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Abstract 
Tree species in coastal forests may exhibit specialization or plasticity in cop-
ing with drought through changes in their stomatal morphology or activity, 
allowing for a balance between gas exchange and water loss in a periodically 
stressful environment. To examine these responses, we sought to answer two 
primary research questions: a) how is variation in B. simaruba’s stomatal 
traits partitioned across hierarchical levels, i.e., site, tree, and leaf; and b) is 
variation in stomatal traits an integrated response to physiological stress ex-
pressed across the habitat gradient of Florida Keys forests? At eight sites dis-
tributed throughout the Keys, five leaves were collected from three mature 
trees for stomatal analysis. Leaf carbon stable isotope ratio (δ13C) was deter-
mined to infer the changes in water use efficiency caused by physiological 
stress experienced by each tree. The results showed that substantial propor-
tions of the total variance in three traits (stomatal density, stomatal size, and 
δ13C) were observed at all levels, suggesting that processes operating at each 
scale are important in determining trait values. A significant negative correla-
tion between stomatal density and size across scales was observed. Path mod-
el analysis showed that environmental variables, distance to ground water and 
ground water salinity, affect leaf δ13C indirectly, via its effects on stomatal 
traits, not directly to leaf δ13C. Therefore, the combination of small and 
densely distributed stomata seems to represent a strategy that allows B. sima-
ruba to conserve water under conditions of physiological drought induced 
by either higher ground water salinity or flooding stress at very low eleva-
tion. 
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1. Introduction 

The impacts of stress in plants growing in saline or flooded environments are 
similar to the ones faced by plants growing in dry environments [1], and are col-
lectively referred to as physiological drought. Like drought stress, salt-induced 
stress occurs when water intake is limited, in this instance when salt concentra-
tions in the soil solution rise above a critical level [2]. Both salt and drought 
stress lead to cellular dehydration, which causes osmotic stress [3]. The effects of 
osmotic stress can harm woody plants through cavitation of water columns 
within the xylem, or by toxicity of salts on biochemical processes [4]. Flooding 
stress likewise is detrimental to most terrestrial plants, resulting in dramatically 
reduced gas exchange between plants roots and the soil environment during 
flood events [5]. Physiological responses to flooding stress resemble those 
brought on by drought stress mainly due to root damage from root hypoxia, lo-
wered root hydraulic conductivity, or accumulation of potentially toxic com-
pounds [6]. 

Plant evolution in a temporally and spatially heterogeneous environment 
leads to one of two alternatives: specialization to a fraction of the environmental 
heterogeneity (evolutionary specialization); or generalized adaptation to a broad 
range of environments (i.e., phenotypic plasticity) [7] [8]. One way that plants 
may exhibit specialization or plasticity in dealing with drought is by changes in 
stomatal morphology or activity, allowing for a balance between gas exchange 
and water loss in stressful environments. Species adapted to a broad range of en-
vironments may respond to spatial and temporal environmental heterogeneity 
by plasticity in stomatal traits. In contrast, species or genotypes specialized in 
consistently dry environments are often less plastic in stomatal traits, as evolu-
tion of these traits is specific to those conditions [9]. Tendencies in stomatal ar-
chitecture within a single tree species, where plasticity in stomatal density or size 
may be expressed across sites, among trees within a site, or even among leaves 
within a tree, depend on the scale at which the operative stress is expressed. 
Moreover, stomatal traits coupled with other physiological stresses will affect the 
discrimination against 13C uptake during photosynthesis. The carbon fixed in the 
leaves of physiologically stressed plants including those suffering from salinity 
stress have been shown to be enriched in the heavier isotope 13C compared with 
the lighter isotope 12C [10]. When plants are stressed, the rate of photosynthetic 
CO2 assimilation decreases due to reduced stomatal conductance and conse-
quent restriction in the availability of CO2 for carboxylation. This will cause a 
lower discrimination against 13C during the biochemical fixation of CO2 in the 
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Calvin cycle [11]. Therefore, 13C/12C ratios (expressed as δ13C, after standardiza-
tion) may track the trajectories of stomatal density and size as well as other fac-
tors in response to hydrologic conditions. 

