought or during dry 

spells in the wet season (Table 2.2, Fig. 2.4a, Appendix 2- Tables S2.18-2.21, Figs. S2.9 

& S2.10). However, herbivory at the dry garden had a significant impact on both survival 

and growth. In the 2011 transplant cohort, seedlings generally had higher estimates of 

fitness in water addition treatments that reduced dry season drought severity. However, 

seedlings from CRH and BZ populations (both originating from locations with high 

rainfall) had estimates of zero fitness with water addition in the DG-DSW (dry garden, 

dry season water addition) and DG-both treatments. The reduction in fitness of these 

seedlings compared to the DG-ambient and DG-WSW treatments can be attributed to 
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reductions in growth and not mortality, given that survivorship in the DG-ambient and 

DS-DSW treatments did not differ significantly from the DS-ambient and DSW-

treatments (post-hoc contrast, Estimate=-.08±0.61, Z1= -0.14, P=0.9, Appendix 2- Tables 

S2.22-S2.25, Figs. S2.11& S2.12).  

In contrast to the nursery-transplanted seedlings, cohorts planted directly from 

seeds into gardens in 2010 and 2011 did show fitness responses to water addition 

suggesting that early life stages are more sensitive to drought. The transplant cohorts may 

have been buffered from environmental stress during that vulnerable period. In the 2010 

direct planting cohort, seedlings from Honduras and both populations from Costa Rica 

had higher estimates of mean seedling fitness in the watering treatments that reduced dry 

season drought (Table 2.2, Fig. 2.4c, Appendix 2- Tables S2.26-S2.29, Figs. S2.13 & 

S2.14). Seed size had a positive effect on fitness and herbivory significantly reduced 

fitness.  

 The 2011 direct planting cohort showed similar trends as the 2010 cohort with a 

significant effect of population and treatment (Table 2.2, Fig. 2.4d). Seedlings from all 

populations had a positive response to increased water availability in the dry season. 

Furthermore, seedlings from all populations that were watered during both the wet and 

dry seasons had higher estimates of fitness than their counterparts that were only watered 

in either the dry season or the wet season, suggesting that both dry season drought and 

total annual water availability may limit fitness. The fitness advantage of seedlings in 

treatments where water was added during the dry season can be attributed to both 

increased growth and survivorship (Appendix 2- Tables S2.30-S2.33, Figs. S2.15 & 

S2.16).  

 

Fitness consequences of water limitation—Intermediate and Wet Gardens 

 Similar to findings for both the 2010 and 2011 transplants at the dry garden site in 

Honduras, water addition in the Costa Rica low-elevation garden did not enhance fitness 

(Table 2.3, Fig 2.5a&b, Appendix 2- Tables S2.34-S2.41, Figs S2.17-S2.20). 

Additionally, large negative fitness effects of herbivory at the wet garden suggest that 

biotic factors, when present, can have stronger effects on seedling fitness than abiotic 
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factors. In the 2010 and 2011 directly planted cohorts, seedlings from both Costa Rican 

populations had equivalently high estimates of mean fitness in both water treatments at 

the intermediate garden (Table 2.3, Fig. 2.5c&d, Appendix 2- Tables S2.42-S2.49, Figs. 

S2.21-S2.24). In contrast to the consistent positive effect of water addition during the dry 

season at the dry garden site in Honduras, added water during the dry season at the 

intermediate garden had either no effect (in 2010) or a slightly positive effect (2011 

planting cohort). 

 

Intraspecific genetic variation—dry garden 

Maternal family random effect was significant in all fitness analyses indicating 

significant within-population variation for fitness that could reflect genetic variation. 

Visualization of predicted mean maternal family seedling fitness at the dry garden for 

both the 2010 and 2011 direct planting cohorts showed large differences among maternal 

families in seedling performance (Table 2.4, Fig. 2.6). There was no effect of watering 

treatment on predicted mean maternal family fitness in the 2010 cohort and only a 

marginal effect of treatment in the 2011 cohort. For both years, there was a significant 

maternal family by treatment interaction, with the rank order of maternal family fitness 

changing across watering treatments. Additionally, seedlings from some maternal 

families tolerated a wide range of simulated rainfall conditions as evidenced by multiple 

maternal families having consistently high fitness estimates across treatments.  

 

Discussion 

 Collectively this study reveals several important findings that increase our 

understanding of how broadly distributed species tolerate a wide range of conditions. We 

did not find strong evidence that populations of the long-lived evergreen live oak, Q. 

oleoides, are locally adapted to regional abiotic and/or biotic conditions. Furthermore, we 

found evidence that populations harbor high within-population genetic variation for 

fitness conferring wide environmental tolerances at the population level. We also found 

evidence that plasticity of traits related to fitness allowed seedlings from maternal 

families to maintain homeostasis across a range of simulated rainfall conditions. Finally, 
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small-scale biotic factors when present have a larger effect on seedling fitness than 

changes in water availability.  

 

No evidence for local adaptation 

Local adaptation of the Costa Rican populations was expected given the genetic 

divergence at neutral loci, geographical isolation of these trees from the rest of the range, 

and the climatic differences between Costa Rica and Honduras (Cavender-Bares et al. 

2011).  Furthermore, local adaptation has been found in other tree systems that span large 

geographic ranges and encompass similar climatic variation (Rehfeldt et al. 1999, Hall et 

al. 2007).  We did not find clear or consistent patterns indicating that populations of Q. 

oleoides are locally adapted to their native environment. Populations in Honduras share 

the same alleles at neutral loci as populations across Belize and Mexico (Cavender-Bares 

et al. 2011), suggesting gene flow among these populations that could hinder local 

adaptation of these tree populations to climate in Honduras (Slatkin 1985, Savolainen et 

al. 2007).  

One possible explanation for the lack of evidence for local adaptation at the 

seedling stage may be that seedlings from all populations throughout the species range 

experience relatively similar climatic niches given their comparatively shallow roots as 

juveniles. As a consequence, all seedlings may have been subjected to high water 

availability during the wet season and reduced rainfall during the dry season. Although 

the intensity of these seasonal patterns differ, seedlings may be biologically subjected to 

similar selective pressures for high growth during the wet season, and as a result, drought 

tolerance through physiological mechanisms during the dry season. All seedlings, 

regardless of population of origin, may be under strong pressures to establish deep roots 

at very early life stages allowing them to withstand dry season drought upon sufficient 

taproot development. This scenario is plausible given the buffered response of the 

transplant cohorts to changes in water availability and the higher sensitivity of the direct 

planting cohorts to added water during the dry season at the dry garden site.  

Another possible explanation for the lack of evidence for local adaptation using 

seedling fitness may be negative genetic correlations or selective tradeoffs in traits that 
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confer fitness at the seedling stage and those that confer fitness at the adult stage. In 

addition, fluctuating environments throughout the lifespan of an individual can constrain 

adaptation because contrasting traits confer a selective advantage at different times. Q. 

oleoides trees can live hundreds of years, a temporal over which, rainfall patterns are 

likely to vary (IPCC 2013a). Under this scenario selection on traits at the seedling stage 

would lead to reduced fitness at the adult stage and vice versa.  If selection were stronger 

at the adult stage, evidence for local adaptation may not appear in early life history traits 

for this species. Even without tradeoffs, local adaptation may not be apparent at the 

juvenile stage, even if present with lifetime fitness. For example, in a 36 year study of 

Pinus ponderosa populations on serpentine soils evidence for local adaptation emerged 

only after 20 years of growth (Wright 2007).   

 

Climatic fluctuations may contribute to high genetic variation within populations  

Populations of Q. oleoides appear to harbor intraspecific diversity evidenced by 

the effect of maternal family on seedling fitness. Patterns of high decadal fluctuations in 

rainfall, characteristic of tropical regions (IPCC 2013a), may contribute to the 

maintenance of genetic diversity. Fluctuations in rainfall patterns may result in 

intergenerational changes in selective regimes that impede consistent adaptive responses 

to the current abiotic environment (Etterson and Shaw 2001). Genotypes with traits 

conferring high fitness during wetter periods may not maintain a selective advantage 

during periods of lower rainfall. In drier periods, other genotypes may confer higher 

fitness. Under this scenario varying selective pressures would act to maintain genetic 

variation within populations, consistent with the intraspecific genetic diversity we found 

in this study.  The extent to which intergenerational temporal variation may maintain 

within-population genetic diversity depends on the intensity of selection and the additive 

genetic correlation for fitness in contrasting environments (Bull 1987, Gillespie and 

Turelli 1989). If selection varies between generations and the additive genetic correlation 

for fitness (rAij) is negative, this would indicate a genetic trade-off between fitness in the 

two environments i and j. In this scenario, genotypes may be maintained because few 

would have high performance in both environments Alternatively if rAij is positive and 
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near unity, genotypes with high fitness in both environments would likely be favored and 

result in a reduction of genetic variation within populations (Etterson 2004b). Given past 

fluctuations in precipitation patterns over the last several thousand years in lowland 

regions of Latin America (Curtis et al. 1996, Perry and Hsu 2000, Mendoza et al. 2007), 

climatic variability may have contributed to the maintenance of genetic diversity within 

populations.  

 

Phenotypic plasticity 

Along with high intraspecific diversity, multiple maternal families from both 

Honduras and Costa Rican populations maintained high-predicted mean fitness across 

watering treatments at the dry garden site. This fitness reaction norm and maintenance of 

fitness of maternal families across environments may be explained by plasticity in 

morphological and physiological traits influencing fitness (Bradshaw 1965, Sultan et al. 

1998). Consistent with this we found high plasticity in carbon and water use traits in the 

experimental seedlings (chapter 3). Similar to our findings, Gimeno et al. (2009) found 

no evidence for local adaptation in the broadly distributed Mediterranean holm oak, Q. 

ilex.  Instead, Q. ilex seedlings showed high physiological trait plasticity associated with 

large tolerances for both temperature and drought stress.  In our study, the within-

population genetic variation and maintenance of seedling fitness from maternal families 

suggest that populations of Q. oleoides may be well suited to persist in situ to changes in 

water availability (Rehfeldt et al. 2001). Maintenance of seedlings fitness in populations 

of Q. oleoides may help explain why the species persists across a much broader range of 

precipitation regimes compared to its closest relatives (species within the Virentes 

lineage, “live oaks,” Cavender-Bares in review). 

 

Biotic interactions 

The large effect of herbivory coupled with the relatively small effect of dry 

season drought on seedling fitness suggests that, when present, fine-scale and spatially 

heterogeneous biotic pressures may limit fitness more than landscape level abiotic 

factors, such as dry season drought.  Quercus oleoides populations appear to be 
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reasonably well adapted to seasonal drought, given the high survivorship of all seedlings 

across all gardens where herbivory was absent or minimal. Consistent with the strong 

impact of herbivory in our study, Thomas et al. (2002), found that defoliation by 

herbivores in two Central European oak species significantly increased seedling 

mortality. They further found that herbivory increased drought sensitivity of damaged 

trees, an interaction that we did not investigate. Future examination of the effects of 

herbivory on physiological traits related to water-use would provide insight into how 

fine-scale biotic factors influence seedlings’ tolerance of abiotic stressors.  

 

Conclusion 

Our study supports the conclusion that the broadly distributed tropical live oak, 

Quercus oleoides, consists of populations with wide environmental tolerances and high 

intraspecific variation rather than a series of locally adapted populations.  Although water 

limitation influenced seedling fitness, local biotic factors (when present) were found to 

have a greater impact on fitness.  Ultimately, results show that the high within-population 

genetic variation and maintenance of seedling fitness of the maternal families in Q. 

oleoides populations may promote persistence in situ with the progression of climate 

change.  Plastic responses to changes in water availability promote persistence in the 

short-term and populations display the potential for long-term resilience as a consequence 

of high genetic diversity. 

 



 

 51 

 
 

 

 

 

 
 
 
 
 
 
 
 
Table 2.1- Summary of nested model comparison of Aster models to test effects of factors on fitness of Q. oleoides seedlings.  Both 
transplants and direct planting cohorts represent seeds collected from populations throughout the range and planted into common 
gardens in Honduras (dry garden), and Costa Rica (intermediate and wet gardens) in 2010 and 2011. Four planting cohorts were 
analyzed separately and include 2010 and 2011 transplants, and 2010 and 2011 direct plantings. Covariates of seed mass and size of 
plant at transplanting (size) were included in analyses when appropriate. Degrees of freedom (DF) shown are the difference between 
nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001  
 

 

 
 
 
 
 

 
2010 

Transplants  
2011 

Transplants 
2010  

Direct Planting 
2011  

Direct Planting 
Effect DF Dev   Dev   Dev   Dev   
Population (P) 3 2.14   6.60 + 0.96   429.69 *** 
Garden (G) 2 1.13   6.45 * 10.43 ** 29.501 *** 
Seed Mass 1 0.43   5.49 * 165.93 *** 109.3 *** 
Size  1 3361.40 *** 1678.10 *** --   --   
Cut 1 --   651.69 *** --   442.95 *** 
Garden x Pop 6 389.23 *** 584.71 *** --   --   
Block (G) 1 7908.00 *** 3751.50 *** 3893.80 *** 2314 *** 
MF (P) 1 7598.40 *** 4860.00 *** 4877.40 *** -- -- 



 

 52 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.2- Summary of nested model comparisons of Aster models to test effects of factors on fitness of Q. oleoides seedlings.  Both 
transplants and direct planting cohorts represent seeds collected from populations throughout the range and planted into common 
garden in Honduras (dry garden), and administered one of four watering treatments at that site (ambient rainfall, added water during 
DS, added water during WS, and artificially watered both seasons).  Four planting cohorts were analyzed separately and include 2010 
and 2011 transplants, and 2010 and 2011 direct plantings. Covariates of seed mass and size of plant at transplanting (size) were 
included in analyses when appropriate. Degrees of freedom (DF) shown are the difference between nested models.  +0.10≥P>0.05; * 
P≤ 0.05, ** P≤0.01;  ***<0.001  

  
2010  

Transplants  
2011  

Transplants 
2010  

Direct Planting 
2011  

Direct Planting 
Effect DF Dev   Dev   Dev   Dev   
Population (P) 3 1.48   6.59   13.34 ** 4446.9 *** 
Treatment (T) 3 1.31   8.47 * 17.20 ** 8.2966 * 
Herbivory 1 6.54 * 8.70 ** 147.45 *** 1352.8 *** 
Seed mass 1 27.03 *** 3.82 + 33.31 *** 240.56 *** 
Size  1 2811.80 *** 1667.60 *** --   --   
Cut -- --   638.37 *** --   20544 *** 
T x P 6 375.77 *** 585.18 *** 1176.50 *** --   
Block (T) 1 14393.00 *** 3687.90 *** 18362.00 *** 23948 *** 
MF (P) 1 0   4866.70 *** 12742.00 *** --   
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Table 2.3- Summary of nested model comparisons of Aster models to test effects of factors on fitness of Q. oleoides seedlings.  Both 
transplants and direct planting cohorts represent Q. oleoides seeds collected from populations throughout the range and planted into 
common gardens at low- and high-elevation garden sites in Costa Rica.  Four planting cohorts were analyzed separately and include 
2010 and 2011 transplants, and 2010 and 2011 direct plantings.  Treatment represents the three possible watering treatments at the 
sites: Intermediate garden- ambient rainfall treatment, intermediate garden- added water during DS, and wet garden-ambient rainfall.  
Covariates of seed mass and size of plant at transplanting (size) were included in analyses when appropriate. Degrees of freedom (DF) 
shown are the difference between nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001  
 
 
 
 
 
 
 
 

  
2010  

Transplants  
2011 

Transplants 
2010 

Direct Planting 
2011 

Direct Planting 
Effect DF Dev   Dev   Dev   Dev   
Population (P) 3 4.88   6.10   11.38 * 56.05 *** 
Treatment (T) 2 6.98 * 15.87 *** 5.05 + 6.68 * 
Seed Mass 1 0.50   21.74 *** --   0.38   
Size  1 4244.20 *** 207.54 *** 26.03 ***     
T x P 6 341.50 *** 452.97 *** --   84.17 *** 
Block (T) 1 35656 *** 3556.30 *** 2160.60 *** 878.81 *** 
MF (P) 1 11630 *** 5734.60 *** 674.11 *** --   
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Table 2.4- Summary of nested model comparisons of Aster models to test effect significance examining genetic variation within 
population for seeds collected from populations of Q. oleoides across Central America and planted directly into a common garden at 
Zamorano University in Honduras in 2010 and 2011. Seedlings were administered one of four watering treatments at that site (ambient 
rainfall, added water during DS, added water during WS, and artificially watered both seasons).  Degrees of freedom (DF) shown are 
the difference between nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001  
 
 
 
 
 
 

 
2010 

Direct Planting 
2011 

Direct Planting 
Effect DF Dev  DF Dev  
Maternal Family (MF) 10 6527.7 *** 24 10689 *** 
Treatment (T) 3 5.23  3 6.74 + 
Seed Mass 1 1.52  1 66.79 *** 
Herbivory 1 418.65 *** -- -- -- 
MF x T 30 8214.9 *** 72 12744 *** 
Block (T) 1 12288 *** 1 17404 *** 
Seedling (MF) -- --  1 4823 *** 
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Figure 2.1- Hypothetical distribution of populations of Q. oleoides along abiotic 
environmental axis (rainfall) showing a) populations adapted to local rainfall conditions 
or b) spanning broad environmental niches.  Lines represent different hypothetical 
populations found through the species range. 
 
 
 
 



 

 56 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 

Figure 2.2- Range of Quercus oleoides showing historical herbarium records (grey 
circle) and seed collection sites form four populations throughout the range (Belize, 
Honduras, Costa Rica high-elevation, Costa Rica low-elevation). Populations throughout 
the range experience contrasting rainfall patterns (Hijmans et al. 2005).   
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Figure 2.3- Aster predicted mean seedling fitness (±SE) from seeds collected from 
populations of Q. oleoides throughout the range (Belize, BZ; Honduras, HN; Costa Rica 
high-elevation, CRH; Costa Rica low-elevation, CRL) and planted into common gardens 
in Honduras (dry garden, DG), Costa Rica low-elevation (intermediate garden, IG), and 
Costa Rica high-elevation (wet garden, WG).  Unconditional expected fitness (with 95% 
confidence intervals) is the predicted number of leaves of a ‘typical’ individual under the 
different conditions for a) 2010 transplant cohort; b) 2011 transplants; c) 2010 direct 
planting; d) 2011 direct planting 
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Figure 2.4- Aster predicted mean seedling fitness from seeds collected from populations 
of Q. oleoides throughout the range (Belize, BZ; Honduras, HN; Costa Rica high-
elevation, CRH; Costa Rica low-elevation, CRL) and planted into the common garden in 
Honduras (dry garden) and administered one of four watering treatments: Ambient, wet 
season water (WSW), dry season water (DSW) and watered both seasons (Both). 
Unconditional expected fitness (with 95% confidence intervals) is the predicted number 
of leaves of a ‘typical’ individual under the different conditions for a) 2010 transplant 
cohort; b) 2011 transplants; c) 2010 direct planting; d) 2011 direct planting 
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Figure 2.5- Aster predicted mean seedling fitness from seeds collected from populations 
of Q. oleoides throughout the range (Belize, BZ; Honduras, HN; Costa Rica high-
elevation, CRH; Costa Rica low-elevation, CRL) and planted into the common garden 
into the intermediate and wet gardens in Costa Rica (IG, low-elevation and WG, high-
elevation gardens respectively). Unconditional expected fitness (with 95% confidence 
intervals) is the predicted number of leaves of a ‘typical’ individual under the different 
conditions for a) 2010 transplant cohort; b) 2011 transplants; c) 2010 direct planting; d) 
2011 direct planting 
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Figure 2.6- Aster predicted fitness of maternal families of Q. oleoides seeds collections 
in 2010 and 2011 from four natural populations (Belize, BZ; Honduras, HN; Costa Rica 
high-elevation. CRH; Costa Rica low-elevation, CRL) and planted into a common garden 
in Honduras and administered four watering treatments: Ambient, wet season water 
(WSW), dry season water (DSW) and watered both seasons (Both).  Symbols represent a 
maternal family within each population. 
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Chapter 3: Selection and plasticity in physiological and morphological traits in 

tropical live oak seedlings from populations across the seasonal dry forests of 

Central America  
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Broadly distributed species incur a wide range of environmental conditions, and 

populations may respond to this heterogeneity through adaptation to local conditions, 

high within population genetic diversity, and/or phenotypic plasticity. To explore the 

extent that populations of the broadly distributed tropical live oak, Quercus oleoides, 

exhibit these strategies we collected seedlings from four populations with contrasting 

rainfall regimes in Central America and planted them into a common garden in Honduras 

and two gardens in Costa Rica. Watering treatments were added within gardens to isolate 

the effects of water availability and drought stress on seedlings. Physiological and 

morphological traits including maximum photosynthetic rate (A), stomatal conductance 

(gs), intrinsic water use efficiency (A/gs), carbon isotope discrimination (δ13C, integrated 

water use efficiency), specific leaf area (SLA), stomatal density and stomatal pore index 

(SPI) were measured on seedlings after two years of growth. We found that seedlings 

from contrasting populations did not exhibit differentiation in traits related to carbon and 

water use. All seedlings regardless of population of origin showed high plastic responses 

in A, gs and A/gs to seasonal changes in water availability with significantly higher 

intrinsic water use efficiency in the dry season. Seedlings exhibited plastic responses in 

SLA to both seasonal changes in water availability and differences among garden sites. 

Seedlings showed limited plasticity in δ13C but significant within-population genetic 

variation for this trait, though not for other traits measured. We found that selection 

generally favored increased water use efficiency and lower SLA regardless of season or 

garden site. Overall, populations of Q. oleoides show high survival across treatments and 

seasons. We conclude that they are well-adapted to the environmental variability and 

respond to short-term changes in rainfall patterns through phenotypic plasticity. 

However, they show limited within-population genetic variation for most traits studied, 

which may limit their adaptive potential to respond to environmental change.  
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Introduction 

Broadly distributed species often span a wide range of environmental conditions. 

Adaptation to local conditions (Kawecki and Ebert 2004, Savolainen et al. 2007) and/or 

phenotypic plasticity (Bradshaw 1965, Valladares et al. 2007) are two primary 

contributors to the persistence of that allow plant populations given this variability. The 

predictability and scale of environmental heterogeneity is thought to influence the extent 

to which populations display these two strategies. If environmental variability is coarse-

grained, such that individuals in populations experience only a narrow subset of the 

possible conditions, selection would likely favor those expressing a fixed phenotype that 

confers high fitness in that environment, resulting in specialization and adaptive 

differentiation among populations from contrasting environments (Levene 1953, Levins 

1962, Weinig 2000). Alternatively, if environmental variability is fine-grained such that 

individuals in populations experience a broad range of possible conditions, selection may 

favor phenotypic plasticity, such that different phenotypes are expressed under 

contrasting environments (Levins 1963, Bradshaw 1965, Schlichting and Levin 1990, 

Weinig 2000).  

Beyond adaptation and plasticity, if selection pressures vary across generations, 

such that different genotypes are favored at different times, genetic variation within 

populations may be maintained (Felsenstein 1976, Hedrick 1986, Etterson 2004b). 

However, the maintenance of additive genetic variance by intergenerational temporal 

variation is not guaranteed (Bull 1987, Gillespie and Turelli 1989). Long-lived tree 

species are frequently associated with plastic responses to environmental variability, 

given their long generation times (Delagrange et al. 2004, Rozendaal et al. 2006, Sack et 

al. 2006, Valladares et al. 2007, Ramírez-Valiente et al. 2010). However, tree species 

have also been shown to be well adapted to local conditions (Rehfeldt et al. 1999, 

Rehfeldt et al. 2002, Ramírez-Valiente et al. 2009). The extent to which populations of 

long-lived and broadly distributed species display specialization (adaptation to local 

conditions), high genetic diversity, and/or phenotypic plasticity has consequences for 
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how they may respond to future environmental changes (Davis et al. 2005, Jump and 

Peñuelas 2005). 

Contrasting selection pressures on fitness-related traits have been shown to result 

in adaptive phenotypic differentiation among populations in broadly distributed species 

(Endler 1986, Linhart and Grant 1996, Dudley 1996a, Kittelson and Maron 2001, 

Kawecki and Ebert 2004). However, differentiation in traits need not be adaptive and 

may be the result of genetic drift among relatively isolated populations (Gandon and 

 Nuismer 2009). The extent that genetic differentiation in traits is adaptive among 

spatially structured populations is dependent on the relative strengths of selection and 

gene flow (Slatkin 1987, Rehfeldt 1999, Storz 2002, Baines et al. 2004). Abiotic factors 

such as photoperiod (Vaartaja 1959, Heide 1974, Howe et al. 1995), temperature 

(Partanen et al. 1998, Robakowski et al. 2012), altitude (Housman et al. 2002, Stinson 

2004, Premoli et al. 2007), and water availability (Schemske 1984, Bennington and 

McGraw 1995, Dudley 1996a, Heschel et al. 2002) have been shown to be important 

selective forces resulting in clinal variation in traits among populations in broadly 

distributed species. 

While local adaptation has been found in many systems, phenotypic plasticity is 

also commonly found in populations exposed to high environmental variability 

(Bradshaw 1965, Valladares et al. 2007, Ramírez-Valiente et al. 2015). Phenotypic 

plasticity, a single genotype’s production of a range of phenotypes for a trait in different 

environments (Bradshaw 1965) has been found to be adaptive (Schlichting 1986, 

Pigliucci et al. 1995), neutral (Caruso 2004) or maladaptive with observable fitness costs 

(Scheepens and Stöcklin 2013). Studies of plant species that inhabit heterogeneous 

environments have found that phenotypic plasticity is common (Weinig 2000, Donohue 

et al. 2001, Gianoli and González-Teuber 2005), and theory predicts that plasticity should 

be larger in populations that inhabit more heterogeneous environments (Bradshaw and 

Hardwick 1989, Alpert and Simms 2002). In the Mediterranean holm oak, Quercus ilex, 

populations were found to respond to thermal and water availability changes through 

phenotypic plasticity and were not adapted to local conditions (Gimeno et al. 2009). In 

both xeric and Mediterranean environments, plants have been found to produce leaves 
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with differing resistances to drought depending on the water availability at the time they 

were flushed (Ehleringer 1982, Mulkey et al. 1992, Poorter et al. 2009). Furthermore, 

studies have shown genetic differentiation among populations in their ability to respond 

plastically to environmental changes (Miller and Fowler 1994, Bennington and McGraw 

1996, Donohue et al. 2001). While the role of phenotypic plasticity in population 

responses to environmental variability has been extensively studied in both 

Mediterranean and temperate systems, few studies have examined the role of plasticity in 

broadly distributed and long-lived species of highly seasonal tropical systems (but see 

(Ramírez-Valiente et al. 2015).  

The extent and mechanisms by which plant populations respond to environmental 

variability has important implications for their response to global change. Climatic zones 

to which species are physiologically adapted are predicted to spatially shift with climate 

change (Etterson 2004b, Parmesan 2006, Lawler et al. 2009, Cavender-Bares et al. 2011, 

IPCC 2013b). Current models estimate that much of the tropics, including the neotropics 

of Central America, will be drier by 2100 (IPCC 2013b). Differential drought sensitivity 

of plants has been shown to directly affect plant species distributions in the tropics 

(Engelbrecht et al. 2007). Dry season drought in seasonal tropical forests has been found 

to have large impacts on species survival and growth (Gentry 1988, Veenendaal et al. 

1998, Hawkins et al. 2003). Likewise, short dry spells during the wet season have been 

found to influence seedling survival (Pearson et al. 2003, Engelbrecht et al. 2006), and it 

remains unclear whether plants are more limited by total annual rainfall or severity of dry 

season drought.  

Compounding the effects of climate change, extensive land-use change, and 

habitat fragmentation in tropical systems (Malhi and Phillips 2004, Portillo-Quintero and 

Sanchez-Azofeifa 2010) limit migration and dispersal of many species to regions where 

they may be better adapted in the future. This constraint on species’ ability to spatially 

shift ranges in response to changing conditions makes in situ adaptation and phenotypic 

plasticity important mechanisms for species persistence.  
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The goal of this study is to tease apart the relative contributions of genetic and 

plastic variation in phenotypic trait expression, given the importance of this issue in 

understanding both the short- and long-term responses of populations to climate change.  

We explore the ecophysiological and morphological responses of seedlings from different 

populations of the broadly distributed neotropical live oak, Q. oleoides, to changes in 

seasonal water availability. Given that populations do not exhibit evidence for local 

adaptation but harbor high variation within population through maternal family 

performance (chapter 2), we ask: (1) Do seedlings from populations with contrasting 

rainfall regimes show genetic differentiation in morphological and ecophysiological traits 

related to carbon and water use according to their population of origin? (2) Does water 

limitation during the dry season or during dry spells in the wet season have greater 

impact on physiological function of seedlings? (3) Do seedlings from populations that 

experience contrasting seasonality of rainfall differ in their plastic responses to changes 

in water availability, through manipulations of dry season severity, total annual rainfall or 

both? and (4) How do patterns of natural selection on traits related to carbon and water 

use vary under different environmental conditions?  

Specifically, we hypothesize that: 

1) populations will exhibit higher within-population variation than among-

population variation in traits related to carbon and water use similar to the 

patterns of variation found in fitness (chapter 2).  

2) plasticity and genetically based variation within-population will contribute 

phenotypic variation in physiological and morphological traits related to 

carbon and water use  

3) populations with greater seasonal differences in rainfall will display higher 

levels of plasticity in traits related to water use, 

4) populations will be limited by both dry season drought and short dry spells 

during the wet season, and 

5) phenotypic selection will vary with moisture regime (either seasonally or 

among water-manipulation treatments). Specifically, we predict that selection 

will favor trait values conferring high water use efficiency and resistance to 
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water loss when dry season drought is severe but not in watering treatments 

that reduce dry season drought severity.  

 

Methods 

Common gardens and seed collection- 

Seeds from four populations of Q. oleoides (Belize- BZ, Honduras-HN, Costa 

Rica high-elevation-CRH, and Costa Rica low elevation-CRL) were collected in 2009 

and shipped to Zamorano University Honduras and Guanacaste Conservation Area in 

Costa Rica. Populations were chosen from location with contrasting wet and dry season 

rainfall regimes spanning a large geographical scale. Seeds were collected from a total of 

30-50 trees that were at least 50m apart from each population. A total of 37,460 seeds 

were collected and stored in 3°C refrigerators (unless in transit) until planted into 

shadehouses or into gardens. Seeds arrived to respective countries after the onset of the 

dry season; because Q. oleoides seeds are nondormant and metabolically active a subset 

of seeds were germinated in shadehouses in Honduras and Costa Rica in dry seasons of 

2010 and 2011 to reduce seed mortality during storage. The remaining seeds that were 

not planted into shadehouses were stored in refrigerators until the onset of the next wet 

season and planted directly into common gardens. Seed size was measured at the time of 

planting, as the seed volume (V), calculated from seed height (h) and diameter (d), 

assuming an ellipsoid: V=4/3 x (d/2)2π+(h/2). Volume was converted to seed mass based 

on the empirical relationship between volume and fresh mass (M) without the seed coat, 

for 16 oak species: M=0.636V-0.1213, R2=0.97 (Cavender-Bares et al. 2004). 

 Common gardens were established to examine patterns of genetic differentiation 

and the role of phenotypic plasticity in seedling responses to changes in water 

availability. One garden was established at Zamorano University in Honduras, the site 

with the lowest total annual rainfall across the species range and will hereafter be referred 

to as the ‘dry garden (DG)’. In Costa Rica, two gardens were established near the natural 

populations where seeds were collected (within 5km); one was established at the low-

elevation site (‘intermediate garden (IG)’) in which trees experience a severe dry season 

but high rainfall during the wet season. The ‘wet garden (WG)’ was established at the 
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high-elevation site in Costa Rica, the area with the highest annual rainfall throughout the 

species range (chapter 2).  

A subset of collected seeds was planted into shadehouses at the Zamorano 

University, Honduras and Sector Santa Rosa in the Guanacaste Conservation Area, Costa 

Rica to increase germination success and later transplanted into the common gardens 

after the start of the wet season in 2010 (hereafter referred to as the ‘transplant cohort’). 

The remaining seeds were stored in refrigerators and planted directly into common 

gardens (hereafter the ‘direct planting’ cohort) at the same time as the transplant cohort. 

Cohorts were planted near each other but treated as separate experiments. Transplanted 

seedlings and seeds were planted in a complete block randomized design with seedlings 

(and seeds) randomized within block and maternal family represented evenly among 

blocks.  

 

Watering treatments— 

Four watering treatments were established at the dry garden: ambient rainfall 

(‘Ambient’), supplemental watering during the dry season (‘DS Water’ or ‘DSW’), added 

water during the wet season (‘WS Water’ or ‘WSW’), and a treatment in which water 

was supplemented during both the dry and wet seasons (‘Both Water’ or ‘Both’). Two 

watering treatments were established at the intermediate garden: ambient rainfall 

(‘Ambient’), and supplemented water during the dry season (‘DSW’). The wet garden 

allowed for only one treatment: ambient rainfall (watering protocol outlined in chapter 2). 

Decagon soil moisture probes (10HS) were set out in two of the six blocks per treatment 

at each site in May 2012. Probes were tested for proper calibration according to 

manufacturers instructions and were installed 30mm beneath the soil surface. Probes 

were connected to HOBO microstation data loggers (H21-002) and programmed to 

record volumetric soil water content at six-hour intervals.  

 

Physiological and morphological traits related to carbon and water use— 

After two years of growth, physiological measurements were collected on 

seedlings from both the transplants and directly planted cohorts during the wet season 
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(June 2012) and dry season (March 2013). Traits related to carbon and water use were 

chosen based on their known role in drought resistance and amenability to be rapidly 

collected or quantified in the field. Leaf-level physiological traits, including maximum 

photosynthetic rate (A), stomatal conductance (gs), and intrinsic water use efficiency 

(A/gs) were measured at saturating light levels using LI-6400 (LiCOR, Lincoln, 

Nebraska, USA) during the wet season (June 2012) and dry season (March 2013). Gas 

exchange measurements were conducted between 800 and 1100 hours using a flow rate 

of 300μmol/s, light intensity at 1500μmol m-2 s-1, ambient CO2 concentrations, and 

humidity was controlled within a range of 60-75%. Measurements were taken on the 

newest fully developed leaf for each plant and three measurements were taken per leaf 

after A had reached the asymptote. Due to equipment malfunction, gas exchange 

measurements were only collected on seedlings at the dry garden. Additionally at the dry 

garden, leaf water potential was measured in all plants with more than 25 leaves at 

predawn and midday on the same day gas exchange measurements were collected. 

Leaves were removed from plants and immediately put into a moist bag and cooler until 

measured. All leaves were processed within 1.5 hours of collection and showed no 

evidence of a time effect on leaf water potential.  

Specific leaf area (SLA) is defined as the leaf area divided by dry leaf mass. A 

low SLA, resulting from thicker leaves, higher leaf density or a combination of both, is a 

good indicator of stress tolerance (Weiher et al. 1999, Wright et al. 2004). Leaves were 

collected from seedlings in all gardens during the wet season 2012 and dry season 2013 

and dried at 60°C immediately after collection. To maintain consistency in SLA 

measurements and reduce error due to leaf folding or shrinkage, all leaves were treated 

identically; leaves were pressed during drying and similar aged leaves were used for all 

measurements (Gilmore et al. 1995, Nageswara Rao et al. 2001, Queenborough and 

Porras 2013).  SLA leaves were shipped to the University of Minnesota where they were 

scanned and weighed. ImageJ (National Institutes of Health, version 1.46) was used to 

measure leaf lamina area.   

Leaves were also collected for carbon isotope discrimination (ratio of 
13CO2/12CO2, δ13C). Leaves collected for δ13C were shipped to Cornell Isotope Laboratory 
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directed by Dr. Jed P. Sparks to be processed for δ13C composition. Stable carbon isotope 

ratio is quantified as the difference between foliar δ13C and atmospheric CO2 and has 

been shown to be empirically correlated with long-term water use efficiency (Farquhar et 

al. 1989). Since seedlings from both Honduras and Costa Rica gardens were planted at 

the same time and in open pastures, we assume that differences in δ13C in the air are 

negligible between the two sites. δ13C provides an integrated measure of water use 

efficiency because both water use efficiency (WUE) and δ13C depend on intercellular 

concentration of CO2 (Ci). Low Ci may reflect high carboxylation efficiency, or more 

commonly low stomatal conductance (Larcher 2003). Foliar nitrogen was quantified to 

estimate carboxylation capacity and was included as a covariate in analyses of δ13C. 

Other factors known to influence δ13C through intercellular CO2 concentration include 

light, vapor pressure deficit, and mesophyll resistance (Farquhar et al. 1989, O'Leary et 

al. 1992, Cavender-Bares and Bazzaz 2000). 

Stomatal density (SD) and stomatal pore index (SPI) were measured on leaves 

collected in the dry season 2013. Stomatal peels were made on the abaxial surface of 

fresh leaves immediately after collection using nail polish and tape to fix peels to 

microscope slides. Slides were shipped to the University of Minnesota and processed 

using light microscope under the 40x objective with a Nikon camera set up and SPOT 

software and calibrated at 540 pixels= 0.1mm. Image J was used to count stomata at three 

locations per leaf, avoiding leaf veins. Stomatal density was calculated as the number of 

stomata in the field of view divided by the area of the field of view using 40x objective 

(0.066mm2). Stomatal pore index (SPI, a dimensionless index of stomatal area per 

lamina, Sack et al. 2003) was also calculated as, SPI= guard cell length2 x SD because it 

has been shown to correlate with plant hydraulic conductance (Hubbard et al. 2001, Sack 

et al. 2005). Stomata on the edges were included if more than 50% of the guard cells 

surrounding the stomatal pore were visible.  

 

Statistical Analyses— 

Analyses of leaf-level physiological and morphological traits related to carbon 

and water use were conducted using mixed effects models. Data were subset and the 
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ambient rainfall water treatments (from all sites) were analyzed jointly and then separate 

analyses were conducted within each garden to examine the effects of changes in water 

availability on physiological and morphological traits. The two 2010 cohorts (transplants 

and direct planting) were analyzed separately. At the dry garden (HN site), traits included 

maximum photosynthetic rate (A), stomatal conductance (gs), intrinsic WUE (A/gs), 

integrated WUE (δ13C), specific leaf area (SLA), stomatal density (SD), and stomatal 

pore index (SPI). Traits included in the analyses across garden sites (ambient rainfall 

blocks only) were SLA, δ13C, SD and SPI. Analyses of traits in seedlings from the 

transplant cohort of Q. oleoides seedlings were modeled as: 

 

(1) Rijklmn= Ti + Pj + Sk +SM + L +H+ Ti*Pj +MFl (Pj) + IDm (MFl(Pj)) +Bn(Ti) +εijklmno 

 

with treatment (or garden, T) i, population (P) j, season (S) k, seed mass (SM), size at 

transplanting (L), and herbivory (H) as fixed effects. Maternal family (MF) l (nested in 

population j), seedling (ID) m nested in maternal family l, nested in population j, and 

block (B) n nested in treatment I as random effects, and ε representing the residuals for 

plot o. Additional covariates were included when appropriate; time of day and machine 

were included as covariates for leaf-level gas exchange measurements. Foliar nitrogen 

was included as a covariate in the analyses of δ13C. 

Analyses of the physiological and morphological traits in seedlings from the 

directly planted cohort were similar to the transplants and were modeled as: 

 

(2) Rijklmn= Ti + Pj + Sk +SM + Ti*Pj +MFl (Pj) +IDm (MFl(Pj)) +Bn(Ti) +εijklmno 

 

with treatment (or garden, T) i, population (P) j, season (S) k, and seed mass (S), as fixed 

effects. Maternal family (MF) l (nested in population j), seedling ID m nested in maternal 

family l nested in population j and block (B) n (nested in treatment i) as random effects, 

and ε representing the residuals for plot o. The same covariates used for the 2010 

transplant models (except size at transplanting) were included when appropriate for the 

direct planting models. Additionally, for traits that were measured during both the dry 
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and wet season, genetic variation within populations was assessed through differences 

among maternal families (significant maternal family random effect) in mean traits 

values within a treatment (and season). Genetic variation in trait plasticity was assessed 

using an interaction term between season and maternal family, which if significant would 

indicate that maternal families differed in the alteration of their phenotypes in response to 

changes in environmental conditions (seasonal water availability). Seedling ID was 

included as a random effect in models where traits were measured on plants during both 

the dry and wet season to account for the correlation of residuals within an individual 

between seasons. 

 Phenotypic selection analyses were conducted on the transplant cohort but not the 

direct planting cohort due to limitations in sample size. Aster models were used to assess 

phenotypic selection on morphological and physiological traits related to carbon and 

water use (Shaw et al. 2008). The graphical model to estimate seedling fitness was leaf 

count at the end of the experiment (Dec. 2013) conditional on survival to Dec. 2013. 

Analyses were conducted both within each garden site to examine how differences 

among watering treatments influenced patterns of selection.  Analyses were also 

conduced across gardens sites (including on the ambient rainfall blocks at each site) to 

assess regional differences in selective pressures. Populations were pooled to ensure 

ample sample sizes and expand phenotypic distribution of traits. Principal component 

analysis and variance inflation factors were used to reduce data dimensionality due to 

multicollinearity of predictor variables. Prior to analyses of fitness landscapes using Aster 

models, a linear model was constructed by regressing final leaf number on traits to 

examine correlation among traits. Variance inflation factors were estimated using the 

‘vif’ function in ‘MASS’ package and variables with inflation factors greater than five 

were not included in the selection analyses (Hsieh et al. 2003). After examining 

interdependence of variables, the traits included in selection analyses were intrinsic WUE 

(A/gs, included only in analyses within dry garden site), carbon isotope discrimination 

(δ13C), and specific leaf area (SLA).  

Traits were standardized to be centered on zero and have a standard deviation of 

one prior to analysis. Individual expected fitness was predicted from the Aster models 
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and used for the selection analyses. Partial selection gradients (β’) were estimated from 

the slope of regressing predicted individual relative fitness (individual fitness divided by 

mean fitness for treatments/season) on standardized trait values as a measure of direct 

selection on traits (Lande and Arnold 1983, Shaw and Geyer 2010). Due to limitations in 

sample sizes at the dry garden site, quadratic regressions were not included in those 

analyses, but were able to be included in the selection analyses of δ13C and SLA at the 

intermediate and wet garden analyses. Separate multiple quadratic regressions were used 

to assess nonlinear (stabilizing/disruptive) selection, which included the cross-product 

terms between traits to examine joint selection. Linear mixed models were used for 

selection analyses with block and maternal family (nested in population) as random 

effects. Aster models were used to estimate the fitness landscape using backward nested 

model comparison (Shaw et al. 2008, Shaw and Geyer 2010).  

 

Results 

Climate, watering treatments, soil water content, leaf water potential 

Meteorological data from stations at Zamorano University (Honduras, dry garden 

site) and Sector Santa Rosa in the Guanacaste Conservation Area (Costa Rica- low 

elevation, intermediate garden) showed site differences in both total annual rainfall and 

dry season severity from 2000-2014 (Fig. 3.1a, b). Mean monthly minimum and 

maximum temperatures were slightly higher at the dry garden site and weather patterns at 

the two sites during the experiment (2010-2013) were comparable to decadal trends. 

Volumetric soil moisture measurements at the intermediate and wet gardens showed that 

soil moisture levels were consistently higher at the wet garden site (Fig. 3.2a). Added 

water during the dry season at the intermediate garden (IG-DSW) increased volumetric 

soil moisture to levels similar to the wet garden site. There were numerous spikes in soil 

moisture (0.50m3/m3) at both the intermediate and wet gardens during the wet seasons, 

consistent with rainfall events and saturating soil conditions. Watering treatments at the 

dry garden that increased water levels during the dry season (‘DSW and ‘Both’ 

treatments) increased volumetric soil moisture during the dry season (Fig. 3.2b). 

However, treatments aimed to increase water availability in the wet season (‘WSW’ and 
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‘Both’) did not increase volumetric soil moisture above ambient levels. All treatments 

had similar soil moisture values during the wet season at the dry garden site.  

Predawn and midday leaf-level water potential measurements on seedlings from 

the transplant cohort at the dry garden showed no differences among treatments in the 

wet season (Table 3.1, Fig. 3.3a, b). However, transplant cohort seedlings in treatments 

that increased water availability during the dry season (‘DSW’ and ‘Both’) showed 

significantly higher (less negative) predawn water potential suggesting that treatments did 

increase plant available water. By midday, all seedlings from the transplant cohort 

exhibited similar leaf-level water potential measurements during the dry season 

regardless of treatment. Interestingly, watering during the dry season did not influence 

leaf predawn water potential of seedlings from the direct planting cohort (Fig. 3.3c). 

Directly planted seedlings exhibited significantly lower midday water potentials, on 

average, in the dry season than in the wet season across treatments (Fig. 3.3d). There was 

a significant treatment by population interaction with seedlings from CRH (Costa Rica 

high-elevation) exhibiting significantly higher midday leaf water potentials in the ‘Both’ 

treatment, and there were no differences among populations in the other three treatments 

(Appendix 3- Table S3.1).  

 

Test of genetic differentiation in traits from nursery transplanted seedlings in ambient 

rainfall plots across sites- 

We did not find strong evidence for differentiation among Q. oleoides populations 

with contrasting rainfall regimes in SLA, δ13C (although marginally significant), SD or 

SPI (Table 3.2, Fig. 3.4a-d, Appendix 3- Table S3.2). On average, populations exhibited 

plastic responses to site differences, indicated by significant garden effects for all traits 

except SLA. There was a marginally significant interaction between garden and 

population for δ13C (DF=6, χ2= 13,76, P=0.08) but not SLA, suggesting that seedlings 

from contrasting populations have differential capacities to respond plastically to 

environmental changes for δ13C but not SLA. On average, seedlings from BZ and HN 

populations exhibited higher (less negative) δ13C compared to both high and low 

elevation CR populations at the dry garden, but there were no differences among 
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populations at either the intermediate or wet gardens. Garden by season interaction was 

significant for both δ13C (DF=2, χ2= 10.98, P=0.004) and SLA (DF=2, χ2= 36.31, 

P<0.001). For SLA, seedlings had significantly higher mean SLA values during the wet 

season at the dry garden but there were no seasonal differences among seedlings at either 

the intermediate or wet gardens (Fig. 3.4a, post-hoc contrasts, Appendix 3- Table S3.3). 

For δ13C, the opposite pattern was found; there were no detectable seasonal differences in 

mean trait values at the dry garden but seedlings at both the intermediate and wet gardens 

had significantly lower (more negative) mean δ13 values during the dry season (Fig. 3.4b, 

post-hoc contrasts, Appendix 3- Table S3.3). Additionally, there was a significant 

population by season interaction for SLA (DF= 3, χ2= 9.95, P=0.02, post-hoc contrasts, 

Appendix 3-Table S3.4) but not δ13C. Maternal family was not significant for SLA 

suggesting limited within population genetic variation for this trait. Maternal family (MF) 

was significant for δ13C but there was not a significant season by MF interaction 

indicating that seedlings from different maternal families did not differ in their ability to 

plastically respond to changes in seasonal water availability. Population was not a 

significant factor in SD or SPI but there was a significant garden effect for SD and SPI. 

On average, seedlings at the wet garden had significantly lower SD but high SPI. SPI was 

lowest for seedlings at the intermediate garden. The inconsistency between SD and SPI is 

likely due to stomatal pore length in which seedlings had fewer but larger stomata in the 

wet garden and at the intermediate garden seedlings had a high density of smaller stomata 

(Appendix 3-Table S3.5, Fig. S3.1).  

 Results from the directly planted cohort seedlings also showed no evidence that 

populations exhibit differentiation in traits related to carbon and water use. Although 

seedlings from the directly planted cohort exhibited less capacity to respond plastically to 

changes in environment, results generally support findings from the transplant cohort 

(Appendix 3- Tables S3.6&3.7, Fig. S3.2). 

 

Effects of water limitation on physiological function of seedlings—dry garden 

 Analyses of gas exchange traits measured on seedlings from the transplant cohort 

at the dry garden site revealed significant main effects of population and season on A, gs, 



 

 76 

and A/gs (Table 3.3, Fig 3.5a-c, Appendix 3- Table S3.8). There were no differences 

among treatments in any traits during the wet season (post-hoc contrasts, Appendix 3- 

Table S3.9). Significant main effect factors were also involved in interactions so we 

restrict our interpretation to those interactions. There was a significant treatment by 

season interaction for A, gs, and A/gs, with seedlings in treatments that increased water 

availability during the dry season (‘DSW’ and ‘Both’) exhibiting higher mean trait values 

during the dry season for A and gs and thus lower A/gs. Furthermore, a post-hoc 

examination of maximum photosynthetic rate on a leaf area (Aarea) and leaf mass (Amass) 

basis also indicates that Amass and Aarea measured during the dry season increased in 

treatments that raised dry season water availability. However, there were no detectable 

differences between seedlings in the DSW and Both treatments suggesting that dry 

season drought is more limiting than total annual water availability (Appendix 3- Tables 

S3.S10 & S3.11, Fig. S3.3) We found a significant population by season interaction for A 

and gs but not A/gs. Across treatments, seedlings from both CR populations had 

significantly lower mean trait values compared to seedlings from BZ and HN during the 

dry season but there were no differences among populations during the wet season (post-

hoc contracts- Appendix 3- Table S3.12).  

 Mixed effects analyses of traits reflecting longer-term responses of seedlings to 

environmental conditions, δ13C and SLA (but not SD) had significant main effects of 

population and season (Table 3.3, Fig. 3.5d-f, Appendix 3- Table S3.13). There was a 

significant treatment by season interaction for δ13C but not SLA. Overall, there were no 

differences in mean δ13C values among seedlings in the treatments during the wet season, 

but in the dry season seedlings in treatments that reduced dry season severity had 

significantly lower (more negative) δ13C values on average (post-hoc contrasts, Appendix 

3- Table S3.9), indicating more discrimination against the heavy isotope and lower 

integrated WUE with increasing water availability. Interestingly, the only factors found 

to influence SD were plant size at time of transplanting and block (Fig. 3.5f). For all 

traits, block was significant but maternal family was not (except for δ13C), such that no 

genetic variation was detectable for most traits related to carbon and water use. The 

maternal family by season interaction for δ13C was not significant, indicating no variation 



 

 77 

among maternal families in their plastic responses to seasonal changes. Foliar nitrogen 

did not influence δ13C. Herbivory had a significant negative impact on all traits except 

δ13C and SPI. Plant size at transplanting had a significant positive impact on δ13C, SLA, 

SD and SPI. Time of collection significantly influenced A but not gs or A/gs, and machine 

was significant for gs and A/gs traits included using gas exchange measurements.   

 Analyses of the 2010 direct planting cohort differed somewhat from the transplant 

cohort but were consistent with the findings that seedlings exhibit high plastic response to 

seasonal changes (Appendix 3- Tables S3.14-S3.16, Fig. S3.4).  

 

Effects of water limitation on physiological function of seedlings—intermediate and wet 

gardens 

 Seedlings from the transplant cohort at the intermediate and wet gardens in Costa 

Rica exhibited different responses to seasonal changes and to manipulations of dry season 

drought severity than seedlings at the dry garden. There was a significant season main 

effect for SLA and δ13C but main effects of population and treatment were not significant 

(Table 3.4, Fig. 3.6, Appendix 3-Table S3.17). There was a significant interaction 

between treatment and season for both SLA, and δ13C. Contrary to patterns behind the 

interaction at the dry garden, seedlings in both treatments (IG-Amb and IG-DSW) at the 

intermediate garden exhibited significantly higher SLA mean trait values during the dry 

season but there were no seasonal differences in mean SLA among seedlings at the wet 

garden (WG-Amb treatment, post-hoc contrasts, Appendix 3- Table S3.18). Seedlings in 

the WG-Amb and IG-Amb treatments had significantly higher wet season mean δ13C 

values, but there were no seasonal differences detected when water was supplemented 

during the dry season at the intermediate garden (IG-DSW treatment). Additionally there 

was a significant population by treatment interaction for δ13C but these differences are 

averaged across season and we do not attempt to interpret their meaning. The only 

significant factor influencing SD was treatment, with seedlings in either treatment at the 

intermediate garden exhibiting higher stomatal densities on average than seedlings at the 

wet garden. The only factors that influenced SPI were block and seed mass. Block was 

significant for all traits and maternal family was significant for δ13C but season by 
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maternal family was not significant for SLA or δ13C providing no evidence that maternal 

families differ in plastic responses to seasonal changes. Leaf nitrogen had a significant 

positive effect on δ13C indicating that carboxylation capacity did influence δ13C 

signatures. 

 Seedlings from the direct planting cohort at the intermediate and wet gardens 

exhibited slightly different trends than the transplant cohort in those gardens. Treatment 

main effect was significant for SLA and SPI but not δ13C or SD. For both SLA and SPI, 

seedlings at the wet garden had significantly higher mean trait values than seedlings in 

either treatment at the intermediate garden (Appendix 3- Tables S3.19 & S3.20, Fig. 

S3.5). There was not a significant effect of population for any trait nor was population 

involved in any significant interactions. Season main effect was not significant for SLA 

or δ13C but there was a significant interaction between treatment and season for δ13C 

(DF=2, χ2 = 17.38, P <0.001). Seedlings in both treatments at the intermediate garden 

exhibited significantly higher δ13C values during the dry season than the wet season on 

average but the converse was found at the wet garden with seedlings having higher mean 

δ13C during the wet season (post-hoc contrasts, Appendix 3- Table S3.21). While results 

from the direct planting cohort differ from the transplant cohort, they do not provide 

evidence for differentiation among populations or that populations exhibit high with-

population genetic variation for traits. 

 

Test of changes in phenotypic selection across sites 

 Phenotypic selection analyses of δ13C and SLA in the ambient rainfall treatments 

across gardens indicate that selection is generally in the same direction across seasons 

and sites (Table 3.5, Fig. 3.7). Regardless of site or season, seedlings with higher δ13C 

values were favored by selection, except in the wet garden during the dry season where 

directional selection was not detected. Furthermore, seedlings with lower SLA values had 

a significant fitness advantage on average (except wet garden during the wet season, no 

direct selection detected). The shape of selection surfaces differed somewhat across sites 

and season. At the dry garden site, γii for δ13C was positive regardless of season and 

negative at the intermediate garden during the dry season. However, visualization of 
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selection surfaces of the observed data do not support the interpretation of stabilizing or 

disruptive selection because the maximum (or minimum) occurred at the edge of the 

phenotypic distribution for every garden (Fig. 3.7). γii for SLA was only detected at the 

dry garden during the wet season and was positive. Visualization of the selection surface 

supports the interpretation of disruptive selection as the minimum is at the intermediate 

phenotypes and not the edge of the distribution. Joint selection that favored combinations 

of δ13C and SLA beyond direct selection alone was found at the dry and intermediate 

gardens regardless of season but was not detected at the wet garden. When significant, γij 

was negative across gardens and seasons with selection favoring individuals with 

phenotypes associated with high water use efficiency and drought resistance, higher δ13C 

and lower SLA values on average. 

 

Test of changes in phenotypic selection with moisture regime- dry and intermediate 

gardens 

 Phenotypic selection analyses at the dry garden site indicate that patterns of 

selection on traits were relatively consistent across seasons and watering treatments for 

δ13C (except in the WSW treatment) and SLA but not A/gs (Table 3.6). There was 

significant directional selection for higher intrinsic water use efficiency (A/gs) for 

seedlings in the ambient and WSW treatments regardless of season. No directional 

selection was detected for A/gs during the wet season in the ‘Both’ treatment but β was 

negative during the dry season (nested model comparison of season x A/gs-DF=1, Dev= 

5.87, P=0.02). Selection consistently favored seedlings with higher δ13C values in all 

treatments regardless of season, except in the WSW treatment where selection favored 

lower δ13C in both seasons.  Seedlings exhibiting lower SLA values on average had a 

significant fitness advantage regardless of season or treatment.  

 Phenotypic selection analyses between the two treatments at the intermediate 

garden revealed that patterns of selection on δ13C differed between seasons in the DSW 

treatment but not in the ambient treatment (Table 3.7, Fig. 3.8). Selection favored plants 

with lower δ13C during the wet season and higher δ13C during the dry season in the DSW 

treatment (season x δ13C, DF=1, Dev=6.68, P<0.01). But selection consistently favored 
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individuals with high δ13C values on average in the ambient treatment in both seasons. 

Selection on δ13C also differed between treatments during the wet season (treatment x 

δ13C, DF=1, Dev=134.51, P<0.001) but not dry season. Selection favored individuals 

with higher δ13C in the ambient treatment but lower δ13C in the DSW treatment during the 

wet season. Selection consistently favored plants with thicker leaves at the intermediate 

garden, regardless of treatment or season. Joint selection on traits generally favored 

individuals with higher δ13C and lower SLA (except in the DSW treatment during the wet 

season).   

 

Discussion 

Collectively, results from this study indicate that populations of Q. oleoides 

exhibit high tolerance to dry season drought and to changes in water availability but do 

not show clear and consistent differences among populations in traits related to carbon 

and water use. These results are consistent with previous findings that populations of Q. 

oleoides are not adapted to specific local conditions but exhibit broad environmental 

tolerances in relation to seedling fitness (chapter 2). Contrary to the significant within-

population genetic variation found for fitness (chapter 2), we found that plasticity 

contributes more to phenotypic trait variation than within population genetic differences. 

Seedlings from populations that experience higher seasonality in rainfall exhibited greater 

plastic responses in instantaneous physiological traits. However, we did not find 

consistent evidence that populations differ in their plastic responses in integrated 

measures of carbon and water use based on their population of origin. Phenotypic 

selection in ambient rainfall plots generally favored individuals exhibiting trait values 

associated with increased integrated water use efficient (higher δ13C) and thicker (lower 

SLA) leaves regardless of season or environment. Seedlings from populations of Q. 

oleoides throughout Central America appear to be well situated to tolerate dry season 

drought and changes in water availability in the short-term through plasticity but may be 

limited in their adaptive capacity to respond to environmental change.  

 

Variation in traits related to carbon and water use  
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Ecotypic differentiation in morphological and physiological traits has been found 

among populations of Mediterranean oak species (Balaguer et al. 2001, Ramírez-Valiente 

et al. 2010, Peguero-Pina et al. 2014) and in xanthophyll pigments of Q. oleoides 

populations (Ramírez-Valiente et al. 2015). However, we do not find evidence of 

differentiation among populations in traits measured in this study. Consistent with other 

studies on drought responses of oak seedlings, including Q. oleoides (e.g, Cavender-

Bares et al 2007; Ramírez-Valiente et al. 2015), we found that seedlings exhibit high 

plasticity in leaf level traits. We find little evidence that populations harbor significant 

genetic variation for most traits related to carbon and water use.  

All seedlings, regardless of population of origin, responded similarly to changes 

in environmental conditions (site) but not to seasonal changes in water availability. At the 

dry garden, seedlings from both CR populations (where seasonal rainfall difference is the 

largest) exhibited significantly greater plastic responses to seasonal changes with greater 

reductions in A and gs on average compared to seedlings from either BZ or HN. These 

results agree with predictions that phenotypic plasticity should be greater in populations 

from more heterogeneous environments (Bradshaw and Hardwick 1989, Alpert and 

Simms 2002, Gianoli and González-Teuber 2005). While the direction of plastic 

responses is consistent with ecophysiological expectations (Cavender-Bares et al. 2007), 

this does not imply that it is adaptive. One way to test whether phenotypic plasticity is 

adaptive is to conduct selection analyses across environments by regressing fitness on 

trait values expressed by genotypes (Pigliucci and Schlichting 1996). In this approach, 

plasticity may be seen as adaptive if individuals with greater plastic changes in trait 

values in the stressful environment are associated with fitness advantages (Heschel et al. 

2002, Gianoli and González-Teuber 2005). Limitations in sample size did not allow us 

assess whether this differentiation among populations reflects adaptive divergence. 

Furthermore, while seedlings from CR populations exhibited reduced A and gs on average 

in response to drought this did not result in a significant increase in intrinsic water use 

efficiency. Seedlings from all populations exhibited significantly higher A/gs in the dry 

season, which is consistent with the direction of selection gradients using standardized 

trait values during the dry season at the dry garden. Our results show the direction of 
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standardized selection gradients is consistent with the direction of seedling plastic 

responses to drought suggesting that higher plasticity in A/gs may be adaptive (Dudley 

1996a). 

In general, seedlings did not exhibit differentiation in δ13C nor did they exhibit 

high plasticity in δ13C in response to seasonal changes in water availability. Although 

supplemental watering during the dry season increased gas exchange rates and decreased 

intrinsic water use efficiency, this pattern was not reflected in integrated water use 

efficiency. The lack of clear seasonal differences of δ13 C in seedlings could be due to 

δ13C reflecting a bias towards carbon assimilation at the time of leaf production. This 

known bias may make determination of differences in seasonal water use efficiency 

problematic in species that only flush leaves once or twice during a growing season 

(Cavender-Bares and Bazzaz 2000). Quercus oleoides seedlings do not produce leaves 

during the dry season but rather will produce new leaves primarily at the beginning of the 

wet season (Janzen 1983), though they may opportunistically produce leaves throughout 

the wet season (personal observation). Other studies have shown that once leaves are 

fully mature, δ13C leaf signatures may not change even through the progression of 

drought (Damesin et al. 1998), which could explain the lack of strong seasonal 

differences in δ13C. Further research that examines the relationship between leaf 

production phenology, water availability and associated leaf isotopic signatures is needed 

to understand how δ13C varies across leaf cohorts in wet and dry season leaves of Q. 

oleoides seedlings. 

Although seedlings exhibited little plasticity in response to seasonal changes, they 

did exhibit plastic responses in δ13C to environmental differences between the gardens. 

All seedlings, regardless of population of origin, exhibited significantly lower (more 

negative) δ13C at the intermediate and wet gardens compared to the dry garden. These 

results suggest that the lower annual rainfall at the dry garden results in all seedlings, 

regardless of population of origin, having higher water use efficiency (higher δ13C) on 

average, although we cannot rule out other differences between sites. Maternal families 

differed in δ13C, indicating significant within population genetic variation for δ13C and 
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future studies investigating the underlying components of genetic variance would provide 

insight into the adaptive capacity of populations to changes in rainfall patterns.  

Overall, mean seedling SLA values at the gardens were similar in magnitude and 

range for other evergreen species in tropical dry forest systems (Chaturvedi et al. 2011). 

Similar to findings by Mulkey (1992), seedlings at the dry garden had significantly lower 

SLA during the dry season indicating higher drought resistance. Studies investigating the 

relationship between drought stress and leaf mass area (LMA) have shown that leaves 

produced under water stress have smaller and more tightly packed cells reducing 

intercellular air spaces (Maximov and Yapp 1929, Shields 1950) and/or they have thicker 

cell walls conferring higher resistance to water loss (Poorter et al. 2009). At the 

intermediate and wet gardens seedlings exhibited either significantly higher mean SLA 

during the dry season or there were no detectable seasonal differences. Studies of LMA 

and waterlogging have shown that saturation of roots and extended periods of anaerobic 

conditions impede water uptake in some species resulting in water stress at the shoot and 

leaf levels. In these cases, waterlogging has been found to be associated with higher 

LMA and thus lower SLA (Poorter et al. 2009). Given that wet season rainfall levels in 

Costa Rica are the highest in the range of Q. oleoides, seedlings may undergo extended 

periods of soil saturation and stress associated with waterlogging. These extended periods 

of waterlogging could explain the results that seedlings produced leaves with high mean 

SLA in the wet season or the lack of seasonal differences in SLA at the Costa Rica 

gardens. Waterlogging could also explain the significantly lower SPI in seedlings at the 

intermediate garden given the poor draining soils and shallow bedrock depth at the 

intermediate garden (personal observation). Lower SPI and thus lower stomatal area has 

been found in other species in response to prolonged waterlogging (Savage and 

Cavender-Bares 2012). However, our SPI was significantly higher in seedlings at the wet 

garden than at the intermediate garden, which is not consistent with expectations of the 

effects of waterlogging on SPI. Here, high herbivory may underlie the low SLA since 

thicker leaves provide more protection from herbivore damage (Poorter et al. 2004) and 

are associated with increased longevity of other species with sclerophyllous leaves 

(Wright and Cannon 2001). Soils at the wet garden are moderately well-drained (and 
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better drained compared to the intermediate garden). Given that it is the site with the 

highest annual rainfall, the overall high SPI in seedlings is likely associated with 

increased hydraulic conductance (Sack et al. 2005), and leaves are able to support higher 

flux and gas exchange rates.  

 

Seedlings limited by dry season drought severity 

Seedlings exhibited greater plastic responses to seasonal changes in water 

availability than to site differences or watering treatments within sites. Manipulations of 

dry season drought severity revealed that seedlings maintained higher gas exchange rates 

when water was supplemented during the dry season. These results indicate that dry 

season drought limits carbon uptake; however, unlike other studies of tropical dry forest 

systems (Gentry 1988, Veenendaal et al. 1998, Hawkins et al. 2003) increasing dry 

season drought severity did not significantly reduce seedling survivorship (chapter 2). 

The high plasticity in gas exchange traits in Q. oleoides seedlings is consistent with 

results from Gimeno (2009), where populations of the Mediterranean holm oak, Q. ilex, 

exhibited high environmental tolerances and without evidence of local adaptation. Our 

findings are congruent with the expectations of drought tolerance through decreased 

stomatal conductance (at the expense of carbon gain) and higher water use efficiency 

(Cohen 1970, Zangerl and Bazzaz 1984, Dudley 1996, Heschel et al. 2002, Gimeno et al. 

2009).  

We did not find evidence that short dry spells during the wet season significantly 

reduce seedling survival or growth (chapter 2) nor did they influence carbon and water 

use traits in seedlings. However, our ability to detect the impacts of short dry spells may 

have been limited by higher than normal wet season rainfall in Honduras during 2010 

when seedlings were most vulnerable. Short dry spells in the wet season have been 

shown to influence seedling survival in other tropical dry forest species (Pearson et al. 

2003, Engelbrecht et al. 2006) and further investigation during years with pronounced dry 

periods in the wet season would provide a more integrated view of Q. oleoides seedling 

vulnerability. 
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Phenotypic selection  

 Phenotypic selection analyses both within and across gardens revealed that 

seedlings with trait values associated with higher integrated water use efficiency and 

lower SLA had significant fitness advantages. While there were seasonal differences in 

the magnitude of selection gradients, the direction of selection was consistent across 

seasons and gardens. Within the dry garden, phenotypic selection generally favored 

increased intrinsic and integrated water use efficiencies, except in the DSW and “Both” 

treatments. Our findings of higher reductions in gas exchange traits being favored by 

selection, the high plasticity of these traits and the maintenance of seedling fitness among 

maternal families (chapter 2) across moisture regimes suggest that populations may 

respond plastically to climate change (Bradshaw 1965, Schlichting 1986, Sultan 1987, 

Schlichting and Pigliucci 1998, Donohue et al. 2001). Higher δ13C was consistently 

favored in the ambient rainfall treatment regardless of season. Seasonal and total annual 

rainfall represents the critical primary environmental gradients across the range of the 

species.  The lack of differences in selection detected among the gardens suggest that 

while annual rainfall patterns differ among sites, all sites exert similar selective pressure 

on seedlings and favor individuals traits conferring higher water use efficiency and lower 

SLA. Furthermore, the lack of differences in selection across sites may explain the lack 

of differentiation among populations in carbon and water use traits.   

Documenting strong phenotypic selection does not imply populations are capable 

of adaptive responses to environmental changes (Lande 1979, Cheverud 1984, Walsh and 

Blows 2009). Three requirements must be met for populations to exhibit adaptive 

evolution through natural selection: variation in phenotypic traits, fitness variation 

associated with trait variation, and trait variation must be heritable (Darwin 1859). While 

we find large phenotypic trait variation and strong correlations between fitness and traits, 

most of the phenotypic variation appears to be plastic responses to seasonal and/or 

environmental changes. Furthermore we did not find that maternal families differ in their 

plastic responses, and this suggests low genetic variation for plasticity. We did find that 

populations of Q. oleoides harbor within-population genetic variation for δ13C but not for 

other trait investigated. Further investigation into the heritability of δ13C would elucidate 
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the capacity of populations to exhibit adaptive responses in δ13C to changes in water 

availability. The lack of consistent high within-population genetic variation for A/gs and 

SLA in function may limit the adaptive potential of Q. oleoides populations.  

 

Conclusion 

We found that the broadly distributed neotropical live oak comprises populations 

with wide environmental tolerances rather than a series of locally adapted populations. 