Tropical dry forests of the Florida Keys occupy a wide range of physical set-
tings, including flood-stressed, salt-stressed, and water-limited environments. 
Trees in these forests have two distinct sources of water: rainwater stored in an 
organic-rich soil layer and groundwater present at some depth in the bedrock. 
The organic soil layer is typically thin (<30 cm), causing trees to depend in va-
rying degree on groundwater as their water source [12] [13]. Trees located at 
relatively low elevations have more access to the groundwater due to their 
proximity to the water table, while trees at higher elevations may become 
drought-stressed when soil water is exhausted. Although these forests, locally 
known as “hammocks”, are infrequently flooded, those situated at elevations less 
than one meter above mean sea level may suffer flooding stress when high rain-
fall and/or high tides saturate the vadose zone for brief periods. 

A third potential stressor is the salinity of the water available to Florida Keys 
trees, which is affected not only by distance to water table and source (rainfall or 
tides), but also by bedrock geology [14]. In the easternmost (Upper) Keys, even 
the water closest to the surface is brackish, because the coralline limestone that 
forms these islands is extremely permeable, allowing groundwater to mix freely 
with surrounding seawater [15]. In the lower Florida Keys, where a less permea-
ble oolitic limestone overlies the coralline rock formation, a freshwater lens op-
erating under Ghyben-Herzberg dynamics comprises the groundwater surface in 
some island interiors [16]. Geologic factors are therefore critical, as both the sa-
linity of the groundwater and the proximity of tree roots to it may determine the 
magnitude of water stress and the nature of plant response. 

A hypothetical alignment of physiologic stresses and leaf characteristics is il-
lustrated graphically for a single mesophytic tree species in the Florida Keys 
(Figure 1). The independent curve of stress with distance to the water table is 
concave, with highest levels close to the water table and far above it, and lowest 
stress at intermediate elevations (Figure 1). In contrast, stress increases mono-
tonically with increasing salinity, all else being equal. We expect the response in 
leaf δ13C, as a direct reflection of plant stress, to follow suit, varying with both 
the salinity of the groundwater table and its distance below the soil surface. 

Some studies have argued that an increase in stress caused by drought or sa-
linity causes plants to produce fewer and larger stomates to minimize their water 
loss by transpiration under dry or saline conditions [4] [17] [18] [19] [20]. In 
contrast, other studies have shown that drought stress and arid climatic condi-
tions causes an increase in stomatal density and a decrease in stomatal size be-
cause plants with larger stomata are slower to close and demonstrate a greater 
potential for hydraulic dysfunction under drought [21] [22] [23]. Based on these 
two views, the causal relationships (arrows) between stomatal traits, environ-
mental variables (ground water salinity and distance to ground water), and  
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Figure 1. Diagram showing plant stress in response to distance 
from the ground water table. Red and black arrows shows the 
direction of plant stress increases due to freshwater stress and 
saltwater stress, respectively. 

 
leaf δ13C are illustrated in a path model for a single mesophytic tree species in 
the Florida Keys (Figure 2). If an increase in physiological stress is associated 
with fewer and larger stomates, leaf δ13C and stomatal density are expected to 
exhibit a negative correlation. On the other hand, if an increase in physiological 
stress is associated with many and smaller stomates, leaf δ13C and stomatal den-
sity are expected to exhibit a linear positive correlation. 