There was little evidence that populations exhibit differentiation in traits related to carbon 

and water use. All seedlings, regardless of population of origin, showed plastic responses 

to environmental heterogeneity in the same direction as selection, consistent with 

adaptive plasticity. At the dry garden, all seedlings displayed drought avoidance by 

closing stomates and minimizing water loss and metabolism in the dry season. However, 

when water is supplemented in the dry season, seedlings are capable of maintaining 

higher carbon gain at the expense of water loss. Selection in the ambient rainfall plots 

across garden sites strongly favored increased integrated water use efficiency (δ13C) and 

reductions in SLA regardless of season. While we found evidence of strong selection, 

populations do not appear to harbor sufficient genetic variation for adaptive changes in 

SLA but they may have sufficient adaptive potential for δ13C. Overall, populations of Q. 

oleoides appear to maintain fitness under variable climatic regimes and are likely able to 

respond to changes in rainfall in the short-term through phenotypic plasticity.  
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Table 3.1- Summary of nested model comparison to test for effect significance of factors in mixed effects model of leaf predawn and 
midday water potentials for seedlings in the transplant and direct planting cohorts.   Leaf water potential was measured on 
experimental seedlings from Q. oleoides seeds collected from four populations throughout Central America (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in shadehouses and transplanted (transplant 
cohort) or directly planted (directly planted) the dry garden site (Honduras).  Seedlings were subjected to one of four watering 
treatments: ambient rainfall (Amb.), supplemental water during the wet season (WWS), supplemental water during the dry season 
(DSW), and supplemental water during both seasons (Both).  Measurements were collected during the wet season (2012) and dry 
season (2013). Degrees of freedom (DF) shown is the difference between the nested models. Block, maternal family (MF), and 
seedling (ID) were treated as random effects. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 
 

    Transplant     Directly Planted   
    PD   MD   PD   MD   
Effect DF χ2  χ2  χ2  χ2  
Treatment (T) 3 9.61 * 5.66  0.81  2.03  
Population (P) 3 4.06  0.44  0.74  2.90  
Season (S) 1 341.41 *** 1110.90 *** 345.51 *** 0.00  
Seed Mass 1 0.55  0.00  2.23  0.07  
Size at Planting 1 0.19  1.38  --  --  
Machine 2 5.92  93.20 *** 3.02  1.85  
Herbivory  1 2.13  0.00  1.20  0.90  
T x P 9 10.80  2.32  6.55  15.68 + 
T x S 3 42.03 *** 23.30 *** 4.31  0.90  
P x S 3 2.22  10.71  3.29  1.95  
T x P x S 9 5.67  17.94 * 7.72  7.42  
Block (T) 2 84.41 *** 95.65 *** 60.21 *** 0.00  
MF (P) 2 0.00  0.00  0.00  0.00  
ID (MF (Pop)) 3 0.00  0.00  0.00  0.00  
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Table 3.2-Summary of nested model comparisons to test for effect significance in mixed effects models of carbon isotope 
discrimination (δ13C ), specific leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits on experimental 
seedlings from Q. oleoides seeds collected from four populations throughout Central America (Belize, BZ, Honduras, HN; Costa Rica 
high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in shadehouses and transplanted (transplant cohort) into 
common gardens at Honduras and Costa Rica.  Measurements were collected during the wet season (2012) and dry season (2013).  
Degrees of freedom (DF) shown is the difference between the nested models. Block, maternal family (MF), and seedling (ID) were 
treated as random effects. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 

  δ13C      SLA   SD   SPI   
Effect DF χ2   χ2   χ2   χ2   
Garden (G) 2 9.61 ** 1.13   4.99 + 6.3189 * 
Population (P) 3 7.03 + 3.50   2.08   1.5108   
Season (S) 1 25.13 *** 176.57 *** --   --   
Seed Mass 1 0.07   0.06   1.92   0.0068   
Size at Planting 1 7.41 ** 5.06   1.19   3.2448   
Nitrogen 1 0.03   --   --   --   
G x P 6 13.76 + 2.29   3.48   6.7771   
G x S 2 10.98 ** 36.31 *** --   --   
P x S 3 3.14   9.95 * --   --   
G x P x S 6 4.74   3.93   --   --   
Block (T) 2 74.45 *** 164.15 *** 21.64 *** 22.321 *** 
MF (Pop) 2 19.77 *** 0.00   4.0779   4.6003   
ID (MF (P)) 3 9.27 * 0.00   --   --   
MF (P) x S 4 2.75   0.03   --   --   
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Table 3.3-Summary of nested model comparisons to test for effect significance in mixed effects models of leaf level traits related to 
carbon and water-use: maximum photosynthetic rate (A), stomatal conductance (gs), intrinsic water-use efficiency (A/g), carbon 
isotope discrimination (δ13C ), specific leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI). Traits were measured on 
experimental seedlings from Q. oleoides seeds collected from four populations throughout Central America (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in shadehouses and transplanted (transplant 
cohort) into the dry garden site (Honduras). Seedlings were subjected to one of four watering treatments. Measurements were 
collected during the wet season (2012) and dry season (2013).  Degrees of freedom (DF) shown is the difference between the nested 
models. Block, maternal family (MF), and seedling (ID) were treated as random effects. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***<0.001 

    A   gs   A/g   δ13C    SLA    SD   SPI   
Effect DF χ2   χ2   χ2   χ2   χ2   χ2   χ2  
Treatment (T) 3 4.61   6.71 + 5.58   3.01   3.04   0.16   4.97   
Population (P) 3 8.21 * 8.94 * 1.35   7.60 + 10.07 * 0.37   2.97   
Season (S) 2 186.91 *** 512.82 *** 479.83 *** 29.07 *** 178.73 *** --  --  
Seed Size 1 0.10   0.00   0.08   0.45   0.13   0.25   2.02   
Planting Size 1 2.34   0.75   0.12   3.18 + 8.88 ** 4.60 * 5.12 * 
Herbivory 1 12.64 *** 15.23 *** 12.39 *** 2.22   9.12 ** 0.08   0.10   
Nitrogen 1 --  --  --  0.19   -- -- --  --  
Time 1 6.60 ** 1.85   0.53   --  -- -- --  --  
Machine 2 5.27   36.08 *** 75.96 *** --  -- -- --  --  
T x P 9 6.87   3.52   9.55   0.00   8.32   10.50   11.73   
T x S 3 45.49 *** 43.90 *** 11.08 * 0.00   4.74   --  --  
P x S 3 10.02 * 8.39 * 3.43   0.00   4.36   --  --  
T x P x S 9 6.36   8.47   5.92   2205.30 *** 15.41   --  --  
Block (T) 2 84.45 *** 134.64 *** 65.14 *** 16.90 *** 52.37 *** 8.57 * 8.43 * 
MF (P) 2 0.34   0.53   77.75 *** 11.17 *** 4.55   --  --  
ID (MF (P)) 3 7.28 + 0.00   0.00   18.85 *** 21.31 ***         
MF (P) x S 4 0.15   0.37   1.42   1.50   0.06   0.00   0.00   
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Table 3.4-Summary of nested model comparisons to test for effect significance in mixed effects models of carbon isotope 
discrimination (δ13C ), specific leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits were measured on 
experimental seedlings from Q. oleoides seeds collected from four populations throughout Central America (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in shadehouses and transplanted (transplant 
cohort) into common gardens in Costa Rica- intermediate (IG) and wet (WG) gardens.  Seedlings at the intermediate garden were 
subjected to two watering treatments: ambient rainfall and added water during the dry season.  Due to the design not being full-
factorial treatment represents the three possible conditions: IG-ambient rainfall, IG-DS Water and WG-ambient rainfall.  
Measurements were collected during the wet season (2012) and dry season (2013).  Degrees of freedom (DF) shown is the difference 
between the nested models. Block, maternal family (MF), and seedling (ID) were treated as random effects. +0.10≥P>0.05; * P≤ 0.05, 
** P≤0.01;  ***<0.001 

  δ13C   SLA SD SPI 
Effect DF χ2   DF χ2   χ2   χ2   
Treatment (T) 2 2.30   12,14 3.96   5.22 + 4.17   
Population (P) 3 6.43 + 11,14 2.34   1.91   1.82   
Season (S) 2 18.12 *** 13,14 69.28 *** --   --   
Seed Mass 1 1.47   30,31 1.07   5.81 * 2.83 + 
Size at Planting 1 1.25   30,31 1.04   0.27   0.34   
Nitrogen 1 6.31 ** -- --   --   --   
T x P 6 15.04 * 19,25 0.34   9.11   3.94   
T x S 2 7.41 * 23,25 27.78 *** --   --   
P x S 3 0.45   22,25 6.04   --   --   
T x P x S 6 10.90 + 25,31 10.31   --   --   
Block (T) 2 70.47 *** 25,27 162.81 *** 17.17 *** 48.24 *** 
MF (Pop) 2 8.77 ** 29,31 0.00   3.00   2.26   
ID (MF (P)) 3 15.84 *** 31,32 0.00   --   --   
MF (P) x S 4 0.58   29,31 1.77   --   --   
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  Wet Season Dry Season 
Trait Dry Garden 
δ13C  βi 0.352 (0.060) *** 0.257 (0.048) *** 
SLA βi -0.258 (0.060) *** -0.491 (0.049) *** 
δ13C 2 γii 0.033 (0.035) *** 0.050 (0.020) *** 
SLA2 γii 0.253 (0.030) *** --   
δ13C  x SLA γij -0.260 (0.050) *** -0.298 (0.027) *** 

 Intermediate Garden 
δ13C  β 0.180 (0.024) *** 0.288 (0.041) *** 
SLA β -0.078 (0.024) *** -0.696 (0.104) *** 
δ13C 2 γii 0.008 (0.015) *** -0.118 (0.032) *** 
SLA2 γii --   --   
δ13C  x SLA γij -0.116 (0.026) *** -0.412 (0.080) *** 

 Wet Garden 
δ13C  β 0.260 (0.056) *** 0.144 (0.029)   
SLA β 0.015 (0.057)   -0.290 (0.008) *** 
δ13C 2 γii 0.233 (0.023) ** 0.058 (0.024)   
SLA2 γii --   --   
δ13C  x SLA γij -0.362 (0.023) *** -0.062 (0.062)   

 
 
 
Table 3.5-Site and season specific phenotypic selection analyses.  Standardized selection 
gradients, βi (SE) were obtained from linear multiple regressions of Aster predicted 
relative fitness on traits (all populations within a site combined).  γii and γij were obtained 
from separated regressions that included quadratic and cross-product terms.  γii for SLA 
could only be estimated at the dry garden during the dry season and was not detected in 
other analyses and dropped due to failure of model convergence. Nested Aster model 
comparisons were used to test significance.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***<0.001 
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   Wet Season   Dry Season   
 Trait   Ambient   
A/g β 0.003 (0.042) *** 0.335 (0.029) *** 
δ13C  β 0.311 (0.040) *** 0.204 (0.030) *** 
SLA β -0.224 (0.041) *** -0.372 (0.031) *** 
    WS-Water   
A/g β 0.162 (0.066) *** 0.014 (0.040) ** 
δ13C  β -0.010 (0.063) *** -0.242 (0.041) *** 
SLA β -0.392 (0.064) *** -0.660 (0.043) *** 
            
    DS-Water   
A/g β -0.221 (0.023) *** --   
δ13C  β 0.366 (0.024) *** 0.300 (0.043) *** 
SLA β -0.149 (0.020) *** -0.131 (0.042) *** 
           
    Both-Water   
A/g β 0.009 (0.020)  -0.121 (0.036) *** 
δ13C  β 0.113 (0.022) *** 0.348 (0.038) *** 
SLA β -0.126 (0.022) *** -0.341 (0.043) *** 

 
 
 
Table 3.6- Analyses of phenotypic selection within the four watering treatments at the 
dry garden site.  Seedlings were subjected to one of four treatments: ambient rainfall 
(ambient), added water during the wet season (WS Water), added watering during the dry 
season (DS Water) and added water during both season (Both).  Standardized selection 
gradients, βi (SE) were obtained from linear multiple regressions of Aster predicted 
relative fitness on traits (all populations within a treatment combined) for traits measured 
during the wet season (2012) and dry season (2013). +0.10≥P>0.05; * P≤ 0.05, ** 
P≤0.01;  ***<0.001 
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Table 3.7- Analyses of phenotypic selection within the two watering treatments at the 
intermediate garden (IG) site.  Seedlings were either subjected to ambient rainfall (IG-
Ambient) or were watered during the dry season (IG-DS Water). Standardized selection 
gradients, βi (SE) were obtained from linear multiple regressions of Aster predicted 
relative fitness on traits (all populations within a treatment combined) for traits measured 
during the wet season (2012) and dry season (2013). +0.10≥P>0.05; * P≤ 0.05, ** 
P≤0.01;  ***<0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    Wet Season   Dry Season   
Trait   IG-Ambient   
δ13C  β 0.180 (0.024) *** 0.288 (0.041) *** 
SLA β -0.078 (0.024) *** -0.696 (0.104) *** 
δ13C 2 γii 0.008 (0.015) *** -0.118 (0.032) *** 
SLA2 γii --   --   
δ13C  x SLA γij -0.116 (0.026) *** -0.412 (0.080) *** 
    IG- DS Water   
δ13C  β -0.044 (0.017) *** 0.116 (0.012) *** 
SLA β -0.162 (0.017) *** -0.285 (0.012) *** 
δ13C 2 γii -0.054 (0.007) *** -0.056 (0.007) *** 
SLA2 γii --   --   
δ13C  x SLA γij 0.099 (0.011) *** -0.057 (0.007) *** 
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Figure 3.1- Mean monthly rainfall and mean monthly minimum and maximum 
temperatures from meteorological stations from 2000-2014 at two out of the three 
common garden sites- dry garden (at Zamorano University, HN) and intermediate garden 
(at Sector Santa Rosa in the Guanacaste Conservation Area, Costa Rica).  
 
 
 
 
 
 
 
 

b) 

a) 
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Figure 3.2- Volumetric soil water content (m3m-3) collected from May 2012 to April 
2014 of the watering treatments at the a) intermediate and wet gardens (Sector Santa 
Rosa and Sector Pailas in the Guanacaste Conservation Area, respectively) and b) dry 
garden located at Zamorano University Honduras. Scale of y-axis differs between a and b 
and field capacity of soil is 0.5 m3/m3, which is also the upper range of Decagon soil 
moisture probes. 
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Figure 3.3- Predawn and midday leaf water potential were measured on experimental 
seedlings from Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) throughout 
Central America and germinated in shadehouses and transplanted (transplant cohort) into 
a common garden in Honduras with four watering treatments.  Treatments are indicated 
as follows: “Ambient” = no additional watering; “WS”= wet season watering; “DS”= dry 
season watering; “Both” = watering in wet and dry seasons. a) and b) transplanted and c 
and d) direct planting cohorts at the dry garden site (Zamorano University- Honduras). 
Close symbols show wet season values (June 2012); open symbols show dry season 
values (March 2013).  
 
 



 

 97 

Fi
gure 3.4- Mixed effects model predicted mean (SE) for leaf-level traits related to carbon 
and water-use, a) carbon isotope discrimination (δ13), b) specific leaf are (SLA), c) 
stomatal density (SD), and d) stomatal pore index (SPI). The four populations are 
abbreviated as in Fig. 3.3. Seedlings were transplanted into common gardens in Honduras 
(dry garden, DG), Costa Rica- intermediate garden (IG) and wet garden (WG). 
Measurements were collected during the wet season (WS- closed symbols) and dry 
season (DS- open symbols).  
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Figure 3.5- Mixed effects model predicted mean (SE) for leaf-level traits related to 
carbon and water-use, a) maximum photosynthetic rate (A), b) stomatal conductance (gs), 
c) intrinsic water-use efficiency (A/g), d) carbon isotope discrimination (δ13C), e) specific 
leaf area (SLA), and f) stomatal density (SD). Population and treatment abbreviations are 
as in Fig. 3.3. Measurements were collected during the wet season (closed symbols) and 
dry season (open symbols) except for SD, which was only collected during the dry 
season.  



 

 99 

 
 
 
Figure 3.6- Mixed effects model predicted mean (SE) for leaf-level traits related to 
carbon and water-use, a) specific leaf are (SLA), b) carbon isotope discrimination (δ13C, 
c) stomatal density (SD), and d) stomatal pore index (SPI). Population abbreviations are 
the same as in Fig. 3.3.  Seedlings at the intermediate garden were subjected to two 
watering treatments: ambient rainfall and added water during the dry season.  Due to the 
design not being full-factorial, treatment represents the three possible conditions: IG-
ambient rainfall, IG-DS Water and WG-ambient rainfall.  Symbols are the same as in Fig. 
3.3. 
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Figure 3.7- Interpolated site and season specific bivariate fitness surfaces of joint 
selection on carbon isotope discrimination (δ13C) and specific leaf area (SLA) at: a and b) 
dry garden (Honduras), c and d) intermediate (Costa Rica low-elevation), and e and f) 
wet (Costa Rica high-elevation) gardens.  Relative fitness values are Aster predicted 
estimates of seedling fitness at the end of the wet season 2013, and traits are the 
standardized values (mean=0, SD=1) from measurements in the wet season 2012 (June) 
and dry season (March) 2013. Points are observed values used in local regressions of 
fitness landscape surfaces.  
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Figure 3.8- Interpolated treatment and season specific bivariate fitness surfaces of joint 
selection on carbon isotope discrimination (δ13C) and specific leaf area (SLA) at the 
intermediate garden site.  Seedlings were subjected to one of two watering treatments: a 
and b) ambient rainfall (ambient), and c and d) added water during the dry season (DS 
Water).  Points are observed values used in local regressions of fitness landscape 
surfaces. 
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Table S1.1- Summary of model effect estimates for germination, days to germination (DTG), survival, and fitness for Q. oleoides on 
progeny from early-and late-cohort (EC or LC) Quercus oleoides seeds sampled from a high-elevation and low-elevation populations 

  Germination  DTG  Survival  Fitness    
Effect Est SE Z Est SE T Est SE Z Effect Est SE Z 

Intercept (ADT) -2.29 0.60 -3.81 106.88 16.54 6.46 3.34 1.37 2.44 Intercept -1.78 0.12 -14.87 

AWT  0.67 0.45 1.51 10.19 12.74 0.80 -1.26 0.92 -1.38 Germination -6.59 0.36 -18.13 

SWT 0.02 0.47 0.05 37.53 13.70 2.74 1.96 1.45 1.36 Survival 3.68 0.17 21.41 

LE Pop -1.21 0.68 -1.78 -37.07 13.13 -2.82 -1.28 0.98 -1.31 LE Pop -0.40 0.11 -3.75 

LC 0.81 0.43 1.89 46.24 21.75 2.13 -0.70 0.92 -0.76 LC 0.14 0.04 3.60 

AWT x LC -0.07 0.53 -0.13 -6.17 4.29 -1.43 -0.40 0.98 0.42 ADT  0.07 0.08 0.89 

SWT x LC 0.46 0.56 0.83 -38.72 28.51 -1.36 -0.83 1.41 -1.05 AWT -0.72 0.13 -5.49 

AWT x LE Pop -0.31 0.80 -0.39 -46.53 26.40 -1.76 0.35 0.79 -1.66 AWT x LC 0.26 0.11 2.44 

SWT x LE Pop 0.85 0.76 1.11 7.40 17.07 0.43 0.08 1.11 -0.22 SWT x LC 0.25 0.06 4.44 

LE Pop x LC 1.95 0.72 2.71 -25.79 17.83 -1.45 1.29 0.89 2.23 AWT x LE Pop 0.15 0.26 0.56 

AWT x LE Pop x LC 0.59 0.92 0.64 -47.08 23.65 -1.99 -- -- -- SWT x LE Pop 0.44 0.11 3.92 

SWT x LE Pop x LC -0.41 0.89 -0.46 28.91 31.49 0.92 -- -- -- Low Pop x LC 0.33 0.10 3.20 

Seed Size 0.03 0.15 0.19 41.13 29.53 1.39 -0.21 0.31 -0.66 AWT x LE Pop x LC -0.04 0.27 -0.14 

DTG -- -- -- -- -- -- -0.01 0.00 -1.77 SWT x LE Pop x LC -0.45 0.12 -3.76 

          Seed Size 0.01 0.00 22.93 

                    DTG 0.10 0.02 5.72 
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and reciprocally planted into three watering treatments in NW Costa Rica: ambient dry treatment (ADT) and supplemental water 
treatment (SWT) at low-elevation site, ambient wet treatment (AWT) at high-elevation site. 
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Table S1.2- Repeated measures analysis of traits measured for three seasons on progeny 
from early-and late-cohort Quercus oleoides seeds sampled from a high-elevation and 
low-elevation populations and reciprocally planted into three watering treatments in NW 
Costa Rica: ambient dry treatment (ADT) and supplemental water treatment (SWT) at 
low-elevation site, ambient wet treatment (AWT) at high-elevation site. Degrees of freedom 
shown are for nested models for all traits.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 

 

 

 

 

 

    
Height 

  
Leaf 

Number 
Basal 

Diameter 
Longest Leaf 

Length 

Effect DF χ2   χ2   χ2   χ2   
Population (P) 12,13 2.69              6.90 ** 3.00 + 9.30 ** 

Cohort (C) 12,13     3.02           + 0.01   14.64    *** 7.39 ** 

Treatment (T) 11,13 22.16 *** 24.86 *** 21.89 *** 34.34 *** 

Time 11,13 540.42 *** 165.59 *** 601.67 *** 29.38 *** 

Time x P 19,21 2.99   4.90 + 6.17 ** 0.41   

Time x C 19,21 0.59          0.63   1.94   0.15   

Time x T 17,21 230.00 *** 216.10 *** 119.92 *** 137.53 *** 

P x C 25,26 0.65   6.87 ** 0.02   0.13   

P x T 24,26 0.41   1.24   1.03   2.25   

C x T 24,26 8.80 * 3.03   6.23 * 10.21 ** 

Time x P x T 32,36 3.41      0.95   4.20   2.72   

Time x C x T 32,36 2.78   6.56   0.75   0.72   

Time x P x C 34,36 2.91   7.22 * 2.60   1.19   

P x C x T 36,38 1.63   0.49   0.11   2.72   

Days to germination (DTG) 41,42 4.81 * 2.88 + 9.84 ** 3.72 * 

Time x P x C x T 38,44 4.73   7.76   7.87 * 8.75   

Time x DTG 42,44 0.04   4.98 + 12.51   4.78 + 

Seed Mass 43,44 4.05 ** 4.83 ** 2.07   0.39   
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Stem 

Height  
Leaf 

Number+ 
Basal 

Diameter+ 
Length of Longest 

Leaf 
Effect Est SE T Est SE T Est SE T Est SE T 
Time 1 (T1) 2.54 0.45 5.63 1.74 0.46 3.78 1.33 0.12 11.20 2.23 0.21 10.56 
Time 2 (T2) 4.92 0.46 10.73 3.17 0.47 6.75 1.77 0.12 14.69 2.58 0.22 11.95 
Time 3 (T3) 5.72 0.46 12.46 3.54 0.47 7.53 2.17 0.12 18.01 2.63 0.22 12.16 
AWT 0.08 0.41 0.20 0.03 0.42 0.08 -0.03 0.10 -0.34 -0.21 0.19 -1.09 
SWT 1.26 0.43 2.93 1.20 0.44 2.70 0.34 0.11 3.12 0.36 0.20 1.78 
LE Pop 0.35 0.57 0.62 0.64 0.61 1.06 0.22 0.16 1.41 0.24 0.31 0.78 
Late Cohort (LC) 0.42 0.37 1.15 0.50 0.39 1.28 -0.10 0.10 -0.99 -0.32 0.20 -1.63 
Days to germination (DTG) 0.00 0.00 -1.86 0.00 0.00 -2.40 0.00 0.00 -4.21 0.00 0.00 -2.64 
Seed size 0.19 0.09 2.03 0.21 0.09 2.22 0.04 0.02 1.45 0.03 0.04 0.63 
T2 x AWT -1.80 0.39 -4.65 -1.08 0.44 -2.46 -0.40 0.11 -3.60 -0.44 0.25 -1.72 
T3 x AWT -2.90 0.38 -7.55 -2.97 0.43 -6.85 -0.57 0.11 -5.26 -1.46 0.25 -5.80 
T2 x SWT -0.56 0.39 -1.43 -0.48 0.44 -1.09 -0.33 0.11 -2.94 -0.29 0.26 -1.12 
T3 x SWT -0.48 0.39 -1.22 -0.85 0.44 -1.91 -0.29 0.11 -2.56 -0.50 0.26 -1.91 
T2 x LE Pop -0.35 0.73 -0.49 -0.99 0.82 -1.20 -0.25 0.21 -1.20 -0.15 0.47 -0.32 
T3 x LE Pop -0.98 0.65 -1.51 -1.32 0.73 -1.81 -0.58 0.18 -3.18 -0.44 0.42 -1.05 
AWT x LE Pop -0.94 0.83 -1.13 -0.98 0.88 -1.12 -0.35 0.23 -1.53 -0.19 0.45 -0.41 
SWT x LE Pop -0.51 0.69 -0.74 -0.74 0.73 -1.01 -0.43 0.19 -2.31 -0.17 0.37 -0.45 
T2 x LC -0.37 0.40 -0.93 0.13 0.45 0.29 0.05 0.11 0.44 0.02 0.26 0.06 
T3 x LC -0.54 0.40 -1.36 -0.24 0.45 -0.54 -0.08 0.11 -0.68 0.05 0.26 0.21 
AWT x LC -0.63 0.47 -1.35 -0.45 0.50 -0.90 -0.01 0.13 -0.09 0.35 0.25 1.38 
SWT x LC -1.18 0.48 -2.46 -1.09 0.51 -2.14 -0.35 0.13 -2.64 -0.21 0.26 -0.83 
LE Pop x LC -0.51 0.64 -0.80 -1.04 0.67 -1.54 -0.20 0.17 -1.18 -0.02 0.34 -0.05 
T2 x DTG 0.00 0.00 0.13 0.00 0.00 0.75 0.00 0.00 2.66 0.00 0.00 0.94 
T3 x DTG 0.00 0.00 0.18 0.00 0.00 2.21 0.00 0.00 2.10 0.00 0.00 2.19 
T2 x AWT x LE Pop 0.18 0.98 0.18 0.90 1.11 0.81 0.31 0.28 1.10 0.15 0.64 0.24 
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T3 x AWT x LE Pop 1.40 0.92 1.52 2.81 1.04 2.69 0.52 0.26 1.99 1.38 0.61 2.28 
T2 x SWT x LE Pop 0.46 0.86 0.53 1.36 0.97 1.40 0.47 0.24 1.93 0.27 0.56 0.49 
T3 x SWT x LE Pop 1.67 0.78 2.13 2.18 0.88 2.47 0.88 0.22 3.98 0.59 0.51 1.16 
T2 x AWT x LC 0.46 0.53 0.87 -0.07 0.60 -0.11 0.04 0.15 0.25 0.13 0.35 0.39 
T3 x AWT x LC 0.98 0.54 1.82 0.67 0.61 1.10 0.14 0.15 0.90 0.31 0.35 0.89 
T2 x SWT x LC 0.37 0.52 0.71 0.23 0.59 0.40 0.28 0.15 1.89 0.23 0.34 0.67 
T3 x SWT x LC 1.03 0.52 2.00 1.71 0.58 2.93 0.34 0.15 2.35 0.26 0.34 0.77 
T2 x LE Pop x LC 0.09 0.79 0.12 0.80 0.89 0.90 0.13 0.22 0.60 0.12 0.51 0.24 
T3 x LE Pop x LC 0.40 0.72 0.56 0.80 0.81 0.99 0.42 0.20 2.06 0.21 0.47 0.46 
AWT x LE Pop x LC 1.04 0.91 1.14 1.18 0.96 1.22 0.26 0.25 1.07 -0.02 0.49 -0.04 
SWT x LE Pop x LC 0.50 0.78 0.64 0.95 0.83 1.15 0.47 0.21 2.20 0.17 0.42 0.40 
T2 x AWT x LE Pop x LC -0.13 1.07 -0.12 -0.98 1.20 -0.81 -0.21 0.30 -0.71 -0.12 0.70 -0.18 
T3 x AWT x LE Pop x LC -0.91 1.02 -0.89 -2.42 1.15 -2.10 -0.43 0.29 -1.49 -1.29 0.67 -1.93 
T2 x SWT x LE Pop x LC -0.33 0.95 -0.35 -1.53 1.07 -1.44 -0.49 0.27 -1.84 -0.34 0.61 -0.55 
T3 x SWT x LE Pop x LC -1.49 0.88 -1.70 -2.48 0.99 -2.51 -0.86 0.25 -3.46 -0.29 0.57 -0.51 

 
 
Table S1.3- Summary of repeated measures model estimates for growth traits (stem height, leaf number, basal diameter, and length of 
longest leaf) measured for at the end of each season (three time points). Traits measured were measured for three seasons (times) on 
progeny from early-and late-cohort Quercus oleoides seeds sampled from a high-elevation and low-elevation populations (CRH and 
CRL respectively) and reciprocally planted into three watering treatments in NW Costa Rica: ambient dry treatment (ADT) and 
supplemental water treatment (SWT) at low-elevation site, ambient wet treatment (AWT) at high-elevation site. 
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Figure S1.1- Histogram of a null model generated from 999 permutations from observed 
phenology differences of maternal Quercus oleoides trees monitored for seed production 
timing. 
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 Figure S1.2- Predicted means (SE) of traits measured for three seasons on progeny from 
early-and late-cohort Quercus oleoides seeds sampled from a high-elevation and low-
elevation population and reciprocally planted into three watering treatments: ambient dry 
site at low elevation (ADT), supplemental water at low elevation (SWT) and ambient wet 
at high elevation (AWT). 
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Figure S1.3- Least squares seed mass means (SE) of seeds collected from high- and low-
elevation populations of Quercus oleoides trees in NW Costa Rica.  Seeds were collected 
early (closed symbols) and late (open symbols) in the wet season of 2010.   
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Table S2.1- Summary of the number of seeds collected from four natural populations of 
Q. oleoides (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- elevations, CRH 
and CRL respectively) and planted into the Dry (DG, Honduras), Intermediate (IG, Costa 
Rica low-elevation), and Wet (WG, Costa Rica high-elevation) gardens.  Seeds for the 
2010T and 2011T (transplant) cohorts were germinated in shadehouses and well watered 
until transplanted into gardens.  Seeds for the 2010DP and 2011 DP (direct plantings) 
were stored in refrigerators until planted directly into gardens.   
 
 
 
 
 
 
 
 
 
 
 
 
 

  Population 
Planting Cohort  
& Garden BZ HN CRH CRL 
2010T         
DG 249 272 262 165 
IG 124 96 132 485 
WG 61 55 60 226 
2011T         
DG 167 219 104 687 
IG 42 57 158 124 
WG 22 28 80 62 
2010DP         
DG 1417 1584 2255 4857 
IG 653 1060 1664 2878 
WG 326 530 832 1438 
2011DP         
DG 778 1136 564 2536 
IG 808 681 475 3270 
WG 403 341 237 1635 
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Table S2.2- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seed collected from natural populations throughout Central 
America and germinated into shadehouses in at Zamorano University (Honduras) and 
Sector Santa Rosa in the Guanacaste Conservation Area in NW Costa and transplanted 
into common gardens in Honduras (dry garden) and NW Costa Rica (intermediate and 
wet gardens) in 2010. Covariates of seed mass and size of plant at transplanting (size) 
were included in analyses. Degrees of freedom shown is the difference between nested 
models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
 

 
 
 
 
 
 
 

  DS 2011   DS 2012 
Effect DF Χ2  Χ2  
Garden (G) 2 1.167  7.148 * 
Population (P) 3 1.357  1.391  
G x P 6 --  5.972  
Seed Mass 1 0.334  1.198  
Size  1 5.361 * 13.421 *** 
MF (P) 2 0.000  0.000  
Block (G) 2 59.921 *** 119.110 *** 
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Table S2.3- GLMM summary of 2010 transplant survivorship of Q. oleoides seedlings 
transplanted into common gardens in Honduras- dry garden (DG), and NW Costa Rica- 
intermediate (IG) and wet (WG) gardens.  Seeds collected from four natural populations 
of Q. oleoides (Belize, BZ; Honduras, HZ; Costa Rica high- and low- elevations, CRH 
and CRL respectively). Covariates of seed mass and size of plant at transplanting (size) 
were included in analyses. Degrees of freedom shown are for nested models for all traits.  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
 
 
 
 
 
 
 

  DS 2011   DS 2012   
Effect Est SE Z Est SE Z 
Intercept (IG) 2.31 0.92 2.52 0.94 0.71 1.32 
WG -0.19 0.75 -0.26 -1.51 0.81 -1.85 
DG -0.66 0.62 -1.06 -0.57 0.69 -0.83 
HN -0.37 0.49 -0.76 0.08 0.57 0.14 
CRH -0.14 0.48 -0.28 0.82 0.57 1.45 
CRL 0.07 0.45 0.15 0.44 0.44 1.01 
Seed Mass 0.15 0.26 0.59 -0.19 0.17 -1.10 
Size 0.07 0.03 2.29 0.07 0.02 3.59 
WG x HN -- -- -- -0.90 0.83 -1.08 
DG x HN -- -- -- -0.18 0.71 -0.25 
WG x CRH -- -- -- -0.51 0.78 -0.66 
DG x CRH -- -- -- -1.17 0.70 -1.67 
WG x CRL -- -- -- -0.37 0.59 -0.62 
DG x CRL -- -- -- -0.73 0.66 -1.11 
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Table S2.4- Summary of nested model comparisons to test effect significance of linear 
mixed effects models for growth traits (stem height, basal diameter, leaf number, and 
aboveground biomass) of 2010 transplant cohort. Degrees of freedom are for the nested 
models compared and are the same for all traits.  Covariates of seed mass and size of 
plant at transplanting (size) were included in analyses. Degrees of freedom shown for all 
traits is the difference between nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001. 

          DS 2011       
  Height   Diameter Leaves   Biomass 
Effect DF X2   X2   X2   X2   
Garden (G) 2 5.15 + 5.44 + 5.25 + 4.81 + 
Population (P) 2 8.79 * 2.46   7.53 + 3.81   
Seed Mass 1 0.15   1.35   0.00   0.29   
Size 1 96.04 *** 108.57 *** 118.77 *** 120.72 *** 
G x P 6 3.83   4.28   4.01   10.83 + 
MF (P) 2 2.05   0.51   0.00   0.00   
Block (G) 2 124.93 *** 172.61 *** 62.98 *** 201.24 *** 
          DS 2012       
  Height   Diameter Leaves   Biomass 
Effect DF X2   X2   X2   X2   
Garden (G) 2 10.28 * 9.06 * 9.07 * 9.50 * 
Population (P) 2 1.18   4.45   2.55   2.05   
Seed Mass 1 0.42   0.06   0.04   0.02   
Size 1 42.77 *** 36.26 *** 57.51 *** 42.79 *** 
G x P 6 6.58   6.42   6.35   6.88   
MF (P) 2 0.01   0.00   0.00   0.00   
Block (G) 2 215.28 *** 191.87 *** 151.99 *** 11.48 ** 
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          DS 2011             

  Height      Diameter+   Leaves+   Biomass   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 9.76 3.36 2.91 1.42 0.46 3.09 -0.74 4.08 -0.18 43.86 11.87 3.70 
IG 1.34 2.84 0.47 0.42 0.47 0.89 0.83 4.70 0.18 4.46 12.82 0.35 
WG 2.67 4.37 0.61 -0.42 0.58 -0.72 -5.20 5.69 -0.91 -6.18 15.74 -0.39 
HN 5.47 2.96 1.85 -0.10 0.33 -0.29 -0.18 2.79 -0.07 -6.63 8.11 -0.82 
CRH 1.35 2.90 0.46 0.00 0.32 -0.01 1.00 2.68 0.38 -3.56 7.79 -0.46 
CRL 0.03 3.36 0.01 0.35 0.37 0.94 4.29 3.15 1.36 7.44 9.17 0.81 
Seed Mass 1.33 0.87 1.53 0.13 0.10 1.21 0.12 0.88 0.13 1.97 2.55 0.77 
Size -5.02 3.04 -1.65 0.12 0.01 11.06 1.22 0.10 12.77 3.26 0.28 11.73 
IG x HN 0.76 3.49 0.22 0.74 0.42 1.74 6.08 3.67 1.66 29.31 10.67 2.75 
IG x CHR 0.90 3.23 0.28 0.33 0.40 0.82 0.73 4.39 0.17 12.20 12.77 0.96 
IG x CRL 2.11 3.55 0.59 0.11 0.42 0.27 8.41 3.46 2.43 21.57 10.08 2.14 
WG x HN -0.22 6.48 -0.03 0.35 0.51 0.69 -1.92 4.15 -0.46 3.80 12.08 0.32 
WG x CRH -2.27 4.78 -0.47 0.14 0.48 0.30 5.10 3.59 1.42 11.69 10.44 1.12 
WG x CRL 1.81 4.52 0.40 -0.24 0.47 -0.51 -3.76 4.02 -0.94 -7.86 11.68 -0.67 
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Table S2.5- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; and two populations in Costa Rica- high-elevation, 
CRH; low-elevation, CRL) and planted into shadehouses in Honduras and NW Costa Rica in 2010.  Seedlings were transplanted into 
common gardens in Honduras (DG, dry garden), and in two gardens in Costa Rica intermediate garden (IG) and wet garden (WG).     
 
 
 

          
 
DS 2012             

  Height      Diameter=   Leaf Number= Biomass+   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 21.15 9.77 2.16 1.26 0.45 2.79 3.69 1.40 2.63 7.21 2.19 3.29 
IG 7.13 11.19 0.64 0.34 0.49 0.69 -0.22 1.56 -0.14 0.83 2.41 0.34 
WG -27.89 13.63 -2.05 -1.07 0.60 -1.79 -4.44 1.89 -2.35 -6.71 2.94 -2.28 
HN -1.58 6.47 -0.24 0.04 0.31 0.12 -0.96 0.99 -0.98 -1.40 1.52 -0.92 
CRH -6.61 6.22 -1.06 0.01 0.30 0.03 -0.53 0.95 -0.56 -1.22 1.46 -0.84 
CRL -7.43 7.32 -1.02 -0.14 0.35 -0.39 -0.77 1.12 -0.68 -2.00 1.72 -1.16 
Seed Mass 1.27 2.04 0.62 -0.02 0.10 -0.24 -0.07 0.31 -0.21 -0.07 0.48 -0.15 
Size 1.47 0.22 6.64 0.06 0.01 6.09 0.26 0.03 7.73 0.35 0.05 6.63 
IG x HN 12.72 8.49 1.50 0.35 0.40 0.87 1.77 1.30 1.36 2.72 2.00 1.36 
IG x CHR 15.83 8.02 1.97 0.63 0.38 1.66 0.72 1.56 0.46 3.89 1.89 2.06 
IG x CRL 18.88 8.32 2.27 0.80 0.40 2.01 2.15 1.23 1.75 4.48 1.96 2.29 
WG x HN -1.50 10.16 -0.15 -0.15 0.48 -0.31 0.79 1.48 0.53 0.93 2.39 0.39 
WG x CRH 5.28 9.62 0.55 0.30 0.46 0.65 2.53 1.28 1.99 2.48 2.26 1.10 
WG x CRL 5.24 9.31 0.56 0.22 0.44 0.50 0.54 1.43 0.38 2.22 2.19 1.02 
=Estimates on log transformed scale      
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!
Figure'S2.1.!!GLMM!predicted!survivorship!of!2010!transplants!in!ambient!rainfall!
plots!at!the!dry!(Honduras,!intermediate!(Inter,!CR!lowCelevation)!and!Wet!(CR!
highCelevation)!gardens.!Seeds were collected from four natural populations of Q. 
oleoides (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- elevations, CRH and 
CRL respectively) and germinated in shadehouses and well watered until transplanted 
into gardens.!
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Figure S2.2-  LMM predicted growth trait means of Q. oleoides seeds collected from 
four poulations in Central America (Belize, BZ; Honduras, HZ, and Costa Rica high- and 
low- elevations, CRH and CRL respectively). Seedlings were transplanted in ambient 
rainfall blocks at dry (Honduras), intermediate (Inter, Costa Rica, low-elevation), and wet 
(Costa Rica high-elevation) gardens in 2010.  
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    WS2012  DS 2013 WS 2013 DS 2014 
Effect DF Dev  Dev  Dev  Dev  
Garden (G) 2 4.71 + 12.28 * 5.99 * 6.69 * 
Population (P) 3 11.43 * 5.56 + 8.39 * 4.87  
Seed Mass 1 4.98 * 6.07 * 1.25  19.70 * 

Size  1 21.91 *** 23.00 *** 21.97 
**
* 16.78 *** 

Cut 1 10.11 *** 11.20 ** 11.48 ** 9.92 ** 
G x P 6 6.59  7.67  5.93  8.34  

 
 
Table S2.6- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seeds collected from natural populations through Central 
American and germinated in shadehouses and then transplanted into common gardens in 
Honduras (dry garden), and in two gardens in Costa Rica- intermediate and wet gardens 
in 2011.    Covariates of seed mass and size of plant at transplanting (size) were included 
in analyses. Degrees of freedom shown for all traits is the difference in nested models.  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
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Table S2.7- GLMM summary of 2011 transplant survivorship of Q. oleoides seedlings transplanted into common gardens in 
Honduras- dry garden, and NW Costa Rica- intermediate (IG) and wet (WG) gardens.  Seeds collected from four natural populations 
of Q. oleoides (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- elevations, CRH and CRL respectively). Covariates of seed 
mass and size of plant at transplanting (size) were included in analyses. 
 