Most studies that have explored stomatal variation in nature have used con-
trolled experiments, or comparisons among closely or distantly related species. 
This study takes a different approach by addressing hierarchical issues of land-
scape-scale stomatal trait variance in a species distributed widely across a dry 
subtropical forest, where local populations are found in a broad range of envi-
ronments. In dry-tropical forest, where our understanding of stomatal trait vari-
ation is limited, physiological traits including stomatal traits are influenced by 
different processes operating across distinct spatial scales ranging from regional 
environmental factors such as climate, geology, elevation, groundwater salinity, 
to localized factors such as light and soil environment [24]. Identifying which 
scales cause the most variation in traits provides important information regard-
ing the patterns and processes that are ecologically most critical [25]. For exam-
ple, the primary factors that drive trait variation across the sites may include to-
pography, disturbance, edaphic, and hydrological factors, while factors that drive 
trait variation within a population (site) are mainly due to phenotypic plasticity 
in response to micro-environmental heterogeneity. 

In this paper, we examine stomatal size and density in Bursera simaruba, a 
common tree species in tropical dry forests of the Florida Keys. Sampling leaves 
from eight forests, we determined how small differences in environmental con-
ditions such as elevation, geology, and groundwater salinity affected both sto-
matal structure and physiological stress, as reflected by carbon isotope ratios. In 
the process, we quantified variance in stomatal traits across a hierarchy of scales:  
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Figure 2. Path model showing the causal relationships (arrows) between 
stomatal traits, environmental variables (ground water salinity and distance 
to ground water, and leaf δ13C. Stomatal traits is expected to have effect in 
δ13C (unknown, either positive or negative); Ground water salinity can have 
effect on both stomatal traits (positive or negative) and δ13C (negative), 
while proximity to ground water is directly related to trees availability of 
freshwater so it might have effect on both δ13C (positive) and stomatal traits 
(positive or negative). 

 
site, tree, and leaf levels. We sought to answer two questions: a) how is the va-
riance in stomatal traits (size and density) partitioned across the hierarchical le-
vels? and b) at the site level, does variation in B. simaruba (L.) Sarg. stomatal 
traits reflect physiological stress expressed across the habitat gradient of Florida 
Keys forests? 

2. Materials and Methods 

The Florida Keys are a 210 km chain of islands running southwest from Soldier 
Key (25˚36'N, 80˚10'W), near the Florida mainland, to Key West (24˚33'N, 
81˚49'W). Conditions become progressively drier and warmer with increasing 
distance from the mainland. For instance, mean annual rainfall and temperature 
are 1200 mm m and 25.1˚C at Tavernier in the Upper Keys and 1000 mm and 
25.4˚C at Key West in the Lower Keys [26]. The highest elevation is only 5.5 m 
above the sea level, while most of the land area is below 2 m. 

Our study of stomatal characteristics was initiated in 2014, using B. simaruba 
as a focal species due to its local abundance and wide distribution within ham-
mocks of the study area. Eight study sites were chosen: three in the lower Keys, 
two in the middle Keys, and three in the upper Keys (Figure 3). Each of these 
sites contained a well from which ground water salinity and distance to water ta-
ble had been determined at monthly intervals during 1989-1992 [26]. While 
subsequent research has shown some increases in groundwater salinity in Keys 
natural areas since 1992 [13], these changes have been small, especially in the 
interior locations where most of the study sites were located. 

The study of leaf characteristics began with collection of newly matured, 
healthy B. simaruba leaves from all eight sites during July-October 2014. To  
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Figure 3. Map showing study locations. 
 
control for trait variation within the canopy, we collected only leaves from the 
outer canopy, fully exposed to sun. Since all data were collected during one wet 
season (July-October), trait variation among seasons was minimized. Similarly, 
variation associated with leaf age was minimized by collecting only the youngest 
fully expanded leaves. Three trees per site were selected randomly, and five 
leaves were collected from each tree. Altogether, 120 leaves were sampled from 
24 trees. 