 

  WS 2012   DS 2013   WS 2013   DS 2014   
Effect Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept (DG) -0.58 0.87 -0.67 -0.41 0.88 -0.47 -0.49 0.86 -0.57 -0.53 0.85 -0.63 
WG -1.25 1.01 -1.24 -1.24 1.05 -1.19 -1.49 1.03 -1.44 -1.57 1.01 -1.55 
IG -0.86 0.97 -0.89 -0.75 1.00 -0.75 -0.40 0.98 -0.41 -0.64 0.96 -0.67 
HN -0.02 0.83 -0.02 0.00 0.82 0.00 -0.01 0.78 -0.01 0.00 0.79 0.00 
CRH -0.59 1.17 -0.51 -0.64 1.16 -0.55 -1.22 1.12 -1.10 -1.19 1.13 -1.06 
CRL 0.53 0.76 0.70 0.28 0.74 0.37 0.35 0.72 0.49 -0.26 0.71 -0.37 
Seed Mass 0.47 0.21 2.22 0.38 0.21 1.83 0.23 0.21 1.12 0.34 0.21 1.67 
Size  0.13 0.03 4.53 0.13 0.03 4.47 0.13 0.03 4.54 0.11 0.03 4.00 
Cut -2.09 0.80 -2.62 -2.25 0.81 -2.80 -2.23 0.79 -2.82 -2.06 0.78 -2.64 
DG x HN 0.69 1.11 0.63 -0.04 1.12 -0.03 0.48 1.11 0.43 0.30 1.10 0.27 
DG x CRH 0.87 0.94 0.93 0.71 0.93 0.77 0.53 0.90 0.59 0.65 0.91 0.72 
DG x CRL 0.48 1.55 0.31 0.48 1.55 0.31 1.59 1.53 1.04 1.76 1.52 1.16 
WG x HN 0.28 1.31 0.22 0.25 1.30 0.19 0.72 1.26 0.57 0.92 1.27 0.73 
WG x CRH -0.70 0.97 -0.72 -0.81 0.98 -0.83 -0.56 0.97 -0.58 -0.19 0.95 -0.20 
WG x CRL 0.60 0.84 0.72 0.77 0.82 0.94 0.49 0.80 0.62 1.15 0.79 1.46 
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Table S2.8- Summary of nested linear mixed model comparisons to test effects of factors 
on growth traits (stem height, basal diameter, leaf number, and aboveground biomass) of 
2011 transplant cohort. Degrees of freedom shown for all traits is the difference between 
nested models.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  

       
 
WS 2012         

    Height Diameter Leaves Biomass 
Effect DF Χ2  Χ2  Χ2  Χ2  

Garden (G) 2 36.51 *** 33.85 *** 13.09 *** 25.77 *** 
Population (P) 3 16.73 *** 7.21 + 6.01  11.73 * 
Seed Mass 1 2.21  1.69  1.15  2.97 + 
Size  1 11.06 *** 3.70 * 5.91 * 9.65 *** 
Cut 1 3.91 * 1.12  1.89  3.13 + 
G x P 6 5.91  3.61  4.11  1.60  
MF (P) 2 2.69  2.23  2.56  4.98 + 
Block (G) 2 10.14  5.77  25.65 * 20.39 + 

        DS 2013         

Effect DF Χ2  Χ2  Χ2  Χ2  
Garden (G) 2 32.33 *** 13.31 *** 11.87 *** 20.26 *** 
Population (P) 3 15.52 ** 4.83  6.20 + 9.64 * 
Seed Mass 1 0.70  0.44  0.18  0.00  
Size  1 15.77 *** 8.22 *** 18.85 *** 21.28 * 
Cut 1 0.36  0.73  0.39  0.01  
G x P 6 3.98  8.80  6.93  5.82  

MF (P) 2 0.00  2.69  0.00  2.23  

Block (G) 2 11.88 ** 31.81 * 9.12 * 9.04 * 

        WS 2013         

Effect DF Χ2  Χ2  Χ2  Χ2  
Garden (G) 2 27.80 *** 36.85 *** 10.86 ** 14.99 * 
Population (P) 3 13.56 ** 12.65 * 5.96  7.77 * 
Seed Mass 1 0.00  0.28  0.05  0.18  
Size  1 1.43  3.00 + 6.21 * 6.51 * 
Cut 1 0.44  1.45  2.06  0.53  
G x P 6 3.63  3.11  4.14  3.28  
MF (P) 2 0.18  2.69  0.00  2.23  

Block (G) 2 9.17 * 7.57 * 41.37 *** 34.40 + 

        DS 2014         

Effect DF Χ2  Χ2  Χ2  Χ2  
Garden (G) 2 26.99 *** 18.52 *** 8.93 ** 13.61 ** 
Population (P) 3 25.00 *** 4.38  10.37 * 9.94 * 
Seed Mass 1 1.95  0.36  0.31  0.02  

Size  1 6.44 * 2.10  14.63 *** 9.96 ** 

Cut 1 0.92  0.34  1.82  2.15  
G x P 6 4.92  6.11  3.82  2.94  
MF (P) 2 0.94  0.37  0.13  0.00  
Block (G) 2 22.46 *** 22.57 *** 27.21 *** 52.50 + 
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          WS 2012             
  Stem Height+ Basal Diameter Leaf Number+ Biomass   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 6.84 0.85 8.05 3.36 0.44 7.72 7.25 1.39 5.23 15.26 1.53 9.98 
WG -3.60 0.87 -4.16 -1.98 0.46 -4.28 -5.36 1.61 -3.33 -7.52 1.71 -4.41 
IG -2.95 0.72 -4.12 -1.68 0.39 -4.29 -3.47 1.47 -2.37 -6.08 1.54 -3.95 
HN 2.08 0.74 2.83 0.88 0.37 2.36 1.98 1.08 1.83 2.84 1.24 2.29 
CRH 1.08 1.21 0.89 0.29 0.61 0.47 1.90 1.79 1.06 1.94 2.05 0.95 
CRL 0.72 0.68 1.07 0.56 0.34 1.63 1.31 0.98 1.33 1.32 1.13 1.17 
Seed Mass 0.17 0.26 0.67 0.11 0.13 0.89 0.34 0.38 0.91 0.35 0.43 0.81 
Size  0.11 0.03 3.21 0.03 0.02 1.74 0.11 0.05 2.21 0.15 0.06 2.69 
Cut -0.71 0.39 -1.81 -0.11 0.24 -0.45 -0.96 0.89 -1.08 -0.76 0.96 -0.79 
DG x HN -0.66 0.91 -0.72 -0.44 0.46 -0.95 -0.99 1.33 -0.75 -0.84 1.51 -0.55 
DG x CRH -0.27 1.45 -0.19 -0.11 0.73 -0.16 -1.10 2.12 -0.52 -0.85 2.42 -0.35 
Dig CRL -0.60 0.81 -0.75 -0.44 0.41 -1.07 -0.53 1.18 -0.45 -0.37 1.34 -0.28 
WG x HN -0.97 1.15 -0.84 -0.48 0.59 -0.81 1.75 1.72 1.02 0.69 1.94 0.35 
WG x CRH -2.26 1.58 -1.44 -0.52 0.81 -0.64 2.33 2.37 0.98 1.28 2.66 0.48 
WG x CRL -0.87 1.02 -0.85 -0.23 0.52 -0.43 0.92 1.53 0.60 0.55 1.72 0.32 
=Estimates on square root transformed scale  
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        DS 2013             
  Stem Height   Basal Diameter+ Leaf Number+ Biomass   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 63.14 12.50 5.05 3.62 0.57 6.31 8.21 1.67 4.91 15.95 1.86 8.58 
WG -67.25 13.16 -5.11 -2.34 0.63 -3.69 -7.23 1.89 -3.82 -9.35 2.05 -4.56 
IG -61.04 10.98 -5.56 -2.27 0.57 -4.01 -4.68 1.64 -2.85 -7.48 1.75 -4.28 
HN 20.68 10.20 2.03 -0.25 0.42 -0.59 0.45 1.36 0.33 1.01 1.53 0.66 
CRH -25.93 16.82 -1.54 -1.52 0.70 -2.18 -4.50 2.23 -2.02 -5.21 2.52 -2.07 
CRL 6.10 9.39 0.65 0.05 0.39 0.13 -0.35 1.24 -0.28 -0.06 1.40 -0.04 
Seed Mass 2.99 3.55 0.84 0.10 0.15 0.67 -0.21 0.47 -0.44 -0.02 0.53 -0.03 
Size  2.02 0.49 4.10 0.06 0.02 2.93 0.29 0.07 4.47 0.35 0.07 4.78 
Cut 4.92 7.15 0.69 0.32 0.36 0.89 -0.78 1.05 -0.75 -0.14 1.13 -0.13 
DG x HN -4.89 12.85 -0.38 0.84 0.53 1.59 0.59 1.70 0.35 0.90 1.92 0.47 
DG x CRH 31.54 20.27 1.56 1.89 0.84 2.26 4.29 2.69 1.60 5.68 3.03 1.88 
DG x CRL -2.47 11.35 -0.22 0.19 0.47 0.41 1.15 1.50 0.77 0.97 1.70 0.57 
WG x HN 0.72 16.72 0.04 1.17 0.70 1.68 4.13 2.23 1.85 3.87 2.51 1.54 
WG x CRH 17.11 23.16 0.74 1.19 0.97 1.23 6.73 3.10 2.17 6.10 3.48 1.75 
WG x CRL 1.82 14.81 0.12 0.53 0.62 0.86 2.62 1.98 1.33 2.22 2.22 1.00 
+ Estimates on square root transformed scale             
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         WS 2013             
  Stem Height   Basal Diameter+ Leaf Number+ Biomass+   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 103.78 20.61 5.04 4.40 0.64 6.85 11.00 2.68 4.11 3.36 0.44 7.72 
WG -97.43 22.60 -4.31 -3.37 0.69 -4.89 -11.64 3.18 -3.66 -1.98 0.46 -4.28 
IG -51.53 19.07 -2.70 -1.76 0.57 -3.08 -1.84 2.89 -0.64 -1.68 0.39 -4.29 
HN 53.31 17.34 3.07 1.01 0.54 1.87 1.93 1.97 0.98 0.88 0.37 2.36 
CRH 4.48 28.60 0.16 0.45 0.89 0.50 -0.68 3.25 -0.21 0.29 0.61 0.47 
CRL 18.65 15.94 1.17 0.47 0.50 0.94 2.11 1.81 1.17 0.56 0.34 1.63 
Seed Mass -0.30 6.04 -0.05 -0.10 0.19 -0.53 -0.22 0.69 -0.32 0.11 0.13 0.89 
Size  1.13 0.83 1.36 0.05 0.03 1.77 0.25 0.10 2.58 0.03 0.02 1.74 
Cut -5.91 11.89 -0.50 0.47 0.35 1.32 -2.88 1.73 -1.66 -0.11 0.24 -0.45 
DG x HN -33.18 21.77 -1.52 -0.64 0.68 -0.94 0.74 2.48 0.30 -0.44 0.46 -0.95 
DG x CRH -14.19 34.44 -0.41 -0.41 1.07 -0.38 1.87 3.91 0.48 -0.11 0.73 -0.16 
DG x CRL -19.15 19.26 -0.99 -0.40 0.60 -0.66 -0.82 2.18 -0.38 -0.44 0.41 -1.07 
WG x HN -24.43 28.29 -0.86 0.00 0.88 0.00 3.83 3.28 1.17 -0.48 0.59 -0.81 
WG x CRH 12.02 39.10 0.31 0.53 1.22 0.44 6.61 4.55 1.45 -0.52 0.81 -0.64 
WG x CRL 8.93 25.06 0.36 0.75 0.78 0.96 3.80 2.90 1.31 -0.23 0.52 -0.43 
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Table S2.9- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) at 
the end of the wet season (WS) 2012, dry season (DS) 2013, WS 2013, and DS 2014 of Q. oleoides seeds collected from four 
populations (Belize, BZ; Honduras, HN; and two populations in Costa Rica-high-elevation, CRH and low-elevation CRL) and planted 
into shadehouses in Honduras and NW Costa Rica in 2011.  Seedlings were transplanted into common gardens in Honduras, the dry 
garden (DG), and in two gardens in Costa Rica- intermediate garden (IG) and wet garden (WG). Covariates of seed mass and size of 
plant at transplanting (size) were included in analyses.  
 

DS 2014 
  Stem Height   Basal Diameter+ Leaf Number+ Biomass   
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept 
(DG) 112.75 19.23 5.86 5.24 0.64 8.14 11.73 2.50 4.69 20.42 2.89 7.07 
WG -98.04 21.39 -4.58 -3.06 0.71 -4.33 -9.49 2.97 -3.19 -13.33 3.46 -3.85 
IG -75.26 18.90 -3.98 -2.26 0.62 -3.65 -3.97 2.70 -1.47 -5.15 3.16 -1.63 
HN 50.01 15.15 3.30 0.57 0.51 1.12 2.63 1.88 1.40 2.72 2.09 1.30 
CRH -27.67 25.00 -1.11 -0.14 0.84 -0.17 -3.88 3.10 -1.25 0.63 3.44 0.18 
CRL 21.33 13.86 1.54 0.40 0.46 0.85 0.30 1.72 0.18 2.70 1.91 1.41 
Seed Mass 6.22 5.28 1.18 0.02 0.18 0.11 0.35 0.65 0.54 0.10 0.73 0.13 
Size  1.81 0.73 2.49 0.04 0.02 1.45 0.35 0.09 3.89 0.32 0.10 3.20 
Cut -8.05 12.22 -0.66 0.06 0.41 0.15 -2.45 1.62 -1.51 -3.05 1.86 -1.64 
DG x HN -23.92 18.86 -1.27 -0.08 0.63 -0.13 0.69 2.35 0.29 1.46 2.62 0.56 
DG x CRH 20.80 29.92 0.70 0.56 1.00 0.56 6.38 3.72 1.72 0.40 4.14 0.10 
DG x CRL -20.67 16.66 -1.24 -0.20 0.56 -0.35 1.14 2.07 0.55 -1.31 2.31 -0.57 
WG x HN -13.76 24.58 -0.56 0.45 0.82 0.55 1.65 3.09 0.53 3.17 3.47 0.91 
WG x CRH 14.65 34.02 0.43 0.39 1.14 0.35 2.91 4.28 0.68 2.19 4.81 0.46 
WG x CRL -13.74 21.80 -0.63 1.08 0.73 1.48 0.69 2.74 0.25 1.92 3.07 0.63 
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Figure!S2.3,!GLMM!predicted!survivorship!of!Q.#oleoides#seedlings!from!seeds!
collected!from!four!populations!throughout!Central!America!(Belize, BZ; Honduras, 
HZ, and Costa Rica high- and low- elevations, CRH and CRL respectively) and!planted!
into!shadehouses!in!Honduras!and!Costa!Rica.!!Seedlings!were!transplanted!into!
common!gardens!at!the!dry!(Honduras),!intermediate!(Inter,!Costa!Rica!lowC
elevation)!and!wet!(Costa!Rica!highCelevation)!gardens!in!2011.!!!
!
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Table S2.13- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; and two populations in Costa Rica-high-elevation 
CRH and low-elevation CRL) and planted directly into common gardens in Honduras (DG, dry garden) and NW Costa Rica 
(intermediate-IG and wet-WG gardens) in 2010.  Analyses were conducted at the end of the dry seasons in 2011 and 2012.  

           DS 2011            
  Height     Diameter   Leaf Number Longest Leaf   

  Est SE T Est SE T Est SE T Est SE T 
Intercept (Dry Garden) 12.59 2.93 4.29 4.32 7.73 0.56 7.07 1.97 3.59 32.22 7.39 4.36 
WG -4.30 1.67 -2.58 -0.70 4.06 -0.17 -4.09 1.34 -3.07 -13.44 4.67 -2.88 
IG 0.91 1.37 0.67 4.23 3.92 1.08 0.38 1.10 0.34 2.68 3.83 0.70 
HN 0.01 3.21 0.00 -1.93 9.64 -0.20 -0.58 2.13 -0.27 -1.45 8.01 -0.18 
CRH 1.29 2.21 0.58 -0.42 6.62 -0.06 -0.17 1.47 -0.12 1.63 5.53 0.30 
CRL 1.79 1.99 0.90 1.32 5.95 0.22 0.98 1.34 0.74 4.48 5.00 0.90 
Seed size -0.52 1.17 -0.45 -2.25 3.28 -0.69 0.28 0.79 0.36 -0.68 2.96 -0.23 

          DS 2012          
  Height     Diameter   Leaf Number+ Biomass+   

  Est SE T Est SE T Est SE T Est SE T 
Intercept (Dry Garden) 24.68 9.88 2.50 4.45 2.86 1.56 4.69 1.91 2.46 8.77 2.34 3.76 
WG -35.21 5.94 -5.92 -5.62 1.72 -3.27 -3.29 1.61 -2.05 -5.41 1.87 -2.89 
IG 15.36 4.77 3.22 4.54 1.48 3.06 4.80 1.29 3.72 5.46 1.49 3.67 
HN 11.98 8.35 1.44 -1.14 3.22 -0.36 1.50 1.80 0.83 1.98 2.10 0.94 
CRH 10.92 5.43 2.01 2.07 2.09 0.99 1.02 1.18 0.87 1.72 1.37 1.26 
CRL 9.08 5.02 1.81 2.64 1.91 1.38 1.14 1.09 1.04 1.66 1.27 1.31 
Seed size 5.09 3.07 1.66 0.39 1.14 0.34 -0.32 0.67 -0.48 0.01 0.78 0.01 
+On squareroot transformed scale        
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Figure'S2.5,!GLMM!predicted!survivorship!of!seedlings!from!seeds!collected!from!
four!populations!of!Q.#oleoides#across!Central!America!(Belize, BZ; Honduras, HZ, and 
Costa Rica high- and low- elevations, CR High and CR Low respectively) and!planted!
directly!into!common!gardens!in!dry!(Honduras),!intermediate!(Inter,!Costa!Rica!
lowAelevation)!and!wet!(Costa!Rica!highAelevation)!gardens!in!2010.!!
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Figure'S2.6!LMM predicted growth trait means of Q. oleoides seedlings in ambient 
rainfall blocks at dry (Honduras), intermediate (inter, Costa Rica, low-elevation), and wet 
(Costa Rica high-elevation) gardens.  Seeds were collected from four poulations in 
Central America (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- elevations, 
CR High and CR Low respectively) and planted into common gardens in 2010. !
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Table S2.14- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seeds collected from natural populations through Central 
America and reciprocally planted directly into common gardens in Honduras and NW 
Costa Rica in 2011. Degrees of freedom (DF) shown is the difference between nested 
models for each factor.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    WS 2012 DS 2013 WS 2013 DS 2014 
Effect DF X2  X2  X2  X2  
Garden 2 24.25 *** 23.72 *** 22.46 *** 24.03 *** 
Pop 3 0.90  0.67  1.15  5.54  
Seed Mass 1 3.81 * 3.84 * 5.34 * 5.80 * 
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Table S2.15- GLMM summary of survivorship seedlings planted directly into common gardens in Honduras (DG, dry garden) and 
Costa Rica (intermediate and wet gardens, IG and WG respectively) in 2011.  Seeds collected from four populations of Q. oleoides 
across Central America (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation CRL). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  WS 2012   DS 2013   WS 2013   DS 2014   
 Effect Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept (DG) 1.45 0.95 1.53 1.36 0.94 1.45 1.25 0.87 1.43 1.04 0.82 1.27 
IG -1.36 0.57 -2.38 -1.22 0.57 -2.15 -1.17 0.49 -2.38 -1.87 0.47 -3.96 
WG -4.28 0.61 -7.00 -4.13 0.60 -6.87 -3.58 0.53 -6.78 -3.58 0.51 -7.00 
HN -0.02 0.84 -0.03 0.01 0.84 0.01 -0.06 0.81 -0.08 0.16 0.78 0.20 
CRH 0.37 0.69 0.53 0.36 0.69 0.53 -0.32 0.66 -0.49 -0.43 0.62 -0.71 
CRL 0.46 0.68 0.68 0.41 0.67 0.61 0.01 0.64 0.02 0.29 0.61 0.48 
Seed Mass 0.54 0.27 1.96 0.53 0.27 1.96 0.57 0.25 2.29 0.58 0.24 2.39 



! 151!

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table S2.16- Summary of nested linear mixed model comparisons to test effects of factors on 
seedling growth traits (stem height, basal diameter, leaf number, and aboveground biomass) of 
seeds planted directly into common gardens in Honduras (DG, dry garden) and Costa Rica 
(intermediate and wet gardens, IG and WG respectively) in 2011.  Degrees of freedom (DF) 
shown is the difference between nested models for each factor.  +0.10≥P>0.05; * P≤ 0.05, ** 
P≤0.01;  ***P<0.001

        WS 2012         
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Garden 2 27.18 *** 25.26 *** 39.58 *** 30.20 *** 
Population 3 7.17 + 6.09  13.26 ** 8.50 * 
Cut 1 19.25 *** 14.16 *** 18.18 *** 16.01 *** 
Seed Mass 1 0.14  0.00  1.79  0.35  
        DS 2013         
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Garden 2 12.42 ** 19.01 ** 14.91 ** 13.94 ** 
Population 3 7.91 * 1.42  8.91 * 5.18  
Cut 1 16.32 *** 0.07  10.59 ** 16.36 *** 
Seed Mass 1 0.17  0.02  0.82  0.66  
        WS 2013         
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Garden 2 10.21 ** 9.29 * 15.16 ** 13.29 ** 
Population 3 18.68 *** 8.45 * 10.42 * 11.56 ** 
Cut 1 10.08 ** 8.00 ** 11.34 ** 12.05 ** 
Seed Mass 1 0.01  0.00  0.12  0.07  
        DS 2014         
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Garden 2 9.29 * 6.42 * 14.39 ** 11.99 ** 
Population 3 12.49 ** 17.88 *** 9.72 * 10.02 * 
Cut 1 2.66  9.38 ** 12.86 ** 8.14 ** 
Seed Mass 1 0.09    0.27  0.31  
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    WS 2012           

  Height     Diameter   Leaf Number+ Biomass+   

  Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 32.51 6.93 4.69 0.48 0.11 4.46 2.74 0.89 3.08 98.60 23.57 4.18 
WG -33.85 5.49 -6.16 -0.55 0.08 -7.09 -4.17 0.54 -7.69 -83.06 14.29 -5.81 
IG 5.27 4.23 1.25 -0.08 0.06 -1.42 1.77 0.37 4.84 39.10 9.63 4.06 
HN 9.87 5.73 1.72 0.12 0.09 1.42 0.20 0.77 0.26 11.99 20.68 0.58 

CRH -0.65 4.96 -0.13 0.05 0.08 0.66 0.30 0.66 0.46 1.35 17.80 0.08 

CRL 4.19 4.73 0.89 0.13 0.07 1.84 1.39 0.64 2.19 27.94 17.04 1.64 

Cut -30.64 6.86 -4.47 -0.40 0.11 -3.81 -3.99 0.92 -4.34 -100.72 24.67 -4.08 
Seed Mass -0.79 2.13 -0.37 0.00 0.03 -0.02 0.38 0.28 1.36 4.68 7.55 0.62 

            DS 2013           

  Height     Diameter   Leaf Number+ DS2013     

  Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 31.94 9.06 3.53 0.62 0.12 5.07 2.62 1.21 2.17 9.66 1.28 7.56 
WG -36.21 10.09 -3.59 -0.66 0.14 -4.75 -3.78 1.12 -3.39 -4.52 1.31 -3.45 
IG 2.15 8.78 0.25 0.09 0.12 0.74 1.67 0.92 1.82 1.35 1.11 1.22 

HN 12.57 6.00 2.09 0.09 0.08 1.19 0.10 0.83 0.12 0.79 0.88 0.90 

CRH 0.56 5.22 0.11 0.05 0.07 0.79 0.55 0.73 0.76 0.35 0.76 0.46 

CRL 3.77 4.96 0.76 0.06 0.06 0.92 1.34 0.69 1.95 1.16 0.72 1.60 
Cut -29.47 7.18 -4.10 0.02 0.09 0.26 -3.29 1.00 -3.29 -4.31 1.05 -4.11 

Seed Mass 0.94 2.24 0.42 0.00 0.03 -0.15 0.28 0.31 0.91 0.27 0.33 0.82 
Residual 325.40 18.04   0.05 0.23   6.31 2.51   6.93 2.63   
            WS 2013           

  Height     Diameter   Leaf Number+ WS 2013   

  Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 56.23 13.20 4.26 0.94 0.25 3.70 6.44 1.92 3.35 13.34 2.18 6.13 
IG -40.07 11.80 -3.40 -0.74 0.22 -3.33 -4.77 1.39 -3.43 -5.52 1.64 -3.36 

WG -5.31 9.50 -0.56 -0.21 0.18 -1.20 1.57 1.03 1.53 1.17 1.24 0.94 
HN 26.00 9.89 2.63 0.30 0.19 1.57 1.90 1.50 1.27 2.89 1.69 1.71 
CRH -3.62 8.58 -0.42 0.05 0.17 0.31 0.84 1.30 0.64 0.69 1.46 0.47 
CRL 10.64 8.17 1.30 0.28 0.16 1.76 2.83 1.24 2.27 3.08 1.39 2.21 
Cut -37.98 11.84 -3.21 -0.65 0.23 -2.85 -6.14 1.80 -3.41 -7.11 2.02 -3.52 
Seed Mass -0.33 3.69 -0.09 0.00 0.07 0.02 0.20 0.56 0.35 0.17 0.63 0.27 

            DS 2014           

 Height     Diameter   Leaf Number+ DS 2014   

  Est SE T Est SE T Est SE T Est SE T 
Intercept (DG) 6.87 0.79 8.73 0.86 0.12 7.38 4.42 1.70 2.60 11.62 1.91 6.09 
IG -2.04 0.64 -3.17 -0.25 0.10 -2.59 -1.32 1.48 -0.90 -2.64 1.63 -1.62 
WG -0.42 0.50 -0.84 -0.07 0.07 -0.89 4.25 1.18 3.61 3.26 1.29 2.52 
HN 2.10 0.64 3.29 0.24 0.09 2.52 1.68 1.36 1.24 2.94 1.53 1.92 
CRH 0.80 0.55 1.45 0.12 0.08 1.41 0.92 1.18 0.78 1.33 1.33 1.00 
CRL 1.18 0.53 2.24 0.26 0.08 3.36 2.58 1.12 2.30 3.09 1.26 2.45 

Cut -1.25 0.77 -1.64 -0.35 0.11 -3.10 -5.92 1.62 -3.64 -5.29 1.83 -2.88 
Seed Mass 0.07 0.24 0.30 0.02 0.04 0.65 0.26 0.50 0.52 0.32 0.57 0.56 
+ Estimates on square root transformed scale 



! 153!

 
Table S2.17- Summary of linear mixed models of growth traits (stem height, basal 
diameter, leaf number, and aboveground biomass) at the end of the wet season (WS) 
2012, dry season (DS) 2013, WS 2013, and DS 2014 of Q. oleoides seeds collected from 
four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH and Costa 
Rica low-elevation, CRL) and planted directly into common gardens in Honduras (DG, 
dry garden) and NW Costa Rica (intermediate and wet gardens, IG and WG respectively) 
in 2011.  
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Figure'S2.7,!GLMM!predicted!survivorship!of!Q.#oleoides#seedlings!from!seeds!
collected!from!four!populations!throughout!Central!America!(Belize, BZ; Honduras, 
HZ, and Costa Rica high- and low- elevations, CR High and CR Low respectively) and!
planted!into!common!gardens!at!the!dry!(Honduras),!intermediate!(Inter,!Costa!Rica!
lowAelevation)!and!wet!(Costa!Rica!highAelevation)!gardens!in!2011.!
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Figure'S2.8,!LMM predicted growth trait means of Q. oleoides seedlings from seeds 
collected from four poulations in Central America (Belize, BZ; Honduras, HZ, and Costa 
Rica high- and low- elevations, CR High and CR Low respectively).  Seeds were planted 
directly into in ambient rainfall blocks at dry (Honduras), intermediate (Inter, Costa Rica, 
low-elevation), and wet (Costa Rica high-elevation) gardens in 2011.!
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Table S2.18- Summary generalized linear mixed model nested model comparison to test 
effects of factors on survivorship of Q. oleoides seedlings from seeds collected from 
natural populations through Central America (Belize, BZ; Honduras, HN; Costa Rica 
high-elevation, CRH and Costa Rica low-elevation, CRL) and germinated in a 
shadehouses at Zamorano University and transplanted into dry garden in 2010. Degrees 
of freedom shown is the difference in nested models for each factor tested.  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    DS 2011 DS 2012 
Fixed Effects DF Χ2  Χ2  
Treatment (T) 3 5.37  5.48  
Population (P) 3 4.22  2.48  
Seed Mass 1 1.20  0.68  
Size at Planting 1 0.19  4.89 * 
Herbivory 1 0.34  8.17 ** 
T x P 9 7.00  4.07  
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Table S2.19- GLMM summary of 2010 transplant survivorship of Q. oleoides seedlings 
from seeds collected from natural populations through Central America (Belize, BZ; 
Honduras, HN; Costa Rica high-elevation, CRH and Costa Rica low-elevation, CRL) and 
germinated in a shadehouses at Zamorano University and transplanted into dry garden in 
2010. 
 
 
 

  DS 2011   DS 2012   
Fixed Effects Est SE Z Est SE Z 
BS Water 1.23 0.63 1.94 0.19 0.53 0.36 
DS Water 0.75 0.66 1.14 0.22 0.52 0.42 
Ambient Water 0.19 0.63 0.31 -0.25 0.54 -0.45 
WS Water -0.14 0.59 -0.24 -0.37 0.53 -0.69 
HN 0.07 0.54 0.13 0.10 0.46 0.21 
CRH 0.10 0.53 0.18 0.48 0.46 1.03 
CRL 0.23 0.64 0.37 0.19 0.53 0.36 
Seed Mass 0.20 0.19 1.08 0.12 0.14 0.83 
Size at Planting -0.02 0.04 -0.44 0.06 0.03 2.20 
Herbivory -0.18 0.31 -0.60 -0.96 0.29 -3.32 
DS Water x HN 0.88 1.02 0.86 0.59 0.65 0.90 
DS Water x CRH 0.24 0.88 0.27 0.32 0.65 0.49 
DS Water x CRL -0.27 1.00 -0.27 0.02 0.73 0.02 
Ambient Water x HN -0.19 0.78 -0.24 0.09 0.63 0.14 
Ambient Water x CRH -0.05 0.77 -0.07 -0.56 0.62 -0.90 
Ambient Water x CRL 0.80 1.07 0.75 -0.22 0.73 -0.31 
WS Water x HN 0.58 0.77 0.76 0.27 0.62 0.43 
WS Water x CRH 0.26 0.74 0.35 -0.09 0.62 -0.15 
WS Water x CRL 2.05 1.27 1.62 0.47 0.71 0.66 
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        DS 2011         
 Height Diameter Leaves Biomass 
Effect DF Χ2  Χ2  Χ2  Χ2  
Treatment (T) 3 11.93 ** 20.54 *** 18.62 *** 13.51 ** 
Population (P) 3 15.85 ** 11.59 ** 21.56 *** 13.80 ** 
Seed mass 1 2.03  3.10 + 0.00  1.56  
Size  1 53.72 *** 66.34 *** 84.60 *** 71.92 *** 
Herbivory 1 4.97 * 3.88 * 12.36 *** 5.48 * 
T x P 9 10.70  18.74 * 13.28  12.86 * 
                    
        DS 2012         
 Height Diameter Leaves Biomass 
Effect DF Χ2  Χ2  Χ2  Χ2  
Treatment (T) 3 2.11  4.29  1.36  3.42  
Population (P) 3 12.00 ** 7.90 * 10.49 * 6.74 + 
Seed mass 1 1.19  2.10  1.93  3.77 + 
Size  1 31.28 *** 18.82 *** 41.89 *** 32.87 *** 
Herbivory 1 8.23 ** 10.21 ** 10.57 ** 13.80 *** 
T x P 9 12.33  9.93  10.59  13.07  

 
 
Table S2.20- Summary of nested linear mixed model comparisons to test effects of 
factors on growth traits (stem height, basal diameter, leaf number, and aboveground 
biomass) of 2010 transplant cohort at the dry garden site. Covariates of seed mass and 
size of plant at transplanting (size) were included in analyses. Degrees of freedom (DF) 
shown is the difference between nested models for each factor.  +0.10≥P>0.05; * P≤ 0.05, 
** P≤0.01;  ***P<0.001 
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            DS 2011           
  Stem Height   Diameter   Leaf Number   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Ambient) 4.52 3.53 1.28 1.06 0.48 2.20 1.72 4.24 0.41 41.42 11.95 3.47 
DS Water 4.47 3.12 1.43 1.39 0.42 3.27 3.40 3.38 1.01 13.75 10.41 1.32 
WS Water 5.10 3.65 1.40 0.94 0.50 1.89 0.49 3.85 0.13 12.13 11.99 1.01 
Both Seasons 5.32 3.29 1.61 0.56 0.45 1.24 5.06 3.54 1.43 12.57 10.95 1.15 
HN 6.47 3.36 1.92 0.83 0.46 1.82 -0.23 3.41 -0.07 12.81 10.79 1.19 
CRH 1.13 3.25 0.35 0.26 0.44 0.60 1.05 3.28 0.32 4.34 10.39 0.42 
CRL 1.25 3.87 0.32 0.70 0.53 1.34 4.36 3.90 1.12 13.02 12.33 1.06 
Seed Mass 1.31 0.92 1.43 0.22 0.13 1.77 0.05 0.93 0.05 3.68 2.94 1.25 
Size  1.59 0.21 7.57 0.24 0.03 8.49 2.11 0.21 9.90 5.96 0.67 8.85 
Herbivory -4.09 1.47 -2.79 -0.40 0.20 -1.99 -13.51 3.39 -3.99 -19.52 7.51 -2.60 
DS Water x HN -0.44 4.17 -0.11 -0.54 0.57 -0.94 5.91 4.22 1.40 8.06 13.35 0.60 
WS water x HN -5.22 4.68 -1.12 -0.77 0.64 -1.21 1.47 4.72 0.31 -9.67 14.94 -0.65 
BS Water x HN 2.88 4.41 0.65 0.97 0.60 1.62 6.83 4.45 1.54 18.70 14.08 1.33 
DS Water x CRH 2.14 4.05 0.53 0.05 0.55 0.10 11.43 4.10 2.79 21.12 12.97 1.63 
WS water x CRH -0.53 4.65 -0.11 -0.19 0.63 -0.30 7.28 4.68 1.56 9.15 14.83 0.62 
BS Water x CRH -0.15 4.23 -0.04 0.18 0.58 0.31 6.59 4.26 1.55 11.86 13.47 0.88 
DS Water x CRL 5.69 4.94 1.15 0.05 0.67 0.08 5.33 4.98 1.07 16.32 15.77 1.03 
WS water x CRL -4.17 5.23 -0.80 -1.17 0.71 -1.64 -3.63 5.27 -0.69 -19.41 16.68 -1.16 
BS Water x CRL -2.34 4.98 -0.47 -0.43 0.68 -0.63 1.31 5.02 0.26 -3.06 15.88 -0.19 
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            DS 2012           
  Stem Height   Diameter   Leaf Number   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Ambient) 42.60 10.92 3.90 5.04 2.67 1.89 5.53 1.67 3.30 11.71 2.10 5.58 
DS Water 1.51 10.64 0.14 1.50 2.45 0.61 -0.30 1.61 -0.19 -0.58 1.99 -0.29 
WS Water 1.08 11.90 0.09 1.28 2.81 0.46 -0.40 1.81 -0.22 -0.57 2.25 -0.25 
Both Seasons -6.77 11.17 -0.61 1.55 2.58 0.60 -0.90 1.70 -0.53 -0.98 2.09 -0.47 
HN 3.04 9.56 0.32 2.66 2.47 1.07 0.00 1.49 0.00 -0.76 1.90 -0.40 
CRH -6.92 9.18 -0.75 3.56 2.38 1.50 0.32 1.43 0.22 -0.32 1.82 -0.17 
CRL -11.56 10.88 -1.06 1.30 2.83 0.46 1.59 1.69 0.94 -1.99 2.16 -0.92 
Seed Mass 2.82 2.59 1.09 0.97 0.67 1.45 0.56 0.40 1.39 1.00 0.51 1.95 
Size  3.40 0.60 5.70 0.68 0.15 4.41 0.62 0.09 6.68 0.69 0.12 5.88 
Herbivory -42.60 6.45 -6.61 -7.42 1.30 -5.69 -5.49 0.96 -5.73 -7.87 1.14 -6.89 
DS Water x HN 11.20 11.79 0.95 1.12 3.06 0.37 2.30 1.83 1.26 4.08 2.34 1.74 
WS water x HN 0.78 13.23 0.06 -2.84 3.43 -0.83 0.72 2.05 0.35 1.30 2.62 0.50 
BS Water x HN 22.30 12.44 1.79 3.73 3.23 1.16 4.16 1.93 2.16 5.74 2.47 2.33 
DS Water x CRH 6.82 11.45 0.60 -2.42 2.97 -0.81 1.62 1.78 0.91 2.22 2.27 0.98 
WS water x CRH 9.96 13.06 0.76 -2.91 3.40 -0.86 1.33 2.03 0.66 1.26 2.59 0.49 
BS Water x CRH 9.45 11.88 0.80 -2.68 3.09 -0.87 1.39 1.85 0.75 1.79 2.36 0.76 
DS Water x CRL 31.51 13.90 2.27 2.94 3.61 0.81 2.56 2.16 1.18 7.27 2.76 2.63 
WS Water x CRL 5.62 14.72 0.38 -2.45 3.82 -0.64 0.30 2.29 0.13 2.52 2.92 0.86 
BS Water x CRL 16.20 13.99 1.16 1.70 3.64 0.47 -0.03 2.17 -0.01 3.96 2.78 1.43 

 
Table S2.21- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-
elevation, CRL) and planted into shadehouses in Honduras and transplanted into common garden in Honduras subjected to one of four 
watering treatments (Ambient; dry season water, DS Water; wet season water, WS Water; or watered both seasons, BS water). 
Covariates of seed mass and size of plant at transplanting (size) were included in analyses.  