Assessment of stomatal density and size involved the construction of leaf im-
prints through application of clear nail polish to the leaf, after which the im-
prints were lifted off by tape and placed on a slide [27]. Digital images of three 
randomly selected views of each leaf were taken under a compound microscope. 
Stomatal density and size were analyzed in ImageJ [28]. Stomatal density was 
determined from total counts within areas of 0.275 mm2 at 160X magnification, 
which were converted to number of stomata per mm2 for analysis. A total of 345 
captured fields of view were used. Imprint images that had visible leaf veins, 
which lacked stomata, required a correction to the total area viewed [29]. Using 
the polygon-drawing tool in ImageJ, veins were digitized, and their area calcu-
lated and subtracted from the total observed grid area. Stomatal size was 
represented by measures of guard cell length i.e., the length between the junc-
tions of the guard cells at each end of the stomata [30]; this is a measure of the 
maximum potential opening of the stomatal pore rather than the apparent aper-
ture [31]. Stomatal length was measured using a compound microscope at 
1000X magnification. 

13C content of leaves was determined with data expressed in “delta” notation 
(δ13C) as [32]: 

( )13 Rsample Rstandard 1 1000Cδ = − ×    
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where, Rsample and Rstandard are the ratios 13C:12C of the sample and standard, re-
spectively, and Rstandard for carbon is of marine fossils of the Pee Dee Belemnite. 
Sample processing was done by drying at 65˚C to constant weight, grinding the 
samples to a fine powder, and combusting 2 - 3 mg subsamples in an elemental 
analyzer (Carlo Erba) coupled to an isotope ratio mass spectrometer (IRMS Del-
ta Plus, Finnigan Mat, San Jose, CA, USA) operating in the continuous flow 
mode at Southeast Environmental Research Center Stable Isotope Laboratory, 
Florida International University, Miami, USA. 

We used a linear mixed model to partition the variance in stomatal traits and 
leaf δ13C across sites, among trees within a site, and among leaves within a tree. 
Mixed models that specified this nested structure were fitted using the ‘var-
comp” function in ‘nlme’ library of R [33] with restricted maximum likelihood 
estimation. The code used in R to calculate the variance partitioning of the sto-
matal density trait across the nested scales for the full model was: 

varcomp(lme(stomatal density~1,random = 1|Site/Tree/Leaf)) 
The same model was applied to stomatal size and leaf δ13C. The variance at-

tributable to each hierarchical level was expressed as a percentage of the total va-
riance. We also plotted and calculated the linear correlations between stomatal 
traits and leaf δ13C. 

Since carbon isotope ratios may be influenced by all the measured parameters 
(stomatal traits and environmental variables), we used path analysis to model 
direct and indirect effects of stomatal density, proximity to ground water, and 
GWS on dependent variable (δ13C). The correlations among predictor variables 
(stomatal traits, GWS, and proximity to the ground water), may affect the re-
gression models by inflating the standard errors of estimate and destabilizing the 
regression coefficients. The independent variables were also tested for colinear-
ity. We modeled the causal effects across the network and used path coefficients 
(standardized partial regression coefficients) to assess the relative strength of di-
rect and indirect causal paths on the dependent variable. We calculated indirect 
effects of an independent variable as a sum of products of path coefficients along 
all paths leading to a carbon isotope ratio, dependent variable [34]. Both direct 
and indirect effects were summed to calculate the total effects of each variable in 
the model on the plant stress (leaf δ13C). 

3. Results 

Two critical environmental variables, i.e., distance to water table and ground 
water salinity) varied by site and region (Lower, Middle, and Upper Keys, Table 
1). Ground water salinity, which ranged from 2 to 24%, was maximum in Key 
Largo (23.4%, KL3) and lowest in Sugarloaf Key (2.8%, SL2). Similarly, distance 
to the water table ranged from 66 cm (SL1) to 380 cm (KL3) (Table 1). 

The decomposition of the total variance in stomatal density, stomatal size, and 
leaf δ13C among the hierarchical levels is shown in Table 2. For stomatal density,  
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Table 1. Sites with mean ground water salinity (GWS), ground elevation, and soil depth. 
Site ID’s: KL = Key Largo, LV = Lignum vitae Key, BPK = Big Pine Key, SL = Sugarloaf 
Key. 

Site 
Average GWS 

(%) 
Average distance to water 

table (cm) 
Average elevation 

(cm) 
Soil depth (cm) 

KL1 3.80 47.29 69.71 12 

KL2 15.25 121.26 156.48 10 

KL3 23.44 328.46 379.54 20.4 

LV1 20.42 258.48 291.27 10.2 

LV2 13.83 49.07 73.62 10.3 

SL1 9.81 38.23 66.1 12.7 

SL2 2.78 69.81 78.60 15.2 

BPK 4.65 54.27 79.68 15.3 

 
Table 2. Decomposition of the total variation in stomatal density, stomatal length, and 
leaf δ13C traits across three hierarchical levels (site, tree, and leaf). 

Groups Stomatal density (%) Stomatal size (%) Leaf δ13C (%) 

Site 41 12 9 

Tree 30 17 5 

Leaf 23 61 76 

Residual 6 10 9 

 
the proportion of the total variance was well distributed across the three scales, 
with the highest proportion at the site level (41%) and the lowest percentage at 
the leaf level (21%). However, the bulk of the variation in both stomatal size and 
leaf δ13C was found at the leaf level (61% and 76%, respectively), while variation 
at tree and site levels was very low (12% and 9%, respectively). 

Stomatal density ranged from 350 to 1017 mm−2, and stomatal size i.e., length 
ranged from 14 to 32 µm. Despite considerable variation within sites, stomatal 
density exhibited an inverse relationship (negatively correlation) with stomatal 
size at the site level (r = −0.64, p < 0.05, Figure 4). 

Leaf δ13C ranged from −33.13 to −25.12. Leaves in three upper Keys loca-
tions—elevated sites with ground surface well above a brackish groundwater ta-
ble—were most enriched in the heavy carbon isotope (high δ13C), indicating rel-
atively high stress; in turn, lower Keys sites with fresher groundwater showed 
more depleted carbon signatures. Leaf δ13C was positively correlated with sto-
matal density (r = 0.61, p = 0.02; Figure 5). 

Path analysis showed that change in distance to ground water and GWS led to 
an increase in stomatal traits (Figure 6). Stomatal traits had, in turn, a direct ef-
fect on the leaf δ13C, stomatal density leading to significant increase in δ13C 
(Table 3). More importantly, environmental variables (distance to ground water 
and GWS) affected leaf δ13C indirectly, via its effects on stomatal traits, not di-
rectly on δ13C (Table 3). 
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Figure 4. Relationship between stomatal density and stomatal length. The regression line 
is fit to site level means. Error bars represent standard errors of mean (n = 15 for each 
site, r = −0.64, p < 0.05). 

 

 
Figure 5. Relationship between stomatal density and leaf δ13C. The regression line is fit to 
site level means. Error bars represent standard errors of mean (n = 15 for each site, r = 
0.61, p = 0.02). 

4. Discussion 
4.1. Stomatal Trait Partitioning across Scales 

Variance in leaf traits was observed at all levels, suggesting that processes oper-
ating at all three scales are important in determining trait values. Site level  
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Figure 6. Path model showing the causal relationships (arrows) between en-
vironmental variables (ground water salinity, distance to ground water), 
stomatal trait (stomatal density), and leaf δ13C for B. simaruba in seasonally 
dry forest in Florida Keys. The thickness of lines indicates relative strength 
of significant correlations. Dashed lines showing the unexplained variation 
of the regression model ((√(1 − R2)) Distance to ground water, GWS were 
log-transformed to comply with linear models assumptions. Positive and 
negative values in the figure indicate the negative and positive relationship, 
respectively. 

 
Table 3. Effect of coefficients for variables affecting leaf leaf δ13C in path analysis for B. 
simaruba across the habitat gradient in Florida Keys. Significant results (p < 0.05) are 
presented in bold. 