! 161!

 
!
!

!
!
Figure!S2.9,!GLMM!predicted!survival!of!2010!transplants!at!Dry!Garden!
(Honduras)!that!were!administered!one!of!four!watering!treatments:!Ambient,!wet!
season!water!(WS!Water),!dry!season!water!(DS!water)!and!watered!both!seasons!
(Both).!Herbivory!index!was!included!in!analyses!and!estimates!of!survivorship!are!
based!on!with!(open!symbols)!and!without!(closed!symbols)!herbivore!damage.!
Seeds!were collected from four poulations in Central America (Belize, BZ; Honduras, 
HZ, and Costa Rica high- and low- elevations, CR High and CR Low respectively).!
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!
Figure!S2.10,!LMM!predicted!growth!trait!means!(SE)!for!2010!transplants!at!three!
measurement!points!in!the!treatments!at!the!Dry!Garden!(Honduras).!Herbivory!

index!was!included!in!analyses!and!estimates!of!growth!traits!are!with!(open!

symbols)!and!without!(closed!symbols)!herbivore!damage.!Seedlings!were!subjected!

to!one!of!four!watering!treatments:!Ambient,!wet!season!water!(WS!Water),!dry!

season!water!(DS!water)!and!watered!both!seasons!(Both).!Seeds!were collected from 
four poulations in Central America (Belize, BZ; Honduras, HZ, and Costa Rica high- and 
low- elevations, CR High and CR Low respectively).!
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    WS 2012 DS 2013 WS 2013 DS 2014 
Effect DF Χ2 ` Χ2  Χ2  Χ2  
Treatment (T) 3 13.25 ** 13.11 ** 11.18 * 11.63 ** 
Population (P) 3 8.75 * 7.64 * 10.28 * 10.20 * 
Seed Mass 1 0.00  0.00  0.00  0.00  
Size  1 82.70 *** 72.37 *** 60.99 *** 57.80 *** 
Cut 1 24.34 *** 22.40 *** 14.38 *** 10.04 ** 
Herbivory 1 22.136 *** 72.37 *** 10.36 ** 9.47 ** 
T x P 9 9.96  4.94  0.00  0.00  

 
 
Table S2.22- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seeds collected from natural populations through Central 
America and planted into shadehouses in Honduras and then transplanted into common 
garden in 2011 and subjected to one of four watering treatments (Ambient, dry season 
water-DS Water, wet season water- WS Water, or watered both seasons -BS water). 
Covariates of seed mass and size of plant at transplanting (size) were included in analyses. 
Degrees of freedom (DF) shown is the difference between nested models for each factor.  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
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Table S2.23- GLMM summary of 2011 transplant cohort survivorship of Q. oleoides seedlings from seeds collected from four 
populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in a 
shadehouses at Zamorano University and transplanted into a common garden and administered one of four watering treatments: 
(Ambient, dry season water-DS Water, wet season water- WS Water, or watered both seasons -BS water). 
 
 

  WS 2012   DS 2013   WS 2013   DS 2014   
Fixed Effects Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept (Both) 0.38 0.64 0.58 0.53 0.69 0.76 0.04 0.76 0.05 0.01 0.76 0.02 
DS Water -0.35 0.52 -0.67 -0.47 0.52 -0.90 -0.26 0.53 -0.50 -0.24 0.54 -0.45 
Ambient -1.26 0.54 -2.35 -1.27 0.54 -2.36 -0.74 0.55 -1.36 -0.83 0.56 -1.50 
WS Water -1.17 0.54 -2.17 -1.19 0.54 -2.20 -0.73 0.56 -1.31 -0.74 0.56 -1.31 
HN 0.26 0.48 0.53 -0.02 0.49 -0.04 0.25 0.49 0.51 0.24 0.49 0.50 
CRH -0.17 0.60 -0.28 -0.15 0.60 -0.25 -0.28 0.61 -0.45 -0.29 0.61 -0.47 
CRL 0.04 0.41 0.10 0.00 0.41 0.01 0.43 0.42 1.02 0.39 0.42 0.93 
Seed Mass 0.01 0.14 0.07 0.01 0.14 0.09 0.05 0.14 0.35 0.03 0.14 0.18 
Size at Planting 0.16 0.02 8.48 0.15 0.02 8.31 0.15 0.02 8.23 0.15 0.02 8.13 
Cut -1.87 0.40 -4.65 -2.13 0.42 -5.08 -2.34 0.47 -4.97 -2.22 0.47 -4.69 
Herbivory 1.65 0.40 4.17 1.73 0.40 4.36 1.77 0.38 4.62 1.74 0.37 4.70 
Ambient x HN 0.31 0.66 0.46 0.49 0.66 0.74 0.16 0.66 0.25 0.20 0.67 0.30 
Ambient x CRH -0.66 0.86 -0.77 -0.68 0.87 -0.79 -0.54 0.87 -0.62 -0.41 0.87 -0.47 
Ambient x CRL 0.78 0.56 1.41 0.79 0.56 1.42 0.28 0.56 0.50 0.27 0.56 0.49 
DS Water x HN 0.49 0.66 0.74 0.87 0.66 1.31 0.58 0.66 0.88 0.48 0.66 0.73 
DS Water x CRH 0.16 0.81 0.20 0.07 0.81 0.08 0.35 0.81 0.44 0.36 0.81 0.44 
DS Water x CRL 0.20 0.55 0.38 0.30 0.55 0.55 0.15 0.55 0.26 0.12 0.55 0.22 
WS Water x HN 0.28 0.67 0.41 0.57 0.67 0.85 0.18 0.68 0.27 0.20 0.68 0.30 
WS Water x CRH 0.52 0.82 0.64 0.53 0.82 0.64 0.54 0.83 0.64 0.15 0.84 0.18 
WS Water x CRL 0.19 0.56 0.34 0.14 0.57 0.24 -0.44 0.58 -0.76 -0.48 0.58 -0.83 
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WS2012     Height   Diameter  Leaf Number Biomass  

Effect DF Χ2  Χ2  Χ2  Χ2  
Treatment (T) 3 4.14  18.06 ** 5.26  5.29  
Population (P) 3 23.41 *** 5.93  5.23  14.92 ** 
Seed Mass 1 0.06  0.44  0.30  0.15  

Size  1 14.45 *** 0.68  51.87 *** 60.01 *** 
Cut 1 3.27 + 1.21  11.83 *** 9.16 ** 
Herbivory 1 2.33  0.02  0.49  0.00  
T x P 9 7.38  7.76  4.83  6.57  
MF (P) 2 1.09  0.00  6.86 * 3.44  
Block (T) 2 71.76 *** 3.03  263.03 *** 219.88 *** 

DS 2013    Height   Diameter  Leaves Biomass  

Effect DF Χ2  Χ2  Χ2  Χ2  
T 3 3.57  5.39  6.07  4.03  

P 3 23.38 *** 8.72 * 9.74 * 30.75 *** 
Seed Mass 1 0.00  0.09  0.22  0.05  
Size  1 19.26 ** 0.05  54.29 *** 16.53 *** 
Cut 1 1.83  0.25  6.67 * 1.74  
Herbivory 1 1.52  0.00  0.95  0.82  
T x P 9 3.97  13.64  8.93  8.38  
MF (P) 2 0.04  0.00  3.39  0.24  
Block (T) 2 79.90 *** 1.40  232.81 *** 150.04 *** 

WS 2013     Height   Diameter  Leaves Biomass  

Effect DF Χ2  Χ2  Χ2  Χ2  

T 3 4.01  8.76 * 5.85  5.40  

P 3 42.02 *** 9.15 * 19.30 *** 17.02 ** 

Seed Mass 1 0.00  0.08  0.01  0.75  
Size 1 8.92 ** 2.10  39.30  34.09 *** 
Cut 1 0.28  0.75  5.09 * 3.38 + 
Herbivory 1 2.97 + 0.41  1.75  0.08  
T x P 9 8.14  9.19  9.71  8.71  
MF (P) 2 0.50  0.00  3.26  0.26  
Block (T) 2 91.31 *** 3.03  207.69 *** 76.26 *** 

DS 2014     Height   Diameter  Leaves Biomass  

Effect DF Χ2  Χ2  Χ2  Χ2  
Treat 3 5.09  12.39 ** 6.90 + 5.40  
Pop 3 42.64 *** 1.33  9.90 * 17.02 ** 
Seed Mass 1 0.25  0.20  0.54  0.75  
Size  1 12.33 *** 12.33 *** 37.06 *** 34.09 *** 
Cut 1 2.17  3.01 + 3.11 + 3.38 + 
Herbivory 1 2.35  0.59  0.75  0.08  
T x P 9 12.80  16.92 * 8.61  8.71  
MF (P) 2 0.41  0.00  1.27  0.26  
Block (T) 2 76.45 *** 0.99  110.66 *** 76.26 *** 
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Table S2.24- Summary of nested model comparisons to test effect significance of linear 
mixed effects models for growth traits (stem height, basal diameter, leaf number, and 
aboveground biomass) from seeds collected from four populations (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and germinated in 
a shadehouses at Zamorano University and transplanted into a common garden and 
administered one of four watering treatments: (Ambient, dry season water-DS Water, wet 
season water- WS Water, or watered both seasons -BS water) in 2010. Covariates of seed 
mass and size of plant at transplanting (size) were included in analyses. Degrees of 
freedom (DF) shown is the difference between nested models for each factor.  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
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WS 2012 

  Height     Diameter  Leaves+   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 25.01 6.31 3.97 94.47 13.39 7.05 3.58 1.13 3.18 3.58 1.13 3.18 
DS Water -5.07 6.54 -0.78 -23.20 14.75 -1.57 0.28 0.98 0.29 0.28 0.98 0.29 
Ambient -3.19 6.88 -0.46 -45.23 15.81 -2.86 -0.36 1.07 -0.33 -0.36 1.07 -0.33 
WS Water -6.69 7.06 -0.95 -28.72 16.10 -1.78 0.36 0.99 0.37 0.36 0.99 0.37 
HN 12.57 5.22 2.41 -26.19 13.45 -1.95 1.13 0.75 1.52 1.13 0.75 1.52 
CRH -3.04 6.92 -0.44 -10.43 17.69 -0.59 0.84 1.12 0.75 0.84 1.12 0.75 
CRL 3.89 4.49 0.87 -11.32 11.57 -0.98 0.77 0.65 1.18 0.77 0.65 1.18 
Seed Mass -0.37 1.54 -0.24 -2.57 3.87 -0.67 0.11 0.20 0.55 0.11 0.20 0.55 
Size at Planting 0.80 0.21 3.83 0.44 0.53 0.83 0.19 0.03 7.35 0.19 0.03 7.35 
Cut -5.83 3.21 -1.82 4.19 3.81 1.10 -1.62 0.46 -3.53 -1.62 0.46 -3.53 
Herbivory -3.92 2.57 -1.53 0.89 6.35 0.14 0.23 0.33 0.70 0.23 0.33 0.70 
DS Water x HN 2.27 7.21 0.32 22.20 18.70 1.19 -0.05 0.94 -0.06 -0.05 0.94 -0.06 
Ambient x HN 2.88 7.64 0.38 25.26 19.84 1.27 -1.27 1.06 -1.19 -1.27 1.06 -1.19 
WS Water x HN -6.97 7.84 -0.89 13.73 20.23 0.68 -0.34 0.95 -0.36 -0.34 0.95 -0.36 
DS Water x CRH -1.55 9.18 -0.17 28.16 23.81 1.18 -1.20 1.31 -0.92 -1.20 1.31 -0.92 
Ambient x CRH 11.52 10.67 1.08 21.01 27.81 0.76 -1.05 1.43 -0.73 -1.05 1.43 -0.73 
WS Water x CRH 5.05 10.27 0.49 -10.50 26.52 -0.40 -0.63 1.34 -0.47 -0.63 1.34 -0.47 
DS Water x CRL -0.32 6.13 -0.05 10.32 15.96 0.65 0.18 0.81 0.22 0.18 0.81 0.22 
Ambient x CRL -1.27 6.55 -0.19 29.76 17.02 1.75 -0.97 0.94 -1.03 -0.97 0.94 -1.03 
WS Water x CRL -0.79 6.83 -0.12 8.57 17.63 0.49 -0.38 0.82 -0.46 -0.38 0.82 -0.46 
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            DS 2013           
  Height     Diameter   Leaves+   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 25.06 6.67 3.76 6.31 0.74 8.49 3.93 1.60 2.45 12.34 1.03 11.95 
DS Water -4.58 6.86 -0.67 -1.89 0.80 -2.35 0.17 1.35 0.13 -1.09 1.03 -1.06 
Ambient -2.86 7.21 -0.40 -1.08 0.86 -1.25 -0.54 1.49 -0.36 0.01 1.08 0.01 
WS Water -8.08 7.41 -1.09 -2.35 0.88 -2.68 0.16 1.36 0.12 -1.62 1.11 -1.46 
HN 15.93 5.35 2.98 -2.56 0.73 -3.51 0.48 1.05 0.46 2.03 0.77 2.62 
CRH -0.44 7.08 -0.06 -2.16 0.96 -2.25 -0.27 1.57 -0.17 -0.59 1.03 -0.57 
CRL 4.15 4.59 0.90 -1.65 0.63 -2.62 0.47 0.92 0.51 0.33 0.67 0.50 
Seed Mass -0.08 1.55 -0.05 0.06 0.21 0.31 -0.13 0.28 -0.47 0.07 0.23 0.30 
Size at Planting 0.95 0.21 4.46 -0.01 0.03 -0.23 0.28 0.04 7.53 0.12 0.03 3.80 
Cut -4.65 3.43 -1.35 -0.18 0.28 -0.63 -1.72 0.65 -2.65 -0.89 0.52 -1.69 
Herbivory -3.28 2.65 -1.24 -0.01 0.35 -0.03 0.46 0.47 0.98 -0.63 0.38 -1.65 
DS Water x HN -3.48 7.45 -0.47 2.18 1.02 2.14 1.84 1.33 1.39 1.31 1.08 1.22 
Ambient x HN -4.58 7.89 -0.58 2.30 1.08 2.13 -0.23 1.51 -0.15 -0.61 1.14 -0.53 
WS Water x HN -7.22 8.12 -0.89 2.27 1.10 2.06 1.24 1.34 0.93 -0.40 1.18 -0.34 
DS Water x CRH -2.97 9.51 -0.31 2.46 1.30 1.90 0.26 1.86 0.14 0.09 1.38 0.07 
Ambient x CRH 3.80 11.04 0.34 3.45 1.51 2.28 1.43 2.03 0.70 0.69 1.60 0.43 
WS Water x CRH 4.31 10.64 0.41 3.15 1.44 2.19 1.63 1.90 0.86 0.47 1.54 0.31 
DS Water x CRL -0.24 6.34 -0.04 2.22 0.87 2.57 1.77 1.15 1.54 1.01 0.92 1.10 
Ambient x CRL -2.54 6.76 -0.38 1.38 0.93 1.49 -0.10 1.33 -0.07 -0.38 0.98 -0.39 
WS Water x CRL 1.34 7.07 0.19 2.21 0.96 2.30 1.23 1.16 1.06 0.64 1.02 0.62 
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WS 2013           

  Height     Diameter   Leaves+   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 48.55 14.10 3.44 2.09 0.20 10.54 7.52 2.76 2.73 7.52 2.76 2.73 
DS Water -13.69 14.30 -0.96 0.16 0.22 0.74 -0.85 2.41 -0.35 -0.85 2.41 -0.35 
Ambient 1.85 15.01 0.12 -0.04 0.23 -0.16 0.04 2.52 0.02 0.04 2.52 0.02 
WS Water -16.63 15.41 -1.08 0.07 0.23 0.32 -1.50 2.57 -0.58 -1.50 2.57 -0.58 
HN 30.23 11.10 2.72 -0.14 0.19 -0.71 6.22 1.76 3.54 6.22 1.76 3.54 
CRH -10.18 14.70 -0.69 0.22 0.26 0.86 3.48 2.34 1.49 3.48 2.34 1.49 
CRL 4.73 9.54 0.50 -0.10 0.17 -0.62 3.68 1.51 2.43 3.68 1.51 2.43 
Seed Mass 0.50 3.25 0.15 -0.02 0.06 -0.28 -0.10 0.52 -0.20 -0.10 0.52 -0.20 
Size at Planting 1.36 0.44 3.07 -0.01 0.01 -1.45 0.42 0.07 6.04 0.42 0.07 6.04 
Cut -6.59 7.23 -0.91 -0.07 0.08 -0.97 -3.45 1.25 -2.75 -3.45 1.25 -2.75 
Herbivory -10.56 5.49 -1.93 0.06 0.09 0.65 0.48 0.86 0.56 0.48 0.86 0.56 
DS Water x HN 24.17 15.40 1.57 -0.17 0.27 -0.64 0.32 2.41 0.13 0.32 2.41 0.13 
Ambient x HN -10.94 16.30 -0.67 0.05 0.29 0.17 -3.27 2.55 -1.28 -3.27 2.55 -1.28 
WS Water x HN -10.35 16.76 -0.62 0.23 0.29 0.78 -4.46 2.62 -1.70 -4.46 2.62 -1.70 
DS Water x CRH 1.52 19.62 0.08 0.09 0.35 0.26 -3.09 3.07 -1.01 -3.09 3.07 -1.01 
Ambient x CRH 4.22 22.80 0.19 0.19 0.40 0.47 -2.38 3.57 -0.67 -2.38 3.57 -0.67 
WS Water x CRH -0.85 21.96 -0.04 -0.29 0.38 -0.76 -3.53 3.43 -1.03 -3.53 3.43 -1.03 
DS Water x CRL 13.62 13.09 1.04 0.05 0.23 0.20 0.91 2.05 0.44 0.91 2.05 0.44 
Ambient x CRL -5.24 13.97 -0.38 0.32 0.25 1.28 -2.41 2.19 -1.10 -2.41 2.19 -1.10 
WS Water x CRL 2.80 14.59 0.19 0.23 0.26 0.90 -2.02 2.28 -0.88 -2.02 2.28 -0.88 
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            DS 2014           
  Height     Diameter*   Leaves+   Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 65.88 14.84 4.44 1.92 0.17 11.23 9.75 2.93 3.33 16.64 3.24 5.14 
DS Water -17.87 15.10 -1.18 0.07 0.19 0.36 -1.00 2.80 -0.36 -1.66 3.16 -0.53 
Ambient -8.35 15.85 -0.53 0.40 0.20 1.99 -1.36 2.93 -0.46 -1.39 3.30 -0.42 
WS Water -9.77 16.27 -0.60 0.15 0.20 0.76 -1.69 3.00 -0.56 -1.66 3.39 -0.49 
HN 33.13 11.70 2.83 0.13 0.17 0.75 4.82 2.07 2.33 5.80 2.36 2.45 
CRH -13.14 15.50 -0.85 -0.21 0.22 -0.95 2.02 2.74 0.74 1.58 3.13 0.51 
CRL 3.43 10.06 0.34 0.05 0.14 0.32 2.28 1.78 1.29 2.37 2.03 1.17 
Seed Mass -1.73 3.43 -0.50 -0.02 0.05 -0.45 -0.48 0.61 -0.80 -0.60 0.69 -0.87 
Size at Planting 1.65 0.47 3.54 -0.01 0.01 -1.59 0.51 0.08 6.17 0.56 0.09 5.94 
Cut -11.52 7.61 -1.51 -0.15 0.06 -2.40 -3.23 1.44 -2.24 -3.25 1.62 -2.00 
Herbivory -8.92 5.79 -1.54 -0.06 0.08 -0.78 -0.16 1.02 -0.16 -0.33 1.17 -0.28 
DS Water x HN 22.77 16.24 1.40 -0.19 0.23 -0.81 0.73 2.86 0.26 1.83 3.28 0.56 
Ambient x HN -13.31 17.19 -0.77 -0.47 0.25 -1.88 -1.96 3.03 -0.65 -2.41 3.48 -0.69 
WS Water x HN -28.25 17.68 -1.60 0.03 0.25 0.13 -4.60 3.11 -1.48 -5.51 3.58 -1.54 
DS Water x CRH -3.22 20.70 -0.16 0.68 0.30 2.29 -2.33 3.64 -0.64 -2.39 4.19 -0.57 
Ambient x CRH 1.87 24.05 0.08 -0.29 0.35 -0.83 -0.32 4.23 -0.08 -0.64 4.86 -0.13 
WS Water x CRH -12.32 23.16 -0.53 0.40 0.33 1.19 -4.20 4.08 -1.03 -4.96 4.69 -1.06 
DS Water x CRL 9.99 13.81 0.72 0.03 0.20 0.17 1.82 2.43 0.75 2.23 2.79 0.80 
Ambient x CRL -8.00 14.73 -0.54 -0.22 0.21 -1.04 -1.41 2.59 -0.54 -1.83 2.98 -0.62 
WS Water x CRL -8.90 15.39 -0.58 0.18 0.22 0.80 -1.19 2.71 -0.44 -1.59 3.11 -0.51 

 
Table S2.25- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of Q. oleoides seedlings from seeds collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; 
Costa Rica low-elevation, CRL) and germinated in a shadehouses at Zamorano University and transplanted into a common garden and 
administered one of four watering treatments: (Ambient, dry season water-DS Water, wet season water- WS Water, or watered both 
seasons -BS water) in 2010. Covariates of seed mass and size of plant at transplanting (size) were included in analyses.  
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Figure'S2.11,!GLMM!predicted!survival!of!2011!transplants!at!Dry!Garden!
(Honduras)!subjected!to!one!of!four!watering!treatments:!Ambient,!wet!season!

water!(WS!Water),!dry!season!water!(DS!water)!and!watered!both!seasons!(Both).!

Seeds!were collected from four poulations in Central America (Belize, BZ; Honduras, 
HZ, and Costa Rica high- and low- elevations, CR High and CR Low respectively).!
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Figure'S2.12,!LMM!predicted!growth!trait!means!for!2011!transplants!at!three!
measurement!points!in!the!treatments!at!the!Dry!Garden!(Honduras).!!Seedlings!
were!administered!one!of!four!watering!treatments:!Ambient,!wet!season!water!
(WS!Water),!dry!season!water!(DS!water)!and!watered!both!seasons!(Both).!Seeds!
were collected from four poulations in Central America (Belize, BZ; Honduras, HZ, and 
Costa Rica high- and low- elevations, CR High and CR Low respectively).!
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Table S2.26-Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seedlings from seeds collected from natural populations 
through Central America (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; 
Costa Rica low-elevation, CRL) and planted into the dry garden and subjected to one of 
four watering (Ambient, dry season water-DS Water, wet season water- WS Water, or 
watered both seasons -BS water). Degrees of freedom (DF) shown is the difference 
between nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001 
 
 
 
 
 
 
 
 
 

    DS 2011 DS 2012 
Effects DF Dev  Dev  
Treatment 3 2.95  10.96 * 
Population 3 1.60  1.99  
Seed size 1 0.79  5.76 * 
Germination Date 1 0.75  12.26 *** 
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Table S2.27- GLMM summary of seedling survivorship of the 2010 direct planting 
cohort from Q. oleoides seeds collected from four populations throughout Central 
America and planted into the DG (Honduras) and administered one of four watering 
treatments: (Ambient, dry season water-DS Water, wet season water- WS Water, or 
watered both seasons -BS water) 
 
 
 
 

  DS 2011     DS 2012    
Effects Est SE Z Est SE Z 
Intercept (Both Water) 27.56 1617.00 0.02 19.01 5.54 3.43 
DS Water -0.64 0.94 -0.69 0.67 0.43 1.55 
Ambient -1.29 0.82 -1.56 -0.612 0.34 -1.82 
WS Water -0.73 0.93 -0.78 -0.16 0.38 -0.42 
HN -15.37 1617.00 -0.01 0.43 0.77 0.56 
CRH -14.67 1617.00 -0.01 0.80 0.72 1.11 
CRL -15.33 1617.00 -0.01 0.82 0.63 1.31 
Seed size 0.48 0.58 0.84 0.65 0.28 2.26 
Germination Date -0.00 0.00 -0.91 -0.00 0.00 -3.53 
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Table S2.28- Summary of nested model comparisons to test effect significance of linear mixed effects models for growth traits (stem 
height, basal diameter, leaf number, and aboveground biomass) of 2010 direct planting cohort of seedlings at the dry garden.  
Seedlings were administered one of four watering treatments: Ambient, dry season water-DS Water, wet season water- WS Water, or 
watered both seasons -BS water.  Degrees of freedom (DF) shown is the difference between nested models for each factor. 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
 
 
 

          DS 2011       
    Stem Height  Diameter Leaves Biomass 
Effect DF Dev  Dev  Dev  Dev  
Treatment (T) 3 31.48 *** 31.48 *** 24.28 *** 29.54 *** 
Population (P) 3 4.46  4.46  3.80  3.50  
Herbivory 1 0.75  0.75  0.28  0.69  
Seed Mass 1 0.09  0.09  1.61  0.39  
T x P 9 20.60 * 20.60 * 10.67  16.16 + 
          DS 2012       
Effect   Stem Height  Diameter Leaves Biomass 
 DF Dev  Dev  Dev  Dev  
Treatment (T) 3 14.98 ** 8.34 * 8.76 * 10.67 * 
Population (P) 3 6.29 + 2.92  5.26  5.44  
Herbivory 1 0.08  1.50  0.04  0.04  
Seed Mass 1 0.88  0.06  2.03  1.78  
T x P 9 10.82  8.02  7.63  8.25  
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  Stem Height   Diameter    Leaf Number    Biomass    
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 23.69 5.64 4.21 3.56 0.64 5.57 12.63 4.87 2.60 59.61 15.32 3.89 
DS Water -8.15 9.08 -0.90 -1.38 1.04 -1.33 -3.76 7.60 -0.50 -19.10 24.20 -0.79 
Ambient -17.60 7.24 -2.43 -1.62 0.83 -1.95 -9.29 6.08 -1.53 -43.09 19.30 -2.23 
WS Water 4.94 7.98 0.62 0.18 0.91 0.19 -1.59 6.70 -0.24 4.05 21.27 0.19 
HN 14.08 6.76 2.08 0.94 0.76 1.23 2.88 5.63 0.51 26.12 18.00 1.45 
CRH 6.09 5.65 1.08 0.14 0.64 0.21 4.62 4.73 0.98 15.31 15.06 1.02 
CRL 3.61 4.92 0.73 0.22 0.56 0.40 6.68 4.11 1.63 14.80 13.10 1.13 
Herbivory -1.79 2.06 -0.87 -0.17 0.23 -0.75 -0.91 1.72 -0.53 -4.57 5.50 -0.83 
Seed Mass 0.35 1.19 0.29 0.02 0.13 0.14 1.27 1.00 1.28 1.99 3.19 0.63 
Ambient x HN -8.17 9.74 -0.84 -0.96 1.10 -0.88 -1.33 8.10 -0.16 -14.39 25.95 -0.56 
Ambient x CRH -6.64 8.74 -0.76 -0.89 0.99 -0.91 -7.68 7.28 -1.06 -21.58 23.28 -0.93 
Ambient x CRL 5.39 7.49 0.72 0.41 0.85 0.49 -2.76 6.25 -0.44 6.36 19.96 0.32 
DS Water x HN 13.91 11.66 1.19 2.13 1.31 1.62 13.91 9.69 1.44 44.06 31.05 1.42 
DS Water x CRH 9.72 10.42 0.93 1.69 1.18 1.44 8.50 8.68 0.98 29.35 27.76 1.06 
DS Water x CRL 8.80 9.34 0.94 1.40 1.05 1.33 2.09 7.78 0.27 18.44 24.87 0.74 
WS Water x HN -24.63 10.53 -2.34 -1.73 1.19 -1.46 -5.89 8.78 -0.67 -46.15 28.05 -1.65 
WS Water x CRH -14.88 9.43 -1.58 -0.90 1.06 -0.85 -6.23 7.85 -0.79 -31.23 25.12 -1.24 
WS Water x CRL -13.27 8.23 -1.61 -0.89 0.93 -0.96 -6.77 6.86 -0.99 -29.45 21.94 -1.34 
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DS 2012 
  Stem Height   Diameter=   Leaf Number=    Biomass=   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) 83.72 20.91 4.00 4.40 1.05 4.20 12.60 5.05 2.49 19.45 5.70 3.41 
DS Water -57.61 27.32 -2.11 -1.42 1.43 -0.99 -10.71 6.61 -1.62 -13.11 7.32 -1.79 
Ambient -66.06 27.50 -2.40 -2.29 1.45 -1.58 -8.42 6.68 -1.26 -11.23 7.39 -1.52 
WS Water -29.68 24.67 -1.20 -0.83 1.31 -0.63 -6.47 6.02 -1.08 -7.28 6.66 -1.09 
HN 0.04 24.24 0.00 0.45 1.22 0.37 6.23 5.73 1.09 7.30 6.35 1.15 
CRH -31.99 19.84 -1.61 -1.04 1.02 -1.02 0.56 4.76 0.12 -0.48 5.27 -0.09 
CRL -10.19 18.11 -0.56 -0.81 0.93 -0.87 0.58 4.32 0.13 0.50 4.79 0.11 
Herbivory -1.56 5.69 -0.28 -0.37 0.30 -1.24 0.27 1.37 0.20 -0.29 1.52 -0.19 
Seed Mass 3.22 3.42 0.94 0.04 0.18 0.25 1.19 0.82 1.45 1.24 0.91 1.36 
Ambient x HN 44.09 35.13 1.26 0.18 1.79 0.10 -2.61 8.36 -0.31 -1.84 9.26 -0.20 
Ambient x CRH 63.44 31.22 2.03 2.03 1.59 1.27 2.89 7.45 0.39 5.23 8.25 0.63 
Ambient x CRL 46.17 28.18 1.64 1.89 1.45 1.30 3.33 6.76 0.49 5.15 7.49 0.69 
DS Water x HN 71.48 35.28 2.03 2.49 1.78 1.40 4.84 8.34 0.58 7.50 9.25 0.81 
DS Water x CRH 82.91 30.82 2.69 1.98 1.57 1.26 12.80 7.34 1.74 16.55 8.14 2.04 
DS Water x CRL 58.28 28.04 2.08 2.20 1.43 1.54 10.99 6.68 1.65 14.03 7.41 1.90 
WS Water x HN 10.13 33.21 0.31 -0.45 1.69 -0.27 -5.95 7.91 -0.75 -6.07 8.77 -0.69 
WS Water x CRH 39.04 31.42 1.24 0.73 1.60 0.46 9.34 7.48 1.25 10.83 8.30 1.31 
WS Water x CRL 8.79 25.47 0.35 0.44 1.30 0.34 4.86 6.08 0.80 4.55 6.74 0.68 

 
 
Table S2.29- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from the 2010 direct planting cohort at the end of the DS 2011 and 2012 of Q. oleoides seeds collected from four 
populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted directly into 
common gardens in Honduras in one of four watering treatments: Ambient, dry season water-DS Water, wet season water- WS Water, 
or watered both seasons -BS water.   
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Figure'S2.13-!GLMM!predicted!survivorship!of!seedlings!from!2010!direct!planting!
cohort!at!the!dry!garden!site.!Seedlings!were!administered!one!of!four!watering!
treatments:!Ambient,!wet!season!water!(WS!Water),!dry!season!water!(DS!water)!
and!watered!both!seasons!(Both).!Seeds!were collected from four poulations in Central 
America (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- elevations, CR High 
and CR Low respectively).!
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Figure'S2.14-LMM!predicted!growth!trait!means!of!seedlings!from!2010!direct!
planting!cohort!at!the!Dry!Garden!(Honduras).!!Seedlings!were!administered!one!of!
four!watering!treatments:!Ambient,!wet!season!water!(WS!Water),!dry!season!water!
(DS!water)!and!watered!both!seasons!(Both).!Seeds!were collected from four 
poulations in Central America (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- 
elevations, CR High and CR Low respectively).'
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Table S2.30-Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seedlings from seeds collected from four populations (Belize, 
BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) 
and planted directly into the dry garden 2011. Seedlings were administered one of four 
watering (Ambient, dry season water-DS Water, wet season water- WS Water, or watered 
both seasons -BS water). Degrees of freedom (DF) shown is the difference between 
nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
 
 
 
 
 

    WS 2012 DS 2013 WS 2013 DS 2014 
Effect DF X2  X2  X2  X2  
Treatment 3 7.46 + 7.19 + 6.98 + 6.22 + 
Population 3 18.96 *** 18.02 *** 10.65 * 9.28 * 
Seed Mass 1 0.17  0.29  0.51  0.91  
Cut 1 2.66  1.29  0.02  0.01  
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  WS 2012   DS 2013   WS 2013   DS 2014   
  Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept (Ambient) 1.75 0.56 3.11 1.61 0.63 2.55 1.20 0.59 2.03 1.03 0.59 1.74 
DS Water -0.80 0.49 -1.62 -0.74 0.48 -1.55 -0.54 0.51 -1.07 -0.61 0.53 -1.15 
WS Water -1.40 0.49 -2.85 -1.35 0.48 -2.82 -1.37 0.50 -2.74 -1.36 0.53 -2.57 
Both Water -0.76 0.49 -1.57 -0.72 0.48 -1.52 -0.41 0.50 -0.82 -0.37 0.53 -0.71 
HN 1.12 0.44 2.54 1.05 0.43 2.41 1.01 0.42 2.44 0.95 0.41 2.33 
CRH 1.47 0.42 3.50 1.38 0.42 3.32 1.01 0.39 2.62 1.01 0.38 2.65 
CRL 0.56 0.38 1.47 0.50 0.38 1.31 0.52 0.37 1.43 0.57 0.36 1.58 
Seed Mass 0.01 0.05 0.22 0.06 0.19 0.30 0.10 0.18 0.56 0.15 0.17 0.85 
Cut 1.09 0.75 1.45 0.68 0.63 1.07 -0.07 0.46 -0.15 0.05 0.46 0.10 

 
 
 
Table S2.31- GLMM summary of Q. oleoides seedling survivorship from the 2011 direct planting cohort.  Seeds were from natural 
populations through Central America (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) 
and planted directly into dry garden site in Honduras.  Seedlings were administered one of four watering (Ambient, dry season water-
DS Water, wet season water- WS Water, or watered both seasons -BS water). 
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          WS 2012       
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treat 2 35.76 *** 52.94 *** 35.90 *** 39.44 *** 
Pop 3 4.42  6.95 + 3.86  4.14  
Seed Mass 1 7.01 ** 1.37  0.29  1.72  
                    
          DS 2013       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treat 2 8.40 * 8.03 * 8.35 * 8.52 * 
Pop 3 4.58  5.85  4.00  4.52  
Seed Mass 1 0.24  0.54  0.23  0.23  
                    
          WS 2013       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treat 2 12.49 ** 10.61 ** 11.95 ** 13.57 ** 
Pop 3 2.74  1.32  1.02  2.01  
Seed Mass 1 0.15  0.00  0.03  0.00  
                    
          DS 2014       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treat 2 9.38 ** 4.74 + 9.25 * 10.28 ** 
Pop 3 6.96 + 6.66 + 4.87  6.80 + 
Seed Mass 1 0.03  0.17  0.48  0.27  

 
 
Table S2.32- Summary of nested model comparisons to test effect significance of linear 
mixed effects models for growth traits (stem height, basal diameter, leaf number, and 
aboveground biomass) of 2011direct planting cohort of seedlings at the DG (Honduras).  
Seedlings were administered one of four watering treatments: Ambient, dry season water-
DS Water, wet season water- WS Water, or watered both seasons -BS water.  Degrees of 
freedom (DF) shown is the difference between nested models for each factor. 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001 
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            WS 2012           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 43.13 8.98 4.80 0.63 0.11 5.66 3.26 0.95 3.43 3.26 0.95 3.43 
WG-Amb -32.58 4.68 -6.96 -0.66 0.06 -11.01 -3.88 0.54 -7.22 -3.88 0.54 -7.22 
IG-DS Water 16.31 3.17 5.15 0.18 0.04 4.48 1.11 0.36 3.08 1.11 0.36 3.08 
HN -23.20 21.42 -1.08 -0.55 0.30 -1.83 0.72 2.52 0.29 0.72 2.52 0.29 
CRH 9.89 6.48 1.53 0.12 0.08 1.43 1.06 0.70 1.51 1.06 0.70 1.51 
CRL 4.87 5.93 0.82 0.10 0.08 1.28 1.29 0.65 1.97 1.29 0.65 1.97 
Seed Mass -8.72 3.25 -2.68 -0.05 0.04 -1.17 -0.18 0.33 -0.54 -0.18 0.33 -0.54 
            DS 2013           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) -25.86 10.42 -2.48 0.27 0.20 1.30 3.26 0.95 3.43 3.26 0.95 3.43 
WG-Amb 5.57 8.82 0.63 -0.42 0.17 -2.52 -3.88 0.54 -7.22 -3.88 0.54 -7.22 
IG-DS Water 9.98 23.51 0.42 0.05 0.14 0.39 1.11 0.36 3.08 1.11 0.36 3.08 
HN 13.52 6.48 2.09 0.18 0.40 0.46 0.72 2.52 0.29 0.72 2.52 0.29 
CRH 11.95 6.05 1.98 0.19 0.11 1.71 1.06 0.70 1.51 1.06 0.70 1.51 
CRL 1.51 3.09 0.49 0.25 0.10 2.41 1.29 0.65 1.97 1.29 0.65 1.97 
Seed Mass -8.72 3.25 -2.68 0.04 0.05 0.73 -0.18 0.33 -0.54 -0.18 0.33 -0.54 
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WS 2013 
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 47.03 15.69 3.00 0.87 0.31 2.76 7.25 2.10 3.45 7.25 2.10 3.45 
WG-Amb -24.06 8.42 -2.86 -0.48 0.18 -2.59 -2.93 0.92 -3.20 -2.93 0.92 -3.20 
IG-DS Water 9.61 5.82 1.65 0.15 0.13 1.17 0.43 0.58 0.73 0.43 0.58 0.73 
HN 34.47 35.79 0.96 0.43 0.73 0.59 2.19 4.38 0.50 2.19 4.38 0.50 
CRH 15.21 9.87 1.54 0.17 0.20 0.86 1.09 1.21 0.90 1.09 1.21 0.90 
CRL 12.86 9.24 1.39 0.21 0.19 1.10 1.07 1.13 0.94 1.07 1.13 0.94 
Seed Mass -1.84 4.73 -0.39 -0.01 0.10 -0.06 0.10 0.58 0.17 0.10 0.58 0.17 
            DS 2014           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 23.48 15.39 1.53 0.48 0.32 1.51 2.27 1.65 1.38 2.27 1.65 1.38 
WG-Amb -8.55 8.33 -1.03 -0.09 0.17 -0.54 1.29 0.89 1.45 1.29 0.89 1.45 
IG-DS Water 15.62 5.34 2.92 0.19 0.11 1.79 2.25 0.57 3.93 2.25 0.57 3.93 
HN 62.54 40.56 1.54 0.96 0.82 1.17 4.28 4.33 0.99 4.28 4.33 0.99 
CRH 22.98 11.24 2.04 0.30 0.23 1.30 1.79 1.20 1.49 1.79 1.20 1.49 
CRL 26.01 10.53 2.47 0.50 0.21 2.34 2.40 1.13 2.13 2.40 1.13 2.13 
Seed Mass 0.96 5.37 0.18 0.04 0.11 0.41 0.40 0.57 0.69 0.40 0.57 0.69 

 
 
Table S2.33- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from the 2011 direct planting cohort of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted directly into dry garden in Honduras in one of four 
watering treatments: Ambient, dry season water-DS Water, wet season water- WS Water, or watered both seasons -BS water. 
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!

!
Figure'S2.15-!GLMM!predicted!survivorship!of!seedlings!from!direct!planting!in!
2011.!Seedlings!were!administered!one!of!four!watering!treatments:!Ambient,!wet!
season!water!(WS!Water),!dry!season!water!(DS!water)!and!watered!both!seasons!
(Both).!Seeds!were collected from four poulations in Central America (Belize, BZ; 
Honduras, HZ, and Costa Rica high- and low- elevations, CR High and CR Low 
respectively).!
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Figure'S2.16-!LMM!predicted!growth!trait!means!of!seedlings!from!2011!direct!
planting!cohort!at!the!Dry!Garden!(Honduras).!!Seedlings!were!administered!one!of!
four!watering!treatments:!Ambient,!wet!season!water!(WS!Water),!dry!season!water!
(DS!water)!and!watered!both!seasons!(Both).!Seeds!were collected from four 
poulations in Central America (Belize, BZ; Honduras, HZ, and Costa Rica high- and low- 
elevations, CR High and CR Low respectively).!
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Table S2.34- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seedlings the 2010 transplant cohort at the end of the DS 
2011 and 2012.  Seeds were collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and into shadehouses 
and then transplanted into the intermediate and wet gardens in Costa Rica.  Seedlings 
were exposed to two treatments at the intermediate garden: ambient rainfall levels at the 
intermediate garden (IG-Amb), and added water during the dry season (IG-DS Water); all 
seedlings at wet garden experienced ambient rainfall (WG-Amb).  Degrees of freedom 
(DF) shown is the difference between nested models for each factor. +0.10≥P>0.05; * P≤ 
0.05, ** P≤0.01;  ***P<0.001  
 
 
 
 

    DS 2011 DS 2012 
Effect DF Χ2  Χ2  
Treatment (T) 2 4.64 + 4.81 + 
Population (P) 3 6.03  4.55  
Seed mass 1 0.72  0.02  
Size at planting 1 24.61 *** 11.37 ** 
T x P 6 4.60  4,07  
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Table S2.35- Summary generalized linear mixed model of survivorship of Q. oleoides 
seedlings the 2010 transplant cohort at the end of the DS 2011 and 2012.  Seeds were 
collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, 
CRH; Costa Rica low-elevation, CRL) and into shadehouses and then transplanted into 
the intermediate and wet gardens in Costa Rica.  Seedlings were exposed to two 
treatments at the intermediate garden: ambient rainfall levels at the intermediate garden 
(IG-Amb), and added water during the dry season (IG-DSW); all seedlings at wet garden 
experienced ambient rainfall (WG-Amb).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  DS 2011   DS 2012   
  Est SE Z Est SE Z 
Intercept (IG- Amb) 3.11 1.05 2.96 0.78 0.79 0.99 
IG- DS Water 0.54 0.65 0.84 -0.75 0.70 -1.07 
WG- Ambient -0.97 0.53 -1.85 0.11 0.60 0.18 
HN  -0.65 0.45 -1.45 0.10 0.57 0.17 
CRH -0.34 0.45 -0.75 0.87 0.58 1.50 
CRL 0.00 0.40 0.00 0.47 0.44 1.07 
Seed Mass -0.03 0.23 -0.13 -0.14 0.17 -0.86 
Size at Planting 0.07 0.02 3.31 0.08 0.02 4.82 
IG-DSW x HN  -- -- -- -0.91 0.84 -1.08 
IG DSW x CRH  -- -- -- -0.54 0.79 -0.68 
IG DSW x CRL  -- -- -- -0.38 0.60 -0.64 
WG Amb x HN  -- -- -- -0.41 0.75 -0.55 
WG Amb x CRH  -- -- -- -1.10 0.73 -1.50 
WG Amb x CRL  -- -- -- -0.11 0.56 -0.20 
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Table S2.36 Summary of effect significance using nested model comparison of growth traits of Q. oleoides seedlings the 2010 
transplant cohort at the end of the DS 2011 and 2012.  Seeds were collected from four populations of Q. oleoides (Belize, BZ; 
Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and into shadehouses and then transplanted into the 
intermediate and wet gardens in Costa Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient rainfall 
levels at the intermediate garden (IG-Amb), and added water during the dry season (IG-DSW); all seedlings at wet garden experienced 
ambient rainfall (WG-Amb). Degrees of freedom are for the nested models compared and are the same for all traits. Covariates of seed 
mass and size of plant at transplanting (size) were included in analyses. Degrees of freedom (DF) shown is the difference between 
nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
 
 

        DS 2011         
Effect   Stem Height Diameter Leaves Biomass 
  DF Χ2  Χ2  Χ2  Χ2  
Treatment (T) 2 20.42 *** 9.91 ** 3.15  2.64  
Population (P) 3 4.59  5.83  24.22 *** 13.89 ** 
Seed M 1 0.00  0.00  1.22  0.00  
Size  1 45.38 *** 45.81 *** 159.20 *** 166.54 *** 
T x P 6 2.37  4.90  4.40  3.68  
                    
        DS 2012          
Effect   Stem Height Diameter Leaves Biomass 
  DF    Χ2  Χ2  Χ2  
Treatment (T) 2 20.06 *** 20.41 *** 9.51 ** 20.94 *** 
Population (P) 3 6.06  12.41 ** 5.11  5.59  
Seed M 1 0.01  0.00  1.69  0.26  
Size  1 31.00 *** 21.94 *** 55.16 *** 32.21 *** 
T x P 6 2.09  0.88  5.08  1.67  
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          DS 2011              
  Height+     Diameter     Leaves+     Biomass   
  Est SE T Est SE T Est SE T Est SE T 
IG-Amb 6.30 0.67 9.46 0.58 0.24 2.38 2.39 0.58 4.11 60.01 12.60 4.76 
IG-DSW -0.34 0.60 -0.57 0.20 0.21 0.94 -0.24 0.62 -0.38 -3.99 13.17 -0.30 
WG-Amb -3.78 0.89 -4.26 -0.47 0.32 -1.48 -0.64 0.85 -0.75 -8.87 18.46 -0.48 
HN Pop 0.37 0.52 0.71 0.42 0.18 2.27 0.50 0.38 1.31 20.31 9.22 2.20 
CRH Pop 0.27 0.46 0.60 0.23 0.16 1.45 0.84 0.34 2.51 17.45 8.09 2.16 
CRL Pop 0.43 0.39 1.10 0.40 0.14 2.94 0.80 0.29 2.78 16.01 6.89 2.32 
Seed Size 0.01 0.16 0.03 0.00 0.06 -0.03 -0.13 0.12 -1.10 -0.09 2.82 -0.03 
Leaves at Planting 0.10 0.02 6.86 0.04 0.01 6.89 0.15 0.01 13.42 3.71 0.27 13.76 
IG-DSW x HN Pop 0.78 0.69 1.12 -0.36 0.25 -1.49 0.12 0.51 0.24 -2.01 12.29 -0.16 
IG-DSW x CRH Pop 0.03 0.62 0.05 -0.08 0.22 -0.35 0.56 0.45 1.23 10.31 10.94 0.94 
IG-DSW x CRL Pop -0.05 0.50 -0.10 -0.27 0.18 -1.53 0.37 0.36 1.02 4.53 8.78 0.52 
WG-Amb x HN Pop 0.31 1.46 0.21 -0.46 0.52 -0.89 -0.72 1.08 -0.67 -22.56 25.89 -0.87 
WG-Amb x CRH Pop -0.05 1.02 -0.05 -0.19 0.36 -0.52 -0.80 0.75 -1.06 -19.58 18.09 -1.08 
WG-Amb x CRL Pop -0.35 0.82 -0.43 -0.41 0.29 -1.43 -0.61 0.61 -1.01 -15.50 14.55 -1.07 
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          DS 2012             
  Height+     Diameter     Leaves+     Biomass   
  Est SE T Est SE T Est SE T Est SE T 
IG-Amb 9.34 0.91 10.29 1.12 0.12 8.98 7.07 1.59 4.45 158.92 86.06 1.85 
IG-DSW -1.81 0.74 -2.45 -0.12 0.11 -1.06 -2.48 1.45 -1.71 -72.02 85.94 -0.84 
WG-Amb -4.81 1.12 -4.28 -0.62 0.16 -3.78 -5.36 2.12 -2.53 -169.18 123.02 -1.38 
HN Pop 0.51 0.69 0.73 0.11 0.10 1.08 0.28 1.18 0.24 48.41 65.50 0.74 
CRH Pop -0.32 0.61 -0.52 0.10 0.09 1.16 -0.10 1.04 -0.10 13.42 57.50 0.23 
CRL Pop 0.02 0.52 0.05 0.17 0.08 2.19 0.45 0.88 0.51 35.97 48.96 0.74 
Seed Size 0.02 0.21 0.11 0.00 0.03 0.07 -0.47 0.36 -1.30 -7.13 20.03 -0.36 
Leaves at Planting 0.11 0.02 5.64 0.01 0.00 4.73 0.26 0.03 7.59 12.77 1.92 6.67 
IG-DSW x HN Pop 0.83 0.92 0.90 0.02 0.14 0.13 0.27 1.57 0.17 50.46 87.33 0.58 
IG-DSW x CRH Pop 0.37 0.82 0.45 0.08 0.12 0.64 2.53 1.40 1.81 97.86 77.74 1.26 
IG-DSW x CRL Pop 0.72 0.66 1.09 0.05 0.10 0.55 1.68 1.12 1.50 65.39 62.36 1.05 
WG-Amb x HN Pop -0.84 1.94 -0.43 -0.08 0.29 -0.28 -0.73 3.31 -0.22 -80.21 183.86 -0.44 
WG-Amb x CRH Pop 0.17 1.36 0.12 -0.04 0.20 -0.21 0.91 2.32 0.39 -8.56 128.48 -0.07 
WG-Amb x CRL Pop -0.10 1.09 -0.09 -0.06 0.16 -0.39 -0.37 1.86 -0.20 -51.39 103.36 -0.50 

 
 
Table S2.37- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; 
Costa Rica low-elevation, CRL) and germinated in shadehouses and later transplanted into the intermediate and wet gardens in Costa 
Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient rainfall levels at the intermediate garden (IG-
Amb), and added water during the dry season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb). 
Covariates of seed mass and size of plant at transplanting (size) were included in analyses.   
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Figure'S2.17-!GLMM!predicted!survival!of!seedlings!from!2010!transplant!cohort!at!
the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!to!two!
treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!intermediate!
garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!Water);!all!
seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Figure'S2.18-!LMM!predicted!growth!trait!means!of!seedlings!from!2010!transplant!
cohort!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!to!
two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Table S2.38- Summary of effect significance using nested model comparison of 
survivorship of Q. oleoides seedlings the 2011 transplant cohort at the end of the DS 
2011 and 2012. Seeds were collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and into shadehouses 
and then transplanted into the intermediate and wet gardens in Costa Rica.  Seedlings 
were exposed to two treatments at the intermediate garden: ambient rainfall levels at the 
intermediate garden (IG-Amb), and added water during the dry season (IG-DSW); all 
seedlings at wet garden experienced ambient rainfall (WG-Amb). Covariates of seed 
mass and size of plant at transplanting (size) were included in analyses. Degrees of 
freedom (DF) shown is the difference between nested models for each factor.   
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
 
 
 
 
 
 
 
 
 

    WS 2012 DS 2013 WS 2013 DS 2014 
Effect DF X2  X2  X2  X2  
Treatment (T) 2 13.72 ** 14.86 ** 14.92 ** 18.28 *** 
Population 3 3.10  1.38  2.50  2.34  
Seed Mass 1 6.10 * 3.18 + 1.36  3.59 + 
Size  1 5.34 * 4.08 * 4.84 * 1.89  
T x P 6 6.53  6.02  7.28  9.00  
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  WS 2012   DS 2013   WS 2013   DS 2014   
  Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept IG-Amb) -1.07 1.01 -1.06 -0.51 1.01 -0.51 -0.52 1.00 -0.52 -0.67 0.96 -0.70 
WG-Amb -1.20 0.88 -1.36 -1.22 0.89 -1.38 -1.47 0.91 -1.61 -1.49 0.84 -1.78 
IG-DSW 2.24 1.31 1.70 2.15 1.34 1.61 2.36 1.31 1.80 1.70 1.04 1.64 
HN  0.27 0.84 0.32 0.21 0.83 0.26 0.14 0.80 0.17 0.29 0.80 0.37 
CRH -0.23 1.21 -0.19 -0.34 1.19 -0.28 -1.05 1.16 -0.91 -0.80 1.15 -0.70 
CRL 0.84 0.79 1.05 0.53 0.77 0.69 0.54 0.76 0.72 0.08 0.73 0.10 
Seed Mass 0.81 0.34 2.41 0.58 0.33 1.78 0.38 0.33 1.16 0.59 0.31 1.88 
Size 0.10 0.04 2.29 0.09 0.04 2.02 0.09 0.04 2.17 0.06 0.04 1.38 
IG-DSW x HN  0.04 1.72 0.02 0.12 1.76 0.07 0.18 1.71 0.11 -0.01 1.37 -0.01 
IG-DSW x CRH -2.83 1.91 -1.48 -2.66 1.90 -1.40 -1.95 1.87 -1.05 -2.23 1.75 -1.28 
IG-DSW x CRL -1.40 1.43 -0.98 -1.10 1.45 -0.76 -1.16 1.41 -0.82 -0.05 1.17 -0.04 
WG-Amb x HN  0.65 1.12 0.58 -0.11 1.11 -0.10 0.43 1.11 0.39 0.19 1.09 0.18 
WG-Amb x CRH 0.54 1.56 0.35 0.60 1.54 0.39 1.74 1.54 1.13 1.88 1.51 1.25 
WG-Amb x CRL -0.69 0.98 -0.71 -0.81 0.97 -0.84 -0.57 0.97 -0.58 -0.20 0.94 -0.21 

 
 
Table S2.39- Summary generalized linear mixed model of survivorship of Q. oleoides seedlings the 2011 transplant cohort.  Quercus 
oleoides seeds were collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-
elevation, CRL) and into shadehouses and then transplanted into the intermediate and wet gardens in Costa Rica.  Seedlings were 
exposed to two treatments at the intermediate garden: ambient rainfall levels at the intermediate garden (IG-Amb), and added water 
during the dry season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb).  
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WS 2012 

    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment (T) 2 28.45 *** 18.09 *** 7.51 * 13.85 ** 
Population (P) 3 15.39 ** 1.53  8.49 * 8.19 * 
Seed Mass 1 0.05  0.11  1.80  1.32  
Size  1 6.84 ** 0.00  8.49 ** 5.77 * 
T x P 6 1.91  5.63  4.35  4.20  

DS 2013 
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment (T) 2 29.55 *** 11.75 ** 14.59 ** 34.67 *** 
Population (P) 3 10.95 * 5.92  4.88  10.27 * 
Seed Mass 1 0.18  0.34  0.44  0.40  
Size  1 11.37 ** 0.70  13.89 *** 8.39 ** 
T x P 6 1.41  11.34 + 6.47  1.52  

WS 2013 
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment (T) 2 30.34 *** 1.96  19.08 *** 23.20 * 
Population (P) 3 5.22  1.22  0.91  1.88  
Seed Mass 1 1.24  3.52 + 4.66 * 4.24 * 
Size  1 3.27 + 0.43  0.18  0.98  
T x P 6 2.91  10.23  4.45  3.38  

DS 2014 
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment (T) 2 26.91 *** 4.96 + 14.01 ** 18.42 *** 
Population (P) 3 19.91 *** 3.28  10.66 * 15.02 ** 
Seed Mass 1 0.12  1.27  0.09  0.00  
Size  1 4.41 * 0.06  6.01 * 7.08 ** 
T x P 6 1.40  17.69 ** 2.28  1.70  

Table S2.40- Summary of effect significance using nested model comparison of growth 
traits of Q. oleoides seedlings the 2011 transplant cohort.  Seeds were collected from four 
populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica 
low-elevation, CRL) and into shadehouses and then transplanted into the intermediate 
and wet gardens in Costa Rica.  Seedlings were exposed to two treatments at the 
intermediate garden: ambient rainfall levels at the intermediate garden (IG-Amb), and 
added water during the dry season (IG-DS Water); all seedlings at wet garden 
experienced ambient rainfall (WG-Amb). Covariates of seed mass and size of plant at 
transplanting (size) were included in analyses. Degrees of freedom (DF) shown is the 
difference between nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001 
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            WS 2012           
  Height     Diameter   Leaf Number   Biomass   

  Est SE T Est SE T Est SE T Est SE T 
Intercept IG-Amb) 63.96 15.37 4.16 1.69 0.27 6.37 59.64 33.66 1.77 299.23 72.20 4.14 
WG-Amb -57.31 15.27 -3.75 0.33 0.26 1.29 -67.44 33.29 -2.03 -222.13 72.00 -3.09 
IG-DSW -13.35 12.54 -1.06 -0.02 0.20 -0.11 -25.30 27.95 -0.91 -102.43 60.56 -1.69 
HN Pop 26.43 11.67 2.26 0.06 0.21 0.27 33.88 25.84 1.31 45.03 54.86 0.82 
CRH Pop 0.34 19.14 0.02 0.38 0.35 1.07 17.66 42.23 0.42 -9.54 89.74 -0.11 
CRL Pop 7.70 10.85 0.71 -0.01 0.20 -0.07 26.01 23.88 1.09 1.58 50.74 0.03 
Seed Mass -1.13 5.00 -0.23 0.03 0.09 0.34 -5.17 11.11 -0.47 -12.44 23.63 -0.53 
Size at Planting 1.75 0.61 2.89 0.00 0.01 -0.02 3.41 1.30 2.63 6.25 2.78 2.25 
WG-Amb x HN Pop -14.74 18.74 -0.79 0.34 0.34 1.00 19.60 39.29 0.50 56.47 84.37 0.67 
IG-DSW x HN Pop 0.83 14.95 0.06 -0.13 0.27 -0.46 20.61 31.73 0.65 77.39 67.92 1.14 
WG-Amb x CRH Pop -16.12 25.92 -0.62 -0.42 0.47 -0.89 41.24 54.03 0.76 73.24 116.16 0.63 
IG-DSW x CRH Pop -19.13 27.79 -0.69 0.10 0.51 0.20 -21.64 57.86 -0.37 -21.55 124.22 -0.17 
WG-Amb x CRL Pop -8.36 16.58 -0.50 0.21 0.30 0.69 1.22 34.94 0.04 27.94 74.97 0.37 
IG-DSW x CRL Pop 5.98 12.97 0.46 -0.10 0.24 -0.40 11.22 27.44 0.41 71.81 58.72 1.22 
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            DS 2013           
  Stem Height   Diameter   Leaf Number+   Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept IG-Amb) 59.96 19.65 3.05 3.50 1.07 3.27 8.08 2.20 3.68 311.97 59.19 5.27 
WG-Amb -73.36 17.29 -4.24 2.15 1.05 2.06 -7.47 1.92 -3.90 -252.91 53.79 -4.70 
IG-DSW -30.71 13.75 -2.23 -1.56 0.83 -1.88 -3.90 1.55 -2.52 -50.75 42.73 -1.19 
HN Pop 13.22 14.48 0.91 -1.02 0.86 -1.19 0.06 1.56 0.04 75.22 44.76 1.68 
CRH Pop -35.37 23.74 -1.49 -2.20 1.41 -1.56 -4.79 2.55 -1.88 -76.46 73.42 -1.04 
CRL Pop 1.62 13.52 0.12 -0.79 0.80 -0.99 -0.49 1.45 -0.34 10.02 41.82 0.24 
Seed Mass 2.55 6.16 0.41 -0.21 0.36 -0.58 -0.32 0.67 -0.49 -12.10 19.02 -0.64 
Size at Planting 2.74 0.77 3.55 0.04 0.04 0.85 0.31 0.08 3.77 7.06 2.37 2.98 
WG-Amb x HN Pop 4.88 23.06 0.21 -0.22 1.38 -0.16 4.18 2.46 1.70 -22.56 71.71 -0.32 
IG-DSW x HN Pop 7.81 18.42 0.42 2.00 1.10 1.81 0.01 1.97 0.00 -32.00 57.24 -0.56 
WG-Amb x CRH Pop 17.81 31.76 0.56 -2.55 1.89 -1.35 6.67 3.40 1.96 30.51 98.80 0.31 
IG-DSW x CRH Pop 12.44 34.38 0.36 3.66 2.05 1.79 2.88 3.66 0.79 27.45 106.95 0.26 
WG-Amb x CRL Pop 7.10 20.39 0.35 -0.31 1.22 -0.25 2.86 2.18 1.31 36.17 63.41 0.57 
IG-DSW x CRL Pop 16.49 16.18 1.02 1.67 0.96 1.73 1.50 1.72 0.87 12.53 50.26 0.25 
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            WS 2013           
  Stem Height   Diameter   Leaf Number+   Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept IG-Amb) 120.22 27.79 4.33 4.22 1.03 4.09 17.22 3.06 5.63 25.56 3.39 7.53 

WG-Amb 
-

100.82 25.79 -3.91 0.46 1.01 0.46 -11.71 2.73 -4.28 -13.92 3.07 -4.54 
IG-DSW -2.01 20.48 -0.10 0.66 0.80 0.82 -2.36 2.20 -1.07 -2.18 2.46 -0.89 
HN Pop 39.66 21.45 1.85 0.82 0.83 0.99 0.37 2.20 0.17 1.50 2.50 0.60 
CRH Pop -13.22 35.17 -0.38 -0.07 1.36 -0.05 -2.25 3.61 -0.62 -2.86 4.10 -0.70 
CRL Pop 6.23 20.04 0.31 0.60 0.78 0.78 0.49 2.05 0.24 0.65 2.33 0.28 
Seed Mass -10.16 9.11 -1.12 -0.67 0.35 -1.89 -2.05 0.94 -2.19 -2.22 1.06 -2.08 
Size at Planting 2.10 1.13 1.87 -0.03 0.04 -0.66 0.05 0.12 0.43 0.13 0.13 1.01 
WG-Amb x HN Pop -20.04 34.36 -0.58 -0.59 1.34 -0.44 3.39 3.53 0.96 2.41 4.00 0.60 
IG-DSW x HN Pop -32.20 27.44 -1.17 -1.59 1.07 -1.49 -1.27 2.82 -0.45 -2.03 3.19 -0.64 
WG-Amb x CRH Pop 5.22 47.31 0.11 -1.53 1.83 -0.83 6.41 4.88 1.31 5.75 5.53 1.04 
IG-DSW x CRH Pop 2.60 51.22 0.05 2.73 1.98 1.37 -2.19 5.25 -0.42 -1.77 5.96 -0.30 
WG-Amb x CRL Pop 16.94 30.39 0.56 -1.49 1.18 -1.26 4.23 3.12 1.35 4.09 3.54 1.16 
IG-DSW x CRL Pop -9.65 24.09 -0.40 -1.41 0.94 -1.51 -1.37 2.46 -0.56 -1.59 2.79 -0.57 
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            DS 2014           
  Stem Height   Diameter   Leaf Number+   Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept IG-Amb) 118.58 25.80 4.60 4.24 0.93 4.53 14.12 2.48 5.68 22.38 2.86 7.82 
WG-Amb -100.79 23.02 -4.38 -1.86 0.91 -2.04 -9.54 2.52 -3.78 -12.10 2.80 -4.33 
IG-DSW -30.14 18.42 -1.64 0.01 0.72 0.01 -3.44 2.19 -1.57 -3.79 2.38 -1.59 
HN Pop 44.21 18.82 2.35 0.94 0.75 1.25 2.08 1.64 1.27 3.19 1.93 1.65 
CRH Pop -34.27 30.87 -1.11 -0.41 1.24 -0.33 -4.19 2.70 -1.56 -4.89 3.17 -1.54 
CRL Pop 17.42 17.55 0.99 0.44 0.71 0.63 -0.01 1.52 -0.01 0.54 1.79 0.30 
Seed Mass 2.84 8.02 0.35 -0.36 0.32 -1.13 -0.21 0.71 -0.30 -0.04 0.83 -0.05 
Size at Planting 2.14 1.00 2.14 -0.01 0.04 -0.24 0.22 0.09 2.51 0.28 0.10 2.72 
WG-Amb x HN Pop -12.20 30.15 -0.41 2.12 1.21 1.75 1.58 2.66 0.59 1.45 3.13 0.46 
IG-DSW x HN Pop -1.12 24.06 -0.05 -1.15 0.97 -1.19 -0.86 2.10 -0.41 -1.00 2.47 -0.41 
WG-Amb x CRH Pop 4.24 41.65 0.10 1.16 1.66 0.70 3.12 3.70 0.84 3.11 4.34 0.72 
IG-DSW x CRH Pop 41.85 44.92 0.93 4.38 1.80 2.43 2.94 3.90 0.75 3.31 4.59 0.72 
WG-Amb x CRL Pop -4.64 26.66 -0.17 0.80 1.07 0.75 0.83 2.36 0.35 0.71 2.77 0.26 
IG-DSW x CRL Pop -3.92 21.04 -0.19 -0.53 0.85 -0.62 0.55 1.81 0.31 0.30 2.13 0.14 

 
 
 
Table S2.41- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from the 2011 transplant cohort of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; Costa 
Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted directly into the intermediate and wet gardens in Costa Rica.  
Seedlings were exposed to two treatments at the intermediate garden: ambient rainfall levels at the intermediate garden (IG-Amb), and 
added water during the dry season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb). Covariates of seed 
mass and size of plant at transplanting (size) were included in analyses.   
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Figure'S2.19-!GLMM!predicted!survival!of!seedlings!from!2011!transplant!cohort!at!
the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!to!two!
treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!intermediate!
garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!Water);!all!
seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Figure'S2.20-!LMM!predicted!growth!trait!means!of!seedlings!from!2011!transplant!
cohort!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!to!
two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Table S2.42- Summary of linear mixed nested model comparison to test effects of factos 
on survivorship of Q. oleoides seedlings the 2010 direct planting cohort at the end of the 
DS 2011 and 2012.  Seeds were collected from four populations (Belize, BZ; Honduras, 
HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted into 
the intermediate and wet gardens in Costa Rica.  Seedlings were exposed to two 
treatments at the intermediate garden: ambient rainfall levels at the intermediate garden 
(IG-Amb), and added water during the dry season (IG-DS Water); all seedlings at wet 
garden experienced ambient rainfall (WG-Amb). Degrees of freedom (DF) shown is the 
difference between nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    DS 2011   DS 2012   
Effects DF Dev  Dev  
Treatment 3 6.67 * 4.47  
Population 3 4.58  0.69  
Seed Mass 1 0.79  1.31  
Germination Date 1 1.31  0.01  
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Table S2.43- Summary generalized linear mixed model of survivorship of Q. oleoides 
seedlings the 2010 direct planting cohort at the end of the DS 2011 and 2012.  Seeds were 
collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, 
CRH; Costa Rica low-elevation, CRL) and into the intermediate and wet gardens in Costa 
Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient 
rainfall levels at the intermediate garden (IG-Amb), and added water during the dry 
season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  DS 2011    DS 2012    
Effect Est SE Z Est SE Z 
Intercept (IG-Amb) 11.66 7.37 1.58 1.59 6.53 0.24 
IG-DSW 0.07 0.67 0.11 -0.15 0.42 -0.36 
WG-Amb -1.14 0.58 -1.94 -0.76 0.40 -1.89 
HN  -1.61 1.05 -1.53 -0.76 0.93 -0.82 
CRH 0.20 0.84 0.24 -0.24 0.64 -0.38 
CRL 0.32 0.74 0.44 -0.28 0.57 -0.49 
Seed Mass 0.26 0.54 0.49 0.43 0.38 1.14 
Germination Date 0.00 0.00 -1.34 0.00 0.00 -0.09 
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Table S2.44- Summary of effect significance using nested model comparison of growth 
traits of Q. oleoides seedlings the 2010 direct planting cohort at the end of the DS 2011 
and 2012.  Seeds were collected from four populations (Belize, BZ; Honduras, HN; Costa 
Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted into the 
intermediate and wet gardens in Costa Rica.  Seedlings were exposed to two treatments at 
the intermediate garden: ambient rainfall levels at the intermediate garden (IG-Amb), and 
added water during the dry season (IG-DS Water); all seedlings at wet garden 
experienced ambient rainfall (WG-Amb). Degrees of freedom (DF) shown is the 
difference between nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001  
 
 
 
 
 

          DS 2011       
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment 2 4.42  7.87 * 7.60 * 5.42 + 
Population 3 4.53  6.86 + 4.50  5.58  
Seed Mass 1 3.22 + 6.11 * 5.42 * 5.16 * 
          DS 2012       
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  
Treatment 2 5.61 + 4.23  3.54  5.02 + 
Population 3 3.93  3.04  6.37 + 5.03  
Seed Mass 1 1.31  0.84  0.08  0.30  
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            DS 2011           
  Height      Diameter   Leaf Number+ Biomass   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 8.90 2.81 3.17 1.31 0.29 4.58 1.91 0.37 5.17 19.97 6.75 2.96 
WG-Amb -4.86 2.37 -2.05 -0.50 0.22 -2.32 -0.81 0.29 -2.84 -12.88 6.14 -2.10 
IG-DSW 0.68 2.00 0.34 0.22 0.18 1.22 0.06 0.26 0.22 2.11 5.40 0.39 
HN -0.54 3.08 -0.18 -0.06 0.33 -0.19 -0.45 0.43 -1.05 -3.57 7.34 -0.49 
CRH 3.24 1.76 1.84 0.43 0.19 2.30 0.32 0.24 1.30 8.17 4.19 1.95 
CRL 1.55 1.55 1.00 0.33 0.16 2.04 0.21 0.21 1.00 5.84 3.70 1.58 
Seed Mass 1.99 1.10 1.81 0.29 0.12 2.51 0.36 0.15 2.35 6.02 2.62 2.29 
            DS 2012           
  Height      Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 29.99 13.30 2.25 4.45 1.96 2.27 4.45 1.96 2.27 8.51 2.03 4.20 
WG-Amb -40.98 13.66 -3.00 -4.42 2.12 -2.09 -4.42 2.12 -2.09 -6.13 2.05 -2.99 
IG-DSW 9.59 10.60 0.90 1.70 1.69 1.00 1.70 1.69 1.00 0.75 1.60 0.47 
HN 7.83 7.70 1.02 0.19 1.47 0.13 0.19 1.47 0.13 0.40 1.36 0.29 
CRH 9.08 4.68 1.94 1.29 0.89 1.45 1.29 0.89 1.45 1.50 0.83 1.82 
CRL 5.29 4.20 1.26 1.26 0.80 1.58 1.26 0.80 1.58 1.57 0.74 2.12 
Seed Mass 3.91 3.37 1.16 0.60 0.64 0.94 0.60 0.64 0.94 0.33 0.59 0.56 

 
 
Table S2.45- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from the 2010 direct planting cohort of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted directly into the intermediate and wet gardens in Costa 
Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient rainfall levels at the intermediate garden (IG-
Amb), and added water during the dry season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb). 
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Figure'S2.21,!GLMM!predicted!survival!of!seedlings!from!2010!direct!planting!
cohort!at!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!
to!two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).! 
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'
Figure'S2.22,!LMM!predicted!growth!trait!means!of!seedlings!from!2010!direct!
planting!cohort!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!
exposed!to!two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Table S2.46- Summary generalized linear mixed model of survivorship of Q. oleoides 
seedlings the 2011 direct planting cohort.  Seeds were collected from four populations 
(Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica low-elevation, 
CRL) and into the intermediate and wet gardens in Costa Rica.  Seedlings were exposed 
to two treatments at the intermediate garden: ambient rainfall levels at the intermediate 
garden (IG-Amb), and added water during the dry season (IG-DSW); all seedlings at wet 
garden experienced ambient rainfall (WG-Amb). Degrees of freedom (DF) shown is the 
difference between nested models for each factor. +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  
***P<0.001  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

    WS 2012 DS 2013 WS 2013 DS 2014 
Effect DF X2  X2  X2  X2  
Treatment 2 17.10 *** 16.84 *** 16.00 *** 13.85 *** 
Population 2 3.56  2.93  2.72  5.38  
Seed Mass 1 0.93  0.69  0.93  2.25  
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Table S2.47- Summary of effect significance using nested model comparison of growth traits of Q. oleoides seedlings the 2011 direct 
planting cohort.  Seeds were collected from four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa Rica 
low-elevation, CRL) and planted into the intermediate and wet gardens in Costa Rica.  Seedlings were exposed to two treatments at 
the intermediate garden: ambient rainfall levels at the intermediate garden (IG-Amb), and added water during the dry season (IG-
DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb). 