Variable Direct effect Indirect effect Total effect 

Ground water salinity (GWS) 0.26 0.43 0.69 

Distance to GW −0.19 −0.30 −0.49 

Stomatal density 0.48 Not modeled 0.48 

 
variation might arise from adaptations to environmental differences across the 
study area. Dry tropical forests in the Florida Keys are water-limited ecosystems 
in which trees go through a long (usually more than five months) dry period 
each year. Sites vary in freshwater availability, depending on factors such as soil 
depth, geographical location, proximity to the water table, and ground water sa-
linity (Table 1). The conceptual models presented in Figure 1 and Figure 2 out-
line our expectations if trait variation is driven primarily by broad differences 
among sites in environmental characteristics (distance to water table and ground 
water salinity. Depending on their strength, sources of within-stand and with-
in-tree variation are likely to obscure these relationships. 

Though we attempted to minimize this source of variation by sampling fully 
developed and healthy leaves from the upper canopy (dark green with no visible 
damage due to herbivory or disease), a large amount of trait variation was ob-
served at the leaf level for all three traits (>21%, Table 2). The origin of trait 
variation at the leaf level may be biological or physical. In the first category, the 
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phenomenon of apical dominance arises out of interference competition. The 
apical meristem produces auxin, a growth substance that diffuses downward 
through tissue and inhibits the growth of lateral meristems. During branching, 
the apical meristems of a plant compete with one another for resources (light, 
water, nutrients) [35]. Height growth in fast-growing trees such as B. simaruba 
may be effectuated by a few meristems, which suppress the development and 
elongation of lateral shoots. Therefore, variation in leaf traits within a tree might 
be expressions of internal competition between branches for limited resources. 
Likewise, all portions of the crown do not experience the same environment, es-
pecially with respect to access to sunlight. Branch shading within a crown is 
likely to create asymmetric within-canopy competition for resources between 
individual branches. In addition, leaves of tall trees like B. simaruba are suscept-
ible to occasional airborne doses of salt spray brought by wind and wave activi-
ties in coastal environments, and salt deposition may be unevenly distributed 
within the canopy. The effect of salt spray is even more pronounced where water 
availability is limited [36], as it is in the Florida Keys’ forests. Salt deposition on 
leaves during and/or after leaf development may create physiological stress, and 
contribute to variation in leaf structure or function.  

Our analysis of variance partitioning suggests that the leaf traits we examined 
in B. simaruba differed in their responses to short-term or fine-scale environ-
mental variation; the overwhelming concentration of variance in stomatal size 
and δ13C at the leaf level contrasted sharply with the large proportion of variance 
in stomatal density found at the site level. Variation in stomatal traits among 
trees within a site, and among leaves within a tree is likely to be affected by both 
environmental and biological factors. Within-site variability in plant traits may 
result from microtopographic differences. In Florida Keys’ dry tropical forests, 
physical and chemical erosion has produced a rough karst surface characterized 
by peaks and valleys that can vary by decimeters to meters over very short dis-
tances. On well-drained sites in the lower Keys, trees at lower elevations may be 
favored by better access to fresh groundwater than those on higher ground. Bio-
logical factors such as neighbor effects are also likely to come into play at this 
level, due to competition among trees for resources in limited supply (water, 
light, nutrients). Similarly, within-site variation may also occur due to genetic 
variation among the individual trees. B. simaruba seeds are generally dispersed 
by birds, which are likely to transport fruits to nearby islands, resulting in mix-
ing of the seed pool, while allowing for genetic segregation among distant popu-
lation clusters. These patterns point to differences in plasticity among traits, as 
discussed by other authors (e.g., Franks et al., 2014). The large proportion of va-
riance in stomatal density among populations at the site level may indicate that 
variation in this trait may result from a long-time selective pressure in environ-
ments with different water availability [37] [38], and therefore might comprise 
adaptive responses to persistent differences in freshwater availability across sites. 
In contrast, variation in stomatal size and leaf δ13C may be reflective of plastic 
responses to microenvironment. For instance, leaf δ13C is considered a short-term 
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response to the current environment, as it carries a temporally integrated signa-
ture of foliar photosynthesis and stomatal conductance [39]. Similarly, in a 
shade-house experiment, Aasamaa et al. (2001) observed significant changes in 
stomatal size of tree species subjected to water stress over short periods, while 
stomatal density varied only slightly among the same trees. Therefore, changes 
in stomatal size and leaf δ13C in B. simaruba seem to be short-term plastic re-
sponses to changes in microenvironment expected at the tree or leaf levels, while 
change in stomatal density is a response to relatively fixed, macro-scale envi-
ronmental variation [40] [41] [42]. 