  WS 2012   DS 2013   WS 2013   DS 2014   
  Est SE Z Est SE Z Est SE Z Est SE Z 
Intercept (IG-Amb) 0.86 1.00 0.86 1.07 0.97 1.11 0.85 0.92 0.93 -0.31 0.81 -0.38 
IG-DSW -0.03 0.58 -0.05 -0.23 0.57 -0.40 0.06 0.52 0.12 0.37 0.44 0.84 
WG-Amb -2.95 0.60 -4.89 -2.94 0.60 -4.90 -2.46 0.55 -4.49 -1.70 0.47 -3.58 
HN  -2.26 1.54 -1.47 -2.24 1.51 -1.49 -2.16 1.45 -1.49 -1.34 1.36 -0.98 
CRH -0.11 0.66 -0.17 -0.16 0.65 -0.25 -0.40 0.62 -0.65 -0.56 0.55 -1.01 
CRL 0.17 0.65 0.26 -0.01 0.64 -0.02 -0.26 0.61 -0.42 0.09 0.54 0.16 
Seed Mass 0.28 0.29 0.98 0.24 0.28 0.84 0.26 0.27 0.97 0.38 0.25 1.50 
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Table S2.48- Summary of effect significance using nested model comparison of growth 
traits of Q. oleoides seedlings the 2011 direct planting cohort.  Seeds were collected from 
four populations (Belize, BZ; Honduras, HN; Costa Rica high-elevation, CRH; Costa 
Rica low-elevation, CRL) and planted into the intermediate and wet gardens in Costa 
Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient 
rainfall levels at the intermediate garden (IG-Amb), and added water during the dry 
season (IG-DSW); all seedlings at wet garden experienced ambient rainfall (WG-Amb). 
Degrees of freedom (DF) shown is the difference between nested models for each factor. 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***P<0.001  
 
 

          WS 2012       
    Height Diameter Leaves Biomass 
Effect DF X2  X2  X2  X2  

Treatment  2 35.76 *** 52.94 
**
* 35.90 *** 39.44 *** 

Population 3 4.42  6.95 + 3.86  4.14  
Seed Mass 2 7.01 ** 1.37  0.29  1.72  
                    
          DS 2013       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treatment  2 8.40 * 8.03 * 8.35 * 8.52 * 
Population 3 4.58  5.85  4.00  4.52  
Seed Mass 2 0.24  0.54  0.23  0.23  
                    
          WS 2013       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treatment  2 12.49 ** 10.61 ** 11.95 ** 13.57 ** 
Population 3 2.74  1.32  1.02  2.01  
Seed Mass 2 0.15  0.00  0.03  0.00  
                    
          DS 2014       
    Height Diameter Leaves Longest Leaf 
Effect DF X2  X2  X2  X2  
Treatment  2 9.38 ** 4.74 + 9.25 * 10.28 ** 
Population 3 6.96 + 6.66 + 4.87  6.80 + 
Seed Mass 2 0.03  0.17  0.48  0.27  
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            WS 2012           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 43.13 8.98 4.80 0.63 0.11 5.66 3.26 0.95 3.43 3.26 0.95 3.43 
WG-Amb -32.58 4.68 -6.96 -0.66 0.06 -11.01 -3.88 0.54 -7.22 -3.88 0.54 -7.22 
IG-DSW 16.31 3.17 5.15 0.18 0.04 4.48 1.11 0.36 3.08 1.11 0.36 3.08 
HN -23.20 21.42 -1.08 -0.55 0.30 -1.83 0.72 2.52 0.29 0.72 2.52 0.29 
CRH 9.89 6.48 1.53 0.12 0.08 1.43 1.06 0.70 1.51 1.06 0.70 1.51 
CRL 4.87 5.93 0.82 0.10 0.08 1.28 1.29 0.65 1.97 1.29 0.65 1.97 
Seed Mass -8.72 3.25 -2.68 -0.05 0.04 -1.17 -0.18 0.33 -0.54 -0.18 0.33 -0.54 
            DS 2013           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) -25.86 10.42 -2.48 0.27 0.20 1.30 3.26 0.95 3.43 3.26 0.95 3.43 
WG-Amb 5.57 8.82 0.63 -0.42 0.17 -2.52 -3.88 0.54 -7.22 -3.88 0.54 -7.22 
IG-DSW 9.98 23.51 0.42 0.05 0.14 0.39 1.11 0.36 3.08 1.11 0.36 3.08 
HN 13.52 6.48 2.09 0.18 0.40 0.46 0.72 2.52 0.29 0.72 2.52 0.29 
CRH 11.95 6.05 1.98 0.19 0.11 1.71 1.06 0.70 1.51 1.06 0.70 1.51 
CRL 1.51 3.09 0.49 0.25 0.10 2.41 1.29 0.65 1.97 1.29 0.65 1.97 
Seed Mass -8.72 3.25 -2.68 0.04 0.05 0.73 -0.18 0.33 -0.54 -0.18 0.33 -0.54 
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WS 2013 
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 47.03 15.69 3.00 0.87 0.31 2.76 7.25 2.10 3.45 7.25 2.10 3.45 
WG-Amb -24.06 8.42 -2.86 -0.48 0.18 -2.59 -2.93 0.92 -3.20 -2.93 0.92 -3.20 
IG-DSW 9.61 5.82 1.65 0.15 0.13 1.17 0.43 0.58 0.73 0.43 0.58 0.73 
HN 34.47 35.79 0.96 0.43 0.73 0.59 2.19 4.38 0.50 2.19 4.38 0.50 
CRH 15.21 9.87 1.54 0.17 0.20 0.86 1.09 1.21 0.90 1.09 1.21 0.90 
CRL 12.86 9.24 1.39 0.21 0.19 1.10 1.07 1.13 0.94 1.07 1.13 0.94 
Seed Mass -1.84 4.73 -0.39 -0.01 0.10 -0.06 0.10 0.58 0.17 0.10 0.58 0.17 
            DS 2014           
  Height     Diameter   Leaf Number+ Biomass+   
  Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) 23.48 15.39 1.53 0.48 0.32 1.51 2.27 1.65 1.38 2.27 1.65 1.38 
WG-Amb -8.55 8.33 -1.03 -0.09 0.17 -0.54 1.29 0.89 1.45 1.29 0.89 1.45 
IG-DSW 15.62 5.34 2.92 0.19 0.11 1.79 2.25 0.57 3.93 2.25 0.57 3.93 
HN 62.54 40.56 1.54 0.96 0.82 1.17 4.28 4.33 0.99 4.28 4.33 0.99 
CRH 22.98 11.24 2.04 0.30 0.23 1.30 1.79 1.20 1.49 1.79 1.20 1.49 
CRL 26.01 10.53 2.47 0.50 0.21 2.34 2.40 1.13 2.13 2.40 1.13 2.13 
Seed Mass 0.96 5.37 0.18 0.04 0.11 0.41 0.40 0.57 0.69 0.40 0.57 0.69 

 
Table S2.49- Summary of linear mixed models of growth traits (stem height, basal diameter, leaf number, and aboveground biomass) 
of seedlings from the 2011 direct planting cohort of Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) and planted directly into the intermediate and wet gardens in Costa 
Rica.  Seedlings were exposed to two treatments at the intermediate garden: ambient rainfall levels at the intermediate garden (IG-
Amb), and added water during the dry season (IG-DS Water); all seedlings at wet garden experienced ambient rainfall (WG-Amb). 
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!
!Figure!S2.23,!GLMM!predicted!survival!of!seedlings!from!2011!direct!planting!
cohort!at!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!exposed!
to!two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb).!!
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Figure!S2.24,!LMM!predicted!growth!trait!means!of!seedlings!from!2011!direct!
planting!cohort!the!intermediate!and!wet!gardens!in!Costa!Rica.!!Seedlings!were!
exposed!to!two!treatments!at!the!intermediate!garden:!ambient!rainfall!levels!at!the!
intermediate!garden!(IGDAmb),!and!added!water!during!the!dry!season!(IGDDS!
Water);!all!seedlings!at!wet!garden!experienced!ambient!rainfall!(WGDAmb)!
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Appendix 3- Supplemental Material for Chapter 3 
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Table S3.1- Summary of LMM output for leaf predawn (PD) and midday (MD) water 
potentials on experimental seedlings at the dry garden (Honduras) site. Treatment 
abbreviations are ‘Both’- supplemental water during dry and wet season, ‘DS Water’- 
supplemental water added during the dry season, ‘WS Water’- supplemental water during 
the wet season, and ‘Ambient’- plants experience ambient rainfall.   
 
 
 
 
 
 
 
 
 

  PD     MD     
Effect Est SE T Est SE T 
Intercept (Both) -1.33 0.12 -11.08 5.53 30.52 0.18 
DS Water -0.03 0.14 -0.20 -7.63 52.09 -0.15 
WS Water -0.03 0.14 -0.19 -7.76 43.17 -0.18 
Ambient -0.10 0.14 -0.73 -7.78 78.57 -0.10 
Wet Season 1.14 0.03 34.72 -15.02 15.21 -0.99 
HN  0.01 0.09 0.06 -2.04 39.15 -0.05 
CRH -0.01 0.08 -0.17 -3.76 35.97 -0.10 
CRL -0.02 0.07 -0.29 11.08 30.80 0.36 
DS Water x WS -- -- -- 15.90 23.39 0.68 
Ambient x WS -- -- -- -3.03 22.99 -0.13 
WS Water x WS -- -- -- 15.68 21.61 0.73 
DS Water x HN  -- -- -- 1.99 65.80 0.03 
DS Water x CRH -- -- -- 7.60 86.87 0.09 
DS Water x CRL -- -- -- 2.16 57.27 0.04 
Ambient x HN -- -- -- 3.75 60.32 0.06 
Ambient x CRH -- -- -- 121.66 84.56 1.44 
Ambient x CRL -- -- -- 3.74 55.14 0.07 
WS Water x HN  -- -- -- -11.13 52.65 -0.21 
WS Water x CRH -- -- -- -4.26 79.45 -0.05 
WS Water x CRL -- -- -- -10.98 43.55 -0.25 
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Table S3.2- Summary of LMM output for specific leaf area (SLA), carbon isotope discrimination (δ13C), stomatal density (SD), and 
stomatal pore index (SPI).  Traits on experimental seedlings from Q. oleoides seeds collected from four populations throughout 
Central America (Honduras-HN, Belize-BZ, Costa Rica high-elevation- CRH, Costa Rica low-elevation-CRL) and germinated in 
shadehouses and transplanted (transplant cohort) into common gardens at Honduras (dry garden-DG) and Costa Rica (intermediate 
garden-IG and wet garden-WG).  Measurements were collected during the wet season (WS, 2012) and dry season (DS, 2013). 

  δ13C SLA+ SD SPI 
Effect Est. SE T Est SE T Est SE T Est SE T 
Intercept  (DG) 772.83 13.53 57.10 7.54 0.36 21.18 933.26 50.93 18.32 0.50 0.03 17.46 
Inter. Garden (IG) 101.11 16.93 5.97 -0.47 0.44 -1.07 -4.48 55.59 -0.08 -0.08 0.03 -2.56 
Wet Garden (WG) 73.82 22.29 3.31 -2.00 0.55 -3.63 -139.27 67.02 -2.08 0.00 0.04 -0.01 
Wet Season (WS) -1.60 7.19 -0.22 1.05 0.28 3.72 -- -- -- -- -- -- 
HN  -3.50 13.63 -0.26 0.32 0.25 1.28 -26.93 46.94 -0.57 -0.01 0.03 -0.48 
CRH 31.59 13.57 2.33 0.26 0.23 1.16 -20.72 42.59 -0.49 0.02 0.02 0.87 
CRL 34.41 15.09 2.28 0.35 0.20 1.77 -24.45 36.37 -0.67 0.00 0.02 -0.12 
Inter x HN  -11.09 16.49 -0.67 0.09 0.34 0.27 -- -- -- -- -- -- 
Inter x CRH -22.22 15.35 -1.45 0.02 0.31 0.05 -- -- -- -- -- -- 
Inter x CRL -40.30 16.33 -2.47 -0.65 0.29 -2.25 -- -- -- -- -- -- 
Wet x HN  29.10 25.24 1.15 -- -- -- -- -- -- -- -- -- 
Wet x CRH -18.97 21.79 -0.87 -- -- -- -- -- -- -- -- -- 
Wet x CRL -0.05 20.72 0.00 -- -- -- -- -- -- -- -- -- 
IG. X WS -25.77 8.74 -2.95 -1.44 0.25 -5.76 -- -- -- -- -- -- 
WG x WS -34.99 10.96 -3.19 -0.61 0.33 -1.86 -- -- -- -- -- -- 
Estimates are on square root transformed scale+ 
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          δ13C         SLA+   
Factor Contrasts DF Est SE T  DF Est SE T   
DG-dry IG-dry 20.80 -82.70 13.89 -5.95 *** 18.10 0.50 0.44 1.07   
DG-dry WG-dry 23.60 -76.30 17.51 -4.36 *** 19.20 2.00 0.55 3.63 ** 
DG-dry DG-wet 296.60 1.60 7.19 0.22   648.70 -0.90 0.20 -4.54 *** 
DG-dry IG-wet 20.90 -55.30 13.90 -3.98 *** 18.00 1.00 0.44 2.25 * 
DG-dry WG-wet 23.10 -39.70 17.42 -2.28 * 18.80 1.70 0.55 3.08 * 
IG-dry WG-dry 20.90 6.40 16.88 0.38   17.10 1.50 0.53 2.86 * 
IG-dry DG-wet 21.80 84.30 14.14 5.96 *** 18.70 -1.40 0.45 -3.10 * 
IG-dry IG-wet 338.40 27.40 4.96 5.52 *** 641.30 0.50 0.14 3.63 ** 
IG-dry WG-wet 20.40 43.00 16.79 2.56 * 17.60 1.20 0.54 2.26 * 
WG-dry DG-wet 24.30 77.90 17.72 4.40 *** 19.60 -2.90 0.56 -5.25 ** 
WG-dry IG-wet 21.00 21.00 16.90 1.24   17.90 -1.00 0.54 -1.86 + 
WG-dry WG-wet 295.90 36.60 8.26 4.43 *** 641.00 -0.30 0.25 -1.23   
DG-wet IG-wet 21.90 -56.90 14.15 -4.02 *** 18.80 1.90 0.45 4.26 *** 
DG-wet WG-wet 23.80 -41.30 17.64 -2.34 * 19.50 2.60 0.55 4.71 *** 
IG-wet WG-wet 20.50 15.60 16.79 0.93   17.50 0.70 0.54 1.29   
Estimates are on square root transformed scale+               

 
 
Table S3.3- Summary of pairwise contrasts of garden x season interaction from mixed effects models of specific leaf area (SLA) and 
carbon isotope discrimination (δ13C).  Factors include dry garden (DG), intermediate garden (IG) and wet gardens (WG) in the dry (-
dry) and wet (-wet) seasons. Traits was measured on leaves from experimental seedlings from Q. oleoides seeds collected from four 
populations throughout Central America (abbreviated in Table S3.2) and germinated in shadehouses and transplanted (transplant 
cohort) into common gardens at Honduras and Costa Rica.  Measurements were collected during the wet season (2012) and dry season 
(2013). +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001
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Table S3.4- Summary of pairwise contrasts of population x season interaction from 
mixed effects models of specific leaf area (SLA) and carbon isotope discrimination 
(δ13C).  Factors include dry garden (DG), intermediate garden (IG) and wet gardens 
(WG) in the dry (-dry) and wet (-wet) seasons. Traits was measured on leaves from 
experimental seedlings from Q. oleoides seeds collected from four populations 
throughout Central America (abbreviated in Table S3.2) and germinated in shadehouses 
and transplanted (transplant cohort) into common gardens at Honduras and Costa Rica.  
Measurements were collected during the wet season (2012) and dry season (2013). 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 

    SLA+ 
Factor Contrasts DF Est SE T   
BZ-dry BZ-wet 641.20 -0.40 0.24 -1.56   
BZ-dry HN-dry 646.20 -0.30 0.25 -1.28   
BZ-dry HN-wet 643.10 -0.80 0.25 -3.10 ** 
BZ-dry CRH- dry 642.20 -0.30 0.23 -1.16   
BZ-dry CRH-wet 641.50 -0.60 0.23 -2.86 ** 
BZ-dry CRL-dry 642.50 -0.30 0.20 -1.77 + 
BZ-dry CRL-wet 641.90 -0.10 0.22 -0.33   
BZ-wet HN-dry 646.30 0.10 0.25 0.22   
BZ-wet HN-wet 643.50 -0.40 0.24 -1.71 + 
BZ-wet CRH- dry 642.30 0.10 0.23 0.49   
BZ-wet CRH-wet 641.60 -0.30 0.21 -1.31   
BZ-wet CRL-dry 642.80 0.00 0.20 0.11   
BZ-wet CRL-wet 641.60 0.30 0.21 1.41   
HN-dry HN-wet 645.10 -0.50 0.26 -1.79 + 
HN-dry CRH- dry 643.20 0.10 0.23 0.23   
HN-dry CRH-wet 646.50 -0.30 0.24 -1.41   
HN-dry CRL-dry 644.50 0.00 0.21 -0.16   
HN-dry CRL-wet 646.30 0.20 0.23 1.06   
HN-wet CRH- dry 642.30 0.50 0.24 2.17 * 
HN-wet CRH-wet 642.30 0.10 0.23 0.57   
HN-wet CRL-dry 642.40 0.40 0.21 2.03 * 
HN-wet CRL-wet 641.90 0.70 0.23 3.11 ** 
CRH-dry CRH-wet 642.20 -0.40 0.21 -1.82   
CRH-dry CRL-dry 641.40 -0.10 0.18 -0.48   
CRH-dry CRL-wet 641.90 0.20 0.21 0.92   
CRH-wet CRL-dry 642.30 0.30 0.18 1.64   
CRH-wet CRL-wet 641.30 0.60 0.20 2.91 ** 
CRL-dry CRL-wet 642.30 0.30 0.17 1.59   
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Table S3.5- Summary of nested LMM comparisons to test for effect significance in 
models of stomatal pore length of seedlings from Q. oleoides seeds collected from four 
populations throughout Central America (abbreviated in Table S3.2) and germinated in 
shadehouses and transplanted (transplant cohort) into common gardens at Honduras and 
Costa Rica.  Measurements were collected during dry season (2013). +0.10≥P>0.05; * P≤ 
0.05, ** P≤0.01;  ***<0.001 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Stomatal pore length 
Effect DF χ2   
Garden (G) 11,13 9.16 * 
Population (P) 10,13 5.48   
Seed Mass 18,19 2.58   
Size at Planting 18,19 1.87   
G x P 13,19 7.12   
Block (G) 17,19 66.91 *** 
MF (Pop) 17,19 0.97   
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Figure'S3.1,'LMM!predicted!mean!(SE)!of!stomate!length!measured!on!leaves!on!
experimental seedlings from Q. oleoides seeds collected from four populations (Belize, 
BZ; Honduras, HN; Costa Rica high-elevation, CR-High; Costa Rica low-elevation, CR-
Low) throughout Central America and germinated in shadehouses and transplanted 
(transplant cohort) into common gardens at Honduras and Costa Rica.  
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Table S3.6- Summary of nested LMM comparisons to test for effect significance in models of carbon isotope discrimination (δ13C), 
specific leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits on experimental seedlings from Q. oleoides 
seeds collected from four populations throughout Central America (abbreviated in Table S3.2) and planted into common gardens 
(directly planted cohort) at Honduras and Costa Rica.  Measurements were collected during the wet season (2012) and dry season 
(2013). +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 
 
 

  δ13C       SLA   SD     SPI     
Effect DF χ2   DF χ2   DF χ2   DF χ2   
Garden  (G) 12,14 2.34   11,13 0.64   10,12 4.34   10,12 3.38   
Population (P) 11,14 1.76   12,13 7.19 + 9,12 5.84   9,12 2.77   
Season (S) 13,14 0.03   12,13 13.07 *** -- --   -- --   
Seed Mass 25,26 1.69   17,18 0.06   16,17 1.12   16,17 0.25   
Nitrogen 25,26 0.81   -- --   -- --   -- --   
T x P -- --   -- --   12,17 11.25 * 12,17 3.60   
T x S 17,19 15.96 *** 16,18 11.37 ** -- --   -- --   
P x S 16,19 3.13   15,18 5.78   -- --   -- --   
T x P x S -- --   -- --   -- --   -- --   
Block (T) 17,19 0.88   16,18 52.08 *** 15,17 0.34   15,17 3.24   
MF (P) 17,19 7.39 * 16,18 0.05   15,17 0.00   15,17 0.00   
ID (MF (P)) 19,20 0.00   18,19 0.00   -- --   -- --   
MF (P) x S 19,23 0.88   18,22 0.00   -- --   -- --   
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  δ13C     SLA+     SD     SPI     
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (IG) -27.80 0.38 -72.58 1.79 0.04 40.35 1123.50 158.40 7.09 0.42 0.07 6.10 
WG -0.58 0.25 -2.34 -0.03 0.06 -0.52 -360.30 192.60 -1.87 0.08 0.06 1.36 
DG 0.05 0.22 0.20 -0.02 0.05 -0.41 -297.30 213.70 -1.39 0.11 0.06 1.96 
Wet Season (WS) -0.41 0.22 -1.82 -0.03 0.02 -1.18 -- -- -- -- -- -- 
HN  -0.04 0.53 -0.07 0.11 0.04 2.77 -336.90 224.80 -1.50 -0.03 0.08 -0.35 
CRH -0.58 0.41 -1.41 0.05 0.03 1.73 -225.80 172.90 -1.31 0.05 0.07 0.70 
CRL -0.30 0.37 -0.81 0.03 0.03 1.23 -472.70 167.00 -2.83 0.04 0.06 0.62 
WS x WG 1.43 0.35 4.06 0.07 0.03 1.98 -- -- -- -- -- -- 
WS x DG 0.39 0.28 1.40 0.10 0.03 3.57 -- -- -- -- -- -- 
Estimates on log transformed scale+ 

 
 
Table S3.7- Summary of LMM output for carbon isotope discrimination (δ13C), specific leaf area (SLA), stomatal density (SD), and 
stomatal pore index (SPI).  Traits on experimental seedlings from Q. oleoides seeds collected from four populations throughout 
Central America (abbreviated in Table S3.2) and planted into common gardens (directly planted cohort) at Honduras (dry garden, DG) 
and Costa Rica (intermediate garden, IG and wet garden, WG).  Measurements were collected during the wet season 2013 (WS) and 
dry season (DS, 2013).  
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Figure S3.2- LMM predicted mean (SE) for leaf-level traits related to carbon and water-
use, a) carbon isotope discrimination (δ13), b) specific leaf are (SLA), c) stomatal density 
(SD), and d) stomatal pore index (SPI). Traits were measured on experimental seedlings 
from Q. oleoides seeds collected from four populations (Belize, BZ; Honduras, HN; 
Costa Rica high-elevation, CRH; Costa Rica low-elevation, CRL) populations throughout 
Central America and planted directly into common gardens (directly planted cohort) at 
Honduras (dry garden –DG) and Costa Rica (intermediate- IG and wet-WG gardens).  
Measurements were collected during the wet season (WS- closed symbols) and dry 
season (DS- open symbols).!
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    A     gs
+     A/gs   

Effect Est SE T Est SE T Est SE T 
Intercept (Ambient) 8.11 0.96 8.45 -1.29 0.06 -20.02 11.21 0.30 36.75 
Both 3.12 1.23 2.54 0.19 0.07 2.64 -0.36 0.32 -1.12 
DS Water 2.94 1.19 2.47 0.20 0.07 2.75 -0.41 0.32 -1.30 
WS Water -0.29 1.21 -0.24 -0.04 0.07 -0.55 0.40 0.32 1.24 
HN  -0.19 0.51 -0.37 -0.02 0.03 -0.79 0.11 0.12 0.92 
CRH -2.06 0.50 -4.16 -0.13 0.03 -4.87 0.16 0.12 1.28 
CRL -1.36 0.58 -2.36 -0.09 0.03 -2.94 0.10 0.14 0.71 
Wet Season (WS) 7.25 0.69 10.49 0.68 0.04 15.73 -3.43 0.21 -16.57 
Seed Mass -- -- -- -- -- -- -- -- -- 
Size at Planting -- -- -- -- -- -- -- -- -- 
Time 0.00 0.00 -2.61 -- -- -- -- -- -- 
Herbivory 3.63 0.97 3.74 0.26 0.06 4.47 -1.01 0.25 -3.98 
Machine1 -- -- -- 0.18 0.03 6.02 -1.46 0.17 -8.67 
Machine2 -- -- -- 0.06 0.03 2.30 -0.25 0.15 -1.70 
Both a WS -2.43 0.75 -3.23 -0.19 0.04 -4.60 0.10 0.23 0.43 
DS Water x WS -3.24 0.69 -4.67 -0.09 0.04 -2.15 -0.35 0.25 -1.40 
WS Water x WS 0.80 0.77 1.04 0.06 0.04 1.38 -0.58 0.25 -2.34 
HN x WS 0.25 0.69 0.36 0.36 0.02 0.04 -- -- -- 
CRH x WS 1.73 0.67 2.58 2.58 0.09 0.04 -- -- -- 
CRL x WS 1.59 0.78 2.04 2.04 0.09 0.04 -- -- -- 
Estimates on log transformed scale+ 

 
 
Table S3.8- Summary of LMM output for maximum photosynthetic rate (A), stomatal 
conductance (gs), intrinsic water-use efficiency (A/gs).  Traits on experimental seedlings 
from Q. oleoides seeds collected from four populations throughout Central America 
(abbreviated in Table S3.2) and germinated in shadehouses and transplanted (transplant 
cohort) into the dry garden site (Honduras) and seedlings were subjected to one of four 
watering treatments: ambient rainfall (Amb.), supplemental water during the wet season 
(WS), supplemental water during the dry season (DS), and supplemental water during 
both season (Both).  Measurements were collected during the wet season (2012) and dry 
season (2013).  
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          A         gs         A/gs         δ13C   

Factor Contrasts DF Est SE T   DF Est SE T   DF Est SE T   DF Est SE T   
Amb-DS Both-DS 25 -3.20 1.22 -2.61 * 26 -0.20 0.08 -2.44 * 24 -0.10 0.12 -1.14   40 0.40 0.19 2.03 * 
Amb-DS DSW-DS 23 -3.00 1.18 -2.54 * 24 -0.20 0.07 -2.52 * 22 -0.20 0.12 -1.35   36 0.40 0.18 2.49 * 
Amb-DS WSW-DS 25 0.30 1.20 0.24   26 0.00 0.08 0.53   23 0.10 0.12 0.78 *** 43 0.30 0.19 1.45   
Amb-DS Amb-WS 793 -8.00 0.66 -12.11 *** 790 -0.70 0.04 -20.22 *** 361 -0.40 0.05 -8.40 *** 681 0.00 0.14 -0.08   
Amb-DS Both-WS 34 -8.50 1.32 -6.44 *** 32 -0.80 0.08 -10.14 *** 29 -0.60 0.13 -4.86 *** 42 0.00 0.20 0.11   
Amb-DS DSW-WS 30 -7.50 1.26 -5.94 *** 29 -0.70 0.08 -9.48 *** 26 -0.50 0.13 -4.18 *** 37 -0.10 0.18 -0.49   
Amb-DS WSW-WS 32 -8.50 1.28 -6.62 *** 31 -0.70 0.08 -9.29 *** 27 -0.60 0.13 -4.77 *** 46 0.00 0.20 -0.22   
Both-DS DSW-DS 23 0.20 1.19 0.15   24 0.00 0.08 -0.02   22 0.00 0.12 -0.19   35 0.10 0.18 0.32   
Both-DS WSW-DS 25 3.50 1.21 2.87 * 26 0.20 0.08 2.98 * 24 0.20 0.12 1.91   41 -0.10 0.19 -0.58   
Both-DS Amb-WS 30 -4.80 1.28 -3.78 *** 30 -0.50 0.08 -6.86 *** 27 -0.30 0.13 -2.16 * 43 -0.40 0.20 -2.03 * 
Both-DS Both-WS 796 -5.30 0.70 -7.60 *** 792 -0.60 0.04 -16.72 *** 382 -0.50 0.05 -9.39 *** 687 -0.40 0.14 -2.60 * 
Both-DS DSW-WS 30 -4.30 1.27 -3.41 ** 29 -0.60 0.08 -7.08 *** 26 -0.40 0.13 -3.06 * 36 -0.50 0.18 -2.60 * 
Both-DS WSW-WS 31 -5.30 1.29 -4.11 *** 31 -0.60 0.08 -6.89 *** 28 -0.50 0.13 -3.64 *** 45 -0.40 0.20 -2.16 * 
DSW-DS WSW-DS 23 3.30 1.18 2.80 * 24 0.20 0.07 3.07 * 22 0.30 0.12 2.14 * 37 -0.20 0.18 -0.94   
DSW-DS Amb-WS 28 -5.00 1.25 -4.03 *** 28 -0.50 0.08 -7.00 *** 25 -0.30 0.13 -2.01 + 39 -0.50 0.18 -2.46 * 
DSW-DS Both-WS 31 -5.50 1.28 -4.26 *** 30 -0.60 0.08 -7.98 *** 27 -0.50 0.13 -3.64 ** 37 -0.40 0.19 -2.27 * 
DSW-DS DSW-WS 784 -4.50 0.63 -7.13 *** 783 -0.60 0.03 -16.11 *** 305 -0.40 0.05 -7.70 *** 669 -0.50 0.11 -4.70 *** 
DSW-DS WSW-WS 29 -5.50 1.25 -4.37 *** 29 -0.60 0.08 -7.03 *** 26 -0.40 0.13 -3.51 ** 41 -0.50 0.19 -2.60 * 
WSW-DS Amb-WS 30 -8.30 1.26 -6.58 *** 30 -0.80 0.08 -9.84 *** 27 -0.50 0.13 -4.05 *** 46 -0.30 0.20 -1.46   
WSW-DS Both-WS 33 -8.80 1.31 -6.70 *** 32 -0.90 0.08 -10.69 *** 28 -0.70 0.13 -5.62 *** 43 -0.30 0.20 -1.28   
WSW-DS DSW-WS 30 -7.80 1.26 -6.21 *** 29 -0.80 0.08 -10.04 *** 26 -0.60 0.13 -4.96 *** 39 -0.40 0.18 -1.99 * 
WSW-DS WSW-WS 794 -8.80 0.68 -12.98 *** 791 -0.80 0.04 -20.93 *** 374 -0.70 0.05 -13.79 *** 697 -0.30 0.15 -2.18 * 
Amb-WS Both-WS 29 -0.40 1.27 -0.35   29 -0.10 0.08 -1.14   26 -0.20 0.13 -1.67   45 0.00 0.20 0.17   
Amb-WS DSW-WS 26 0.50 1.22 0.43   26 0.00 0.08 -0.15   24 -0.10 0.12 -0.90   41 -0.10 0.19 -0.41   
Amb-WS WSW-WS 29 -0.40 1.25 -0.36   29 0.00 0.08 -0.06   26 -0.20 0.13 -1.51   49 0.00 0.20 -0.15   
Both-WS DSW-WS 25 1.00 1.22 0.79   26 0.10 0.08 1.03   24 0.10 0.12 0.81   38 -0.10 0.19 -0.59   
Both-WS WSW-WS 29 0.00 1.27 0.00   29 0.10 0.08 1.08   26 0.00 0.13 0.18   47 -0.10 0.20 -0.32   
DS-WS WSW-WS 26 -1.00 1.21 -0.80   26 0.00 0.08 0.09   24 -0.10 0.12 -0.63   43 0.00 0.19 0.24   
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Table S3.9- Summary of post-hoc contrasts treatment x season interaction from mixed effects models of A, and gs, A/gs, and δ13C 
measured on experimental seedlings (transplant cohort) at dry garden.  Treatments abbreviations in Table S3.8.  Measurements were 
taken in the wet season (WS) and dry season (DS).  Degrees of freedom shown are denominator DF, numerator DF=1.+0.10≥P>0.05; 
* P≤ 0.05, ** P≤0.01;  ***<0.001 
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    Amass     Aarea   
Effect DF χ2   DF χ2   
Treatment (T) 16,19 3.24   16,19 4.01   
Population (P) 16,19 1.94   16,19 2.28   
Season (S) 18,19 101.85 *** 18,19 58.89 *** 
Seed Size 45,46 0.01   42,43 0.28   
Planting Size 45,46 2.48   42,43 12.95 *** 
Herbivory 45,46 21.17 *** 42,43 14.55 *** 
Nitrogen -- -- -- -- -- -- 
Time 45,46 0.45   42,43 1.85   
Machine 44,46 13.42 ** 42,43 7.79 * 
T x P 28,37 8.55   25,34 3.93   
T x S 34,37 17.93 *** 31,34 19.98 *** 
P x S 34,37 1.34   31,34 8.19 * 
T x P x S 37,46 10.27   34,43 8.53   
Block (T) 41,43 57.92 *** 41,43 71.32 *** 
MF (P) 41,43 0.34   41,43 0.34   
ID (MF(P)) 43,46 0.00   43,46 0.13   
MF (P) x S 46,50 0.15   46,50 0.13   

 
Table S3.10- Summary of nested LMM comparisons to test for effect significance in 
models of maximum photosynthetic rate on a leaf mass (Amass) and leaf areas basis (Aarea). 
Seeds collected from four populations throughout Central America (abbreviated in Table 
S3.2) and planted into common gardens (directly planted cohort) at Honduras and Costa 
Rica.  Measurements were collected during the wet season (2012) and dry season (2013).  
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
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    Amass     Aarea
+   

Effect Est SE T Est SE T 
Intercept (Ambient) 23.38 7.12 3.28 0.43 0.12 3.70 
Both 19.03 7.63 2.50 0.28 0.11 2.47 
DS Water 14.36 7.37 1.95 0.24 0.10 2.29 
WS Water 1.50 7.60 0.20 0.07 0.11 0.63 
HN Pop 2.98 2.69 1.11 -0.01 0.06 -0.20 
CR High Pop 5.19 2.62 1.98 -0.06 0.06 -0.99 
CR Low Pop 5.12 3.03 1.69 0.02 0.07 0.26 
Wet Season 42.04 4.70 8.94 0.43 0.09 4.57 
Size at Planting -- -- -- 0.02 0.01 3.78 
Time -- -- -- 0.00 0.00 -1.23 
Herbivory 33.29 6.07 5.49 0.40 0.09 4.67 
Machine1 -0.57 4.05 -0.14 -0.07 0.06 -1.02 
Machine2 10.51 3.59 2.92 0.06 0.06 1.14 
Both x WS -16.51 5.81 -2.84 -0.27 0.10 -2.73 
DS Water x WS -15.16 5.51 -2.75 -0.19 0.09 -2.21 
WS Water x WS 1.24 5.96 0.21 -0.04 0.10 -0.38 
HN Pop x WS -- -- -- -0.01 0.09 -0.08 
CR-High Pop x WS -- -- -- 0.15 0.08 1.83 
CR-Low Pop x WS -- -- -- 0.05 0.10 0.51 
Estimates on log transformed scale+ 

 
Table S3.11-Summary of LMM output for maximum photosynthetic rate on a leaf mass 
(Amass), and leaf area basis (Aarea). Traits on experimental seedlings from Q. oleoides seeds 
collected from four populations throughout Central America (abbreviated in Table S3.2) 
and planted into the dry garden site (directly planted cohort) and seedlings were subjected 
to one of four watering treatments, abbreviations in Table S3.8.  Measurements were 
collected during the wet season (2012) and dry season (2013).  
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Figure S3.3- LMM predicted mean (SE) for photosynthetic rate on a) leaf mass (Amass) 
and b) leaf area (Aarea) basis.  Traits were measured on experimental seedlings from Q. 
oleoides seeds germinated in shadehouses and transplanted into common garden at 
Honduras (dry garden –DG).  Population abbreviations are the same as in Fig. S3.2. 
Treatments are indicated as follows: “Ambient” = no additional watering; “WSW”= wet 
season watering; “DSW”= dry season watering; “Both” = watering in wet and dry 
seasons. Measurements were collected during the wet season (closed symbols) and dry 
season (open symbols) except for SD, which was only collected during the dry season.!
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Table S3.12- Summary of post-hoc contrasts population x season interaction from mixed 
effects models of A, and gs, measured on experimental seedlings (transplant cohort) at 
dry garden.  Degrees of freedom shown are denominator DF, numerator  DF=1 for all 
contrasts.  +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 
 
 
 
 
 
 

    A gs 

Factor Contrasts DF Est SE T   DF Est SE T   
BZ-dry BZ-WS 784 -5.80 0.65 -8.91 *** 782 -0.60 0.04 -17.46 *** 
BZ-dry HN-dry 783 0.20 0.54 0.36   783 0.00 0.03 1.06   
BZ-dry HN-WS 784 -5.70 0.66 -8.64 *** 784 -0.60 0.04 -17.79 *** 
BZ-dry CRH- dry 785 2.10 0.53 3.98 *** 785 0.10 0.03 4.88 *** 
BZ-dry CRH-WS 786 -5.50 0.65 -8.41 *** 785 -0.60 0.03 -17.12 *** 
BZ-dry CRL-dry 780 1.40 0.61 2.35 * 780 0.10 0.03 3.00 ** 
BZ-dry CRL-WS 784 -5.90 0.76 -7.71 *** 783 -0.60 0.04 -15.28 *** 
BZ-WS HN-dry 790 6.00 0.66 9.07 *** 788 0.70 0.04 18.62 *** 
BZ-WS HN-WS 781 0.10 0.57 0.11   782 0.00 0.03 -0.17   
BZ-WS CRH- dry 790 7.90 0.65 12.09 *** 788 0.80 0.03 22.07 *** 
BZ-WS CRH-WS 781 0.30 0.56 0.61   781 0.00 0.03 1.21   
BZ-WS CRL-dry 787 7.20 0.72 10.01 *** 784 0.70 0.04 18.95 *** 
BZ-WS CRL-WS 780 -0.10 0.64 -0.11   780 0.00 0.03 0.15   
HN-dry HN-WS 789 -5.90 0.63 -9.46 *** 786 -0.70 0.03 -19.11 *** 
HN-dry CRH- dry 781 1.90 0.47 4.11 *** 780 0.10 0.03 4.02 *** 
HN-dry CRH-WS 791 -5.60 0.61 -9.29 *** 788 -0.60 0.03 -18.42 *** 
HN-dry CRL-dry 781 1.20 0.55 2.24 * 781 0.10 0.03 2.14 * 
HN-dry CRL-WS 788 -6.10 0.73 -8.35 *** 786 -0.60 0.04 -16.26 *** 
HN-WS CRH- dry 789 7.80 0.61 12.80 *** 786 0.80 0.03 22.63 *** 
HN-WS CRH-WS 780 0.30 0.51 0.54   779 0.00 0.03 1.41   
HN-WS CRL-dry 786 7.20 0.68 10.51 *** 784 0.70 0.04 19.35 *** 
HN-WS CRL-WS 780 -0.10 0.61 -0.22   779 0.00 0.03 0.30   
CRH-dry CRH-WS 790 -7.60 0.59 -12.81 *** 788 -0.70 0.03 -22.13 *** 
CRH-dry CRL-dry 782 -0.70 0.54 -1.25   782 0.00 0.03 -1.28   
CRH-dry CRL-WS 788 -8.00 0.71 -11.21 *** 785 -0.70 0.04 -19.22 *** 
CRH-WS CRL-dry 787 6.90 0.66 10.41 *** 785 0.70 0.04 18.74 *** 
CRH-WS CRL-WS 779 -0.40 0.60 -0.69   779 0.00 0.03 -0.92   
CRL-dry CRL-WS 785 -7.30 0.77 -9.48 *** 783 -0.70 0.04 -16.86 *** 
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    δ13C     SLA+   SD     SPI   

Effect Est SE T Est SE T Est SE T Est SE T 

Intercept (Ambient) -27.88 0.24 -116.40 1.76 0.02 95.74 857.39 44.80 19.14 0.46 0.03 16.31 

Both -0.82 0.30 -2.72 0.01 0.02 0.66 -12.36 46.24 -0.27 -0.03 0.03 -1.23 

DS Water (DSW) -0.97 0.27 -3.53 0.01 0.02 0.31 -17.04 44.22 -0.39 -0.02 0.03 -0.90 

WS Water (WSW) -0.49 0.32 -1.51 
-

0.02 0.02 -1.04 -12.23 47.17 -0.26 0.03 0.03 0.89 

HN  0.14 0.28 0.50 0.09 0.01 15.04 11.14 30.27 0.37 0.00 0.02 0.22 

CRH -0.74 0.29 -2.59 0.04 0.01 3.77 24.93 29.51 0.85 0.02 0.02 0.95 

CRL -0.63 0.32 -1.98 0.06 0.01 5.07 18.83 34.41 0.55 0.02 0.02 1.03 

Wet Season (WS) 0.02 0.27 0.06 0.03 0.01 2.24 -- -- -- -- -- -- 

Seed Mass -- -- -- -- -- -- -- -- -- -- -- -- 

Size at Planting 0.03 0.01 1.93 0.00 0.00 -3.23 9.27 4.38 2.12 0.01 0.00 2.18 

Time -- -- -- -- -- -- -- -- -- -- -- -- 

Herbivory -- -- -- 0.06 0.02 3.33 -- -- -- -- -- -- 

Machine1 -- -- -- -- -- -- -- -- -- -- -- -- 

Machine2 -- -- -- -- -- -- -- -- -- -- -- -- 

Both a WS 0.44 0.34 1.28 -- -- -- -- -- -- -- -- -- 

DS Water x WS 0.42 0.39 1.08 -- -- -- -- -- -- -- -- -- 

WS Water x WS 0.47 0.40 1.16 -- -- -- -- -- -- -- -- -- 

HN Pop x WS 1.69 0.47 0.37 1.26 -- -- -- -- -- -- -- -- 

CRH x WS -0.16 0.27 0.33 0.82 -- -- -- -- -- -- -- -- 

CRL x WS -- 0.02 0.38 0.06 -- -- -- -- -- -- -- -- 

Both x HN  -- 0.72 0.35 2.04 -- -- -- -- -- -- -- -- 

Both x CRH -- 0.93 0.32 2.87 -- -- -- -- -- -- -- -- 

Both x CRL -- 0.73 0.38 1.92 -- -- -- -- -- -- -- -- 

DS x HN  -- 0.56 0.41 1.36 -- -- -- -- -- -- -- -- 

DS x CRH -- 0.90 0.38 2.38 -- -- -- -- -- -- -- -- 

DS x CRL -- 0.11 0.43 0.26 -- -- -- -- -- -- -- -- 

WS x HN  -- 
-

0.20 0.38 
-

0.52 -- -- -- -- -- -- -- -- 

WS x CRH -- 0.24 0.37 0.67 -- -- -- -- -- -- -- -- 

WS x CRL -- 
-

0.07 0.42 
-

0.17 -- -- -- -- -- -- -- -- 

HN x DSW x WS -- 0.00 0.54 0.00 -- -- -- -- -- -- -- -- 

HN x Ambient x WS -- 
-

0.32 0.51 
-

0.62 -- -- -- -- -- -- -- -- 

HN x WSW x WS -- 0.05 0.59 0.08 -- -- -- -- -- -- -- -- 

CRH x DSW x WS -- 0.20 0.49 0.42 -- -- -- -- -- -- -- -- 

CRH x Ambient x WS -- 0.09 0.46 0.18 -- -- -- -- -- -- -- -- 

CRH x WSW x WS -- 0.05 0.54 0.08 -- -- -- -- -- -- -- -- 

CRL x DSW x WS -- 
-

0.36 0.54 
-

0.68 -- -- -- -- -- -- -- -- 

CRL x Ambient x WS -- 
-

0.47 0.53 
-

0.89 -- -- -- -- -- -- -- -- 

CRL x WSW x WS -- 0.19 0.62 0.31 -- -- -- -- -- -- -- -- 
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Table S3.13- Summary of LMM output for carbon isotope discrimination (δ13C), specific 
leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits on 
experimental seedlings from Q. oleoides seeds collected from four populations 
throughout Central America (abbreviated in Table S3.2) and germinated in shadehouses 
and transplanted (transplant cohort) into the dry garden site (Honduras) and seedlings 
were subjected to one of four watering treatments, abbreviations in Table S3.8. 
Measurements were collected during the wet season (2012) and dry season (2013).  
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    A   gs   A/gs   δ13C     SLA     SD     SPI   

Effect DF χ2   χ2   χ2   DF χ2   DF χ2   DF χ2   χ2   

Treatment (T) 15,18 0.73   3.27   3.51   13,16 0.23   12,15 0.32   11,14 6.20 + 3.15   
Population (P) 15,18 0.62   3.17   3.68   13,16 0.95   12,15 8.21 * 11,14 4.88   1.01   
Season (S) 17,18 26.62 *** 27.96 *** 15.67 *** 15,16 1.68   14,15 30.45 *** -- --   --   
Seed Mass 40,41 1.40   3.18 + 2.61   38,39 0.31   38,39 0.27   21,22 1.67   2.43   
Herbivory 40,41 0.44   2.74 + 6.68 * 38,39 0.02   38,39 0.07   21,22 0.05   0.11   

Nitrogen -- --   --   --   38,39 0.84   -- --   -- --   --   

Time 40,41 3503.50 *** 0.90   2.71 + -- --   -- --   -- --       
Machine 39,41 10.00 * 45.73 *** 84.64 *** -- --   -- --   -- --       
T x P 24,33 3.20   5.44   5.99   21,31 16.12 + 20,30 11.60   14,22 5.14   6.28   
T x S 30,33 5.56   36.19 *** 40.01 *** 28,31 1.43   27,30 2.57   -- --   --   

P x S 30,33 3.27   6.78 + 8.99 * 28,31 1.54   37,30 3.95   -- --   --   
T x S x P 33,41 3.37   5.37   6.39   31,39 10.46   30,39 17.82 * -- --   --   
Block (T) 39,41 16.98 *** 47.36 *** 33.48 *** 37,39 4.92 + 37,39 175.78 *** 20,22 0.17   0.40   
MF (P) 39,41 0.02   0.00   0.00   37,39 5.83 * 37,39 0.34   20,22 0.00   0.00   
ID (MF(P)) 42,45 0.16   0.00   0.00   39,42 0.00   39,42 0.00   -- --   --   
MF (P) x S 42,46 0.60   2.21   0.87   39,43 0.57   39,43 2.45   -- --   --   

 
 
Table S3.14- Summary of nested LMM comparisons to test for effect significance in models of gas exchange traits: photosynthetic 
rate (A), stomatal conductance (gs), intrinsic water-use efficiency (A/gs), carbon isotope discrimination (δ13C), specific leaf area (SLA), 
stomatal density (SD), and stomatal pore index (SPI). Traits on experimental seedlings from Q. oleoides seeds collected from four 
populations throughout Central America (abbreviated in Table S3.2) and planted into common gardens (directly planted cohort) at the 
dry garden site (Honduras) and seedlings were subjected to one of four watering treatments, abbreviations in Table S3.8.  Block, 
maternal family (MF) and seedling ID were treated as random effects. 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001
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  A     gs
*     A/gs     

Effect Est SE T Est SE T Est SE T 
Intercept (Both) 39.19 142.47 0.28 -1.07 0.11 -9.39 2.41 0.10 24.55 
DSW 1.00 90.72 0.01 -0.06 0.09 -0.70 0.06 0.06 0.99 
Ambient (Amb) -0.47 95.94 -0.01 -0.11 0.09 -1.24 0.09 0.06 1.36 
WSW 0.82 100.90 0.01 -0.08 0.09 -0.82 0.08 0.07 1.18 
WS 2.50 108.39 0.02 0.22 0.11 1.97 -0.25 0.09 -2.71 
HN  5.93 165.49 0.04 -0.05 0.09 -0.59 0.01 0.07 0.14 
CRH -15.60 156.48 -0.10 -0.08 0.08 -0.99 0.03 0.07 0.43 
CRL -33.11 134.12 -0.25 -0.03 0.08 -0.43 -0.01 0.06 -0.17 
Machine1 -- -- -- 0.36 0.06 5.59 -0.45 0.05 -8.86 
Machine2 -- -- -- 0.38 0.05 7.19 -0.42 0.04 -9.55 
Time -- -- -- -- -- -- -0.21 0.11 -2.02 
Herbivory -- -- -- -0.05 0.03 -1.55 0.07 0.03 2.56 
Seed Mass -- -- -- -0.05 0.02 -2.11 -- -- -- 
DSW x WS -432.05 166.13 -2.60 -0.30 0.08 -3.67 0.29 0.06 4.61 
Amb x WS 4.83 164.05 0.03 0.19 0.07 2.72 -0.10 0.06 -1.71 
WSW x WS 2.57 154.37 0.02 0.15 0.07 2.30 -0.07 0.05 -1.31 
HN x DSW -- -- -- -- -- -- -- -- -- 
HN x Amb -- -- -- -- -- -- -- -- -- 
HN x WSW -- -- -- -- -- -- -- -- -- 
CRH x DSW -- -- -- -- -- -- -- -- -- 
CRH x Amb -- -- -- -- -- -- -- -- -- 
CRH x WSW -- -- -- -- -- -- -- -- -- 
CRL x DSW -- -- -- -- -- -- -- -- -- 
CRL x Amb -- -- -- -- -- -- -- -- -- 
CRL x WS W -- -- -- -- -- -- -- -- -- 
HN  x WS -- -- -- -0.08 0.13 -0.61 0.10 0.11 0.94 
CRH x WS -- -- -- 0.04 0.13 0.35 0.03 0.10 0.32 
CRL x WS -- -- -- -0.14 0.11 -1.26 0.18 0.09 2.11 
HN x DSW x WS -- -- -- -- -- -- -- -- -- 
HN x Amb x WS -- -- -- -- -- -- -- -- -- 
HN x WSW x WS -- -- -- -- -- -- -- -- -- 
CRH x DSW x WS -- -- -- -- -- -- -- -- -- 
CRH x Amb x WS -- -- -- -- -- -- -- -- -- 
CRH x WSW x WS -- -- -- -- -- -- -- -- -- 
CRL x DSW x WS -- -- -- -- -- -- -- -- -- 
CRL x Amb x WS -- -- -- -- -- -- -- -- -- 
CRL x WSW x WS -- -- -- -- -- -- -- -- -- 
*Estimates on log transformed scale           
Table S3.15- Summary LMM output for maximum photosynthetic rate (A), stomatal 
conductance (gs), intrinsic water-use efficiency (A/gs).  Traits on experimental seedlings 
from Q. oleoides seeds collected from four populations throughout Central America 
(abbreviated in Table S3.2) and planted into the dry garden site (directly planted cohort) 
and seedlings were subjected to one of four watering treatments, abbreviations in Table 
S3.8. Measurements were collected during the wet season (2012) and dry season (2013). 
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Table S3.16- Summary of LMM output for carbon isotope discrimination (δ13C), specific 
leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits on 
experimental seedlings seeds collected from four populations throughout Central 
America (abbreviated in Table S3.2) and planted into the dry garden site (directly planted 
cohort) and seedlings were subjected to one of four watering treatments, abbreviations in 
Table S3.8. 

  δ13C     SLA+     SD     SPI     

Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (Both) -28.08 0.35 -80.48 1.75 0.06 27.78 842.23 41.67 20.21 0.50 0.03 18.82 
DS Water (DSW) 0.16 0.54 0.30 0.04 0.08 0.54 135.08 60.82 2.22 0.05 0.04 1.32 
Ambient (Amb) -1.51 0.88 -1.71 0.00 0.10 0.02 92.92 60.15 1.55 0.05 0.04 1.29 

WS Water (WSW) 0.18 0.49 0.36 -0.03 0.08 -0.46 197.18 60.82 3.24 0.10 0.04 2.50 
Wet Season 0.13 0.08 1.67 0.06 0.06 1.02 -- -- -- -- -- -- 
HN  -0.04 0.47 -0.07 0.09 0.07 1.27 -- -- -- -- -- -- 
CRH 0.21 0.40 0.52 0.16 0.06 2.85 -- -- -- -- -- -- 
CRL 0.05 0.35 0.14 0.03 0.05 0.65 -- -- -- -- -- -- 

Machine1 -- -- -- -- -- -- -- -- -- -- -- -- 

Machine2 -- -- -- -- -- -- -- -- -- -- -- -- 
Time -- -- -- -- -- -- -- -- -- -- -- -- 

Herbivory -- -- -- -- -- -- -- -- -- -- -- -- 
Seed Mass -- -- -- -- -- -- -- -- -- -- -- -- 
DSW x WS -- -- -- 0.02 0.10 0.24 -- -- -- -- -- -- 
Ambient x WS -- -- -- 0.05 0.12 0.45 -- -- -- -- -- -- 
WSW x WS -- -- -- -0.08 0.11 -0.70 -- -- -- -- -- -- 
HN x DSW 0.27 0.71 0.38 -0.01 0.10 -0.09 -- -- -- -- -- -- 

HN x Amb 1.77 0.98 1.80 0.04 0.11 0.35 -- -- -- -- -- -- 
HN x WSW -0.97 0.68 -1.42 0.03 0.10 0.35 -- -- -- -- -- -- 

CRH x DSW -0.60 0.61 -0.99 -0.19 0.09 -2.23 -- -- -- -- -- -- 
CRH x Amb 0.98 0.93 1.05 -0.06 0.10 -0.53 -- -- -- -- -- -- 
CRH x WSW 0.01 0.60 0.01 -0.15 0.09 -1.71 -- -- -- -- -- -- 

CRL x DSW -0.11 0.55 -0.21 -0.03 0.08 -0.42 -- -- -- -- -- -- 
CRL x Amb 1.53 0.89 1.72 0.01 0.10 0.07 -- -- -- -- -- -- 
CRL x WSW -0.06 0.50 -0.12 0.03 0.07 0.43 -- -- -- -- -- -- 
HN x WS -- -- -- -0.14 0.09 -1.58 -- -- -- -- -- -- 
CRH x WS -- -- -- -0.08 0.07 -1.06 -- -- -- -- -- -- 
CRL x WS -- -- -- 0.00 0.06 0.07 -- -- -- -- -- -- 

HN x DSW x WS -- -- -- 0.04 0.13 0.33 -- -- -- -- -- -- 
HN x Amb x WS -- -- -- 0.08 0.15 0.51 -- -- -- -- -- -- 
HN x WSW x WS -- -- -- 0.15 0.14 1.06 -- -- -- -- -- -- 
CRH x DSW x WS -- -- -- 0.14 0.12 1.18 -- -- -- -- -- -- 
CRH x Amb x WS -- -- -- -0.01 0.13 -0.07 -- -- -- -- -- -- 
CRH x WSW x WS -- -- -- 0.24 0.13 1.82 -- -- -- -- -- -- 

CRL x DSW x WS -- -- -- -0.06 0.10 -0.62 -- -- -- -- -- -- 
CRL x Amb x WS -- -- -- -0.04 0.12 -0.38 -- -- -- -- -- -- 
CRL x WSW x WS -- -- -- 0.04 0.12 0.32 -- -- -- -- -- -- 
*Estimates on log transformed scale 
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Figure S3.4- LMM predicted mean (SE) for leaf-level traits related to carbon and water-
use, a) maximum photosynthetic rate (A), b) stomatal conductance (gs), c) intrinsic water-
use efficiency (A/g), d) carbon isotope discrimination (δ13), e) specific leaf area (SLA), 
and e) stomatal density (SD). Traits on experimental seedlings from Q. oleoides seeds 
planted into common garden (directly planted cohort) the dry garden site (Honduras). 
Population abbreviations are the same as in Fig. S3.4. Treatments are indicated as 
follows: “Ambient” = no additional watering; “WSW”= wet season watering; “DSW”= 
dry season watering; “Both” = watering in wet and dry seasons. Measurements were 
collected during the wet season (closed symbols) and dry season (open symbols) except 
for SD, which was only collected during the dry season.!
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  δ13C     SLA     SD     SPI     
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (Amb.) -29.70 0.21 -141.25 7.32 0.34 21.83 1021.41 77.04 13.26 0.46 0.04 11.28 
IG-DSW 0.39 0.37 1.04 -1.53 0.57 -2.70 -143.44 62.54 -2.29 0.08 0.04 1.76 
WG-Amb 0.20 0.27 0.74 0.13 0.45 0.29 -23.49 49.71 -0.47 -0.02 0.04 -0.45 
WS 0.38 0.09 4.13 -0.63 0.15 -4.35 -- -- -- -- -- -- 
HN  0.21 0.20 1.06 0.20 0.17 1.17 -59.51 57.63 -1.03 -0.03 0.03 -1.03 
CRH -0.23 0.18 -1.27 0.12 0.15 0.77 55.78 50.72 1.10 0.00 0.02 0.20 
CRL 0.05 0.15 0.34 0.01 0.13 0.08 -24.58 42.24 -0.58 -0.01 0.02 -0.44 
Seed Mass -- -- -- -- -- -- -56.82 24.84 -2.29 -0.02 0.01 -1.71 
Size at Planting -- -- -- -- -- -- -- -- -- -- -- -- 
Nitrogen -0.26 0.13 -2.09 -- -- -- -- -- -- -- -- -- 
IG-DSW x WS -0.28 0.14 -1.99 0.71 0.30 2.39 -- -- -- -- -- -- 
WG-Amb x WS 0.14 0.17 0.79 -0.75 0.20 -3.70 -- -- -- -- -- -- 
IG-DSW x HN  0.32 0.26 1.23 -- -- -- -- -- -- -- -- -- 
IG-DSW x CRH 0.25 0.23 1.08 -- -- -- -- -- -- -- -- -- 
IG-DSW x CRL 0.29 0.19 1.51 -- -- -- -- -- -- -- -- -- 
WG-Amb x HN  -0.63 0.44 -1.44 -- -- -- -- -- -- -- -- -- 
WG-Amb x CRH 0.02 0.36 0.06 -- -- -- -- -- -- -- -- -- 
WG-Amb x CRL -0.64 0.31 -2.11 -- -- -- -- -- -- -- -- -- 

 
Table S3.17- Summary of LMM output for carbon isotope discrimination (δ13C), specific leaf area (SLA), stomatal density (SD), and 
stomatal pore index (SPI).  Traits on experimental seedlings from Q. oleoides seeds collected from four populations throughout 
Central America and germinated in shadehouses and transplanted (transplant cohort) into common gardens in Costa Rica- intermediate 
(IG) and wet (WG) gardens.  Seedlings at the intermediate garden were subjected to two watering treatments: ambient rainfall and 
added water during the dry season.  Due to the design not being full-factorial treatment represents the three possible conditions: IG-
ambient rainfall, IG-DS Water and WG-ambient rainfall.  Measurements were collected during the wet season (WS, 2012) and dry 
season (DS, 2013).  
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Table S3.18- Summary of pairwise contrasts of treatment x season interaction from mixed effects models of carbon isotope 
discrimination (δ13C) and specific leaf area (SLA).  Factors include intermediate garden (IG, Amb), intermediate garden- dry season 
water (IG,DSW) and wet garden (WG,Amb) in the dry (DS) and wet (WS) seasons. Traits were measured on leaves from 
experimental seedlings from Q. oleoides seeds collected from four populations throughout Central America and germinated in 
shadehouses and transplanted into common intermediate and wet gardens in Costa Rica.  Measurements were collected during the wet 
season (2012) and dry season (2013). +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001

    δ13C SLA 
Factor Contrasts DF Est SE T   DF Est SE T   
IG, Amb-DS WG, Amb- DS 22.70 -0.10 0.28 -0.25   17.60 1.50 0.57 2.70   
IG, Amb-DS IG-DSW-DS 18.40 -0.40 0.22 -1.91   15.60 -0.10 0.45 -0.29   
IG, Amb-DS IG, Amb-WS 866.30 -0.40 0.10 -3.55 *** 838.70 0.60 0.15 4.35 *** 
IG, Amb-DS WG, Amb-WS 23.10 -0.60 0.28 -2.08 * 17.30 1.50 0.57 2.57 * 
IG, Amb-DS IG-DSW-WS 18.70 -0.50 0.22 -2.31 * 16.20 1.30 0.45 2.76 ** 
WG, Amb- DS IG, DSW-DS 22.90 -0.30 0.28 -1.23   17.80 -1.70 0.57 -2.92 ** 
WG, Amb- DS IG,Amb-WS 23.00 -0.30 0.28 -1.03   18.20 -0.90 0.57 -1.57   
WG, Amb- DS WG, Amb-WS 854.90 -0.50 0.17 -3.09 ** 838.20 -0.10 0.26 -0.30   
WG, Amb- DS IG, Amb-WS 22.90 -0.40 0.28 -1.54   18.20 -0.30 0.57 -0.49   
IG, DSW-DS IG,Amb-WS 18.80 0.10 0.22 0.26   16.50 0.80 0.46 1.67   
IG, DSW-DS WG, Amb-WS 22.90 -0.20 0.28 -0.61   17.50 1.60 0.57 2.79   
IG, DSW-DS IG, DSW-WS 855.70 -0.10 0.10 -0.88   839.10 1.40 0.15 9.31 *** 
IG, Amb-WS WG, Amb-WS 22.30 -0.20 0.28 -0.82   17.80 0.80 0.57 1.44   
IG, Amb-WS IG, DSW-WS 18.30 -0.10 0.22 -0.66   16.60 0.60 0.46 1.35   
WG, Amb-WS IG, DSW-WS 22.20 0.10 0.28 0.30   17.80 -0.20 0.57 -0.36   
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Table S3.19-. Summary of nested LMM comparisons to test for effect significance in models of carbon isotope discrimination (δ13C), 
specific leaf area (SLA), stomatal density (SD), and stomatal pore index (SPI).  Traits on experimental seedlings from Q. oleoides 
seeds collected from four populations throughout Central America and planted directly into common gardens in Costa Rica- 
intermediate (IG) and wet (WG) gardens.  Seedlings at the intermediate garden were subjected to two watering treatments: ambient 
rainfall and added water during the dry season.  Due to the design not being full-factorial treatment represents the three possible 
conditions: IG-ambient rainfall, IG-DS Water and WG-ambient rainfall.  Measurements were collected during the wet season (2012) 
and dry season (2013). +0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 
 
 
 
 
 

  δ13C       SLA   SD     SPI     
Effect DF χ2   DF χ2   DF χ2   DF χ2   
Treatment (T) 12,14 0.40   11,13 5.58 + 10,12 3.52   10,12 4.93 + 
Population (P) 11,14 2.69   10,13 1.84   9,12 2.61   9,12 3.78   
Season (S) 13,14 1.05   12,13 0.19   -- --   -- --   
Seed Mass 18,19 0.00   17,18 0.22   16,17 3.16 + 16,17 0.89   
Nitrogen 18,19 1.14   -- --   -- --   -- --   
T x P 19,23 2.65   -- --   12,17 7.48   12,17 2.78   
T x S 17,19 17.38 *** 16,18 1.83   -- --   -- --   
P x S 16,19 0.40   15,18 1.07   -- --   -- --   
T x P x S -- --   -- --   -- --   -- --   
Block (T) 17,19 3.90   16,18 1447.50 *** 15,17 0.18   15,17 0.36   
MF (P) 17,19 3.64   16,18 1447.50 *** 15,17 0.00   15,17 0.00   
ID (MF(P)) 19,20 0.01   18,19 0.00   -- --   -- --   
MF (P) x S 19,23 0.08   18,24 0.00   -- --   -- --   
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Table S3.20- Summary of nested LMM comparisons for carbon isotope discrimination (δ13C), specific leaf area (SLA), stomatal 
density (SD), and stomatal pore index (SPI).  Traits on seedlings from Q. oleoides seeds collected from four populations throughout 
Central America and planted directly into common gardens in Costa Rica- intermediate (IG) and wet (WG) gardens. Treatment 
represents the three possible conditions: IG-ambient rainfall, IG-DS Water and WG-ambient rainfall.  Measurements were collected 
during the wet season (2012) and dry season (2013). 

  δ13C     SLA*     SD     SPI     
Effect Est SE T Est SE T Est SE T Est SE T 
Intercept (IG-Amb) -27.93 0.39 -71.41 52.84 9.81 5.39 441.92 183.75 2.41 0.47 0.06 7.94 
WG-Amb -0.62 0.45 -1.36 -2.23 12.08 -0.19 106.12 64.62 1.64 0.08 0.04 2.12 
IG-DSW -0.15 0.40 -0.37 7.60 10.80 0.70 133.84 64.21 2.08 0.01 0.04 0.31 
WS -0.42 0.21 -1.95 9.25 11.79 0.78 -- -- -- -- -- -- 
HN -0.76 0.49 -1.56 5.27 7.06 0.75 157.18 166.81 0.94 -0.04 0.08 -0.50 
CRH -0.29 0.34 -0.86 4.94 10.97 0.45 150.71 128.30 1.18 0.01 0.06 0.25 
CRL -0.37 0.30 -1.20 11.87 10.23 1.16 71.94 114.51 0.63 -0.03 0.06 -0.58 
Seed Size -- -- -- -- -- -- 175.02 65.48 2.67 -- -- -- 
WG-Amb x WS 1.44 0.34 4.25 16.48 15.17 1.09 -- -- -- -- -- -- 
IG-DSW x WS 0.04 0.29 0.12 -15.96 13.05 -1.22 -- -- -- -- -- -- 
CRH x WG-Amb -- -- -- 11.61 13.39 0.87 -- -- -- -- -- -- 
CRH x IG_DSW -- -- -- -13.98 12.59 -1.11 -- -- -- -- -- -- 
CRL x WG-Amb -- -- -- 0.06 12.67 0.01 -- -- -- -- -- -- 
CRL x IG-DSW -- -- -- -11.90 11.41 -1.04 -- -- -- -- -- -- 
HN x WS -- -- -- -1.77 9.59 -0.19 -- -- -- -- -- -- 
CRH x WS -- -- -- -7.90 13.23 -0.60 -- -- -- -- -- -- 
CRL x WS -- -- -- -11.10 12.30 -0.90 -- -- -- -- -- -- 
CRH x WG-Amb x WS -- -- -- -19.82 17.20 -1.15 -- -- -- -- -- -- 
CRH x IG-DSW x WS -- -- -- 25.28 15.48 1.63 -- -- -- -- -- -- 
CRL x WG-Amb x WS -- -- -- -7.46 16.18 -0.46 -- -- -- -- -- -- 
CRL x IG-DSW x WS -- -- -- 16.46 13.89 1.19 -- -- -- -- -- -- 
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Figure S3.5- Mixed effects model predicted mean (SE) for leaf-level traits related to 
carbon and water-use, a) specific leaf are (SLA), b) carbon isotope discrimination (δ13), 
c) stomatal density (SD), and d) stomatal pore index (SPI). Traits were measured on 
experimental seedlings from Q. oleoides planted directly into common gardens in Costa 
Rica- intermediate (IG) and wet (WG) gardens.  Population abbreviations are the same as 
in Fig. S3.2. Seedlings at the intermediate garden were subjected to two watering 
treatments: ambient rainfall and added water during the dry season.  Due to the design not 
being full-factorial treatment represents the three possible conditions: IG-ambient rainfall, 
IG-DS Water and WG-ambient rainfall.  Measurements were collected during the wet 
season (WS- closed symbols) and dry season (DS- open symbols).  
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Table S3.21- Summary of post-hoc contrasts treatment x season interaction from mixed 
effects model carbon isotope discrimination (δ13C), measured on experimental seedlings 
from Q. oleoides seeds collected from four populations throughout Central America and 
planted directly into common gardens in Costa Rica- intermediate (IG) and wet (WG) 
gardens.  Seedlings at the intermediate garden were subjected to two watering treatments: 
ambient rainfall (and added water during the dry season. Treatment represents the three 
possible conditions: IG-ambient rainfall (IG, Amb), IG-DS Water (IG, DSW) and WG-
ambient rainfall (WG, Amb). Measurements were taken in the wet season (WS) and dry 
season (DS).  Degrees of freedom shown are denominator DF, numerator DF=1. 
+0.10≥P>0.05; * P≤ 0.05, ** P≤0.01;  ***<0.001 

      δ13C       
Factor Contrasts DF Est SE T  
IG, Amb-DS WG, Amb- DS 8 0.60 0.45 1.36   
IG, Amb-DS IG, DSW-DS 10 0.10 0.40 0.37   
IG, Amb-DS IG, Amb-WS 101 0.40 0.21 1.95 * 
IG, Amb-DS WG, Amb-WS 9 -0.40 0.47 -0.86   
IG, Amb-DS IG, DSW-WS 10 0.50 0.40 1.32   
WG, Amb- DS IG, DSW-DS 8 -0.50 0.45 -1.05   
WG, Amb- DS IG,Amb-WS 8 -0.20 0.45 -0.44   
WG, Amb- DS WG, Amb-WS 110 -1.00 0.26 -3.89 *** 
WG, Amb- DS IG, Amb-WS 8 -0.10 0.45 -0.19   
IG, DSW-DS IG,Amb-WS 10 0.30 0.40 0.68   
IG, DSW-DS WG, Amb-WS 9 -0.60 0.46 -1.20   
IG, DSW-DS IG, DSW-WS 109 0.40 0.20 1.91 + 
IG, Amb-WS WG, Amb-WS 9 -0.80 0.46 -1.77   
IG, Amb-WS IG, DSW-WS 9 0.10 0.40 0.28   
WG, Amb-WS IG, DSW-WS 9 0.90 0.46 2.03   