4.2. Stomatal Traits and Plant Stress 

A strong inverse relationship between stomatal density and size was observed in 
this study (Figure 4) and several others above. This relationship seems to be 
driven by two factors: ontogenetic process and leaf size [43]. Stomatal density 
may be affected by ontogenetic process causing cell expansion or shrinkage dur-
ing leaf development stages [44]. For instance, increases in leaf size with in-
creasing moisture and/or nutrient availability [45] [46] may cause decreases in 
stomatal density due to increases in the size of both epidermal and stomatal 
guard cells. In contrast, drought and high irradiance can reduce leaf area [47] 
[48], causing stomata to be packed more densely. Therefore, a high stomatal 
density could be the outcome of the formation of a larger number of stomatal 
cells in the epidermis either during leaf development, or of the failure of the leaf 
to expand fully, leaving a fixed number of stomates within a smaller leaf. Alter-
natively, low stomatal density might be the result of rapid cell growth, which 
would increase the distance between stomates and decrease their density, or a 
product of low stomate formation. In our study, total leaf size was not measured 
on the same leaves analyzed for stomatal traits. However, in a parallel study at 
the same sites, we did determine leaf area on 3 - 5 leaves from 1 - 3 B. simaruba 
trees per plot [49], and no significant difference in leaf size was observed among 
sites (p = 0.54). This suggests that the inverse relationship between stomatal 
density and size found in this study is likely not the result of shrinkage of the 
leaves, and is more likely the result of an ontogenetic process. 

The inverse relationship between stomatal density and stomatal size is gener-
ally explained as a coordinated strategy in the plant’s management of stomatal 
conductance and transpiration under stressful conditions [4] [21] [50] [51]. Our 
results might indicate that an increase in physiological stress is associated with 
many and smaller stomates, as stomatal density exhibited a direct effect on the 
leaf δ13C (Table 3, Figure 6). However, environmental variables measured in 
this study (distance to ground water and GWS) affect leaf δ13C indirectly by al-
tering stomatal traits. The rationale often proposed for such results is that plants 
with large stomates are less proficient at regulating stomatal closure and open-
ing, and hence respond poorly to drought [22] [52] [53], while being well suited 
for more favorable moisture conditions [22]. This result differs from communi-
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ty-level studies [49] [54] which shows that elevated productive sites in areas of 
high GWS are the most productive, and have the lowest community-weighted 
δ13C. However, B. simaruba responded differently than most other species in the 
community. Considering the nature of the karst substrate and very thin soil layer 
in South Florida and Florida Keys, it is expected that the majority of hammock 
tree species might use groundwater [12], particularly by tall canopy trees. In ad-
dition, although species in hardwood hammock community in South Florida 
have little ability to tolerate salt stress, they may vary among themselves in their 
responses to salt and/or drought stress. It turned out that majority of tree species 
(20 out of 28 species) in productive sites (North Key Largo) had relatively low 
δ13C (<−29.16); while all the canopy trees (7 species) greater than 12 m had 
higher δ13C (−26.9 to −28.65) (Supplementary Table 1). In this case, canopy spe-
cies with higher growth rate [49] also had higher δ13C. Therefore, any increase of 
salt levels in GW may have caused more stress in the tallest trees which may be 
overcome by other factors, such as an increase in nutrient availability from the 
groundwater source. 

Further support for this view may be drawn from our observations of high 
stomatal density at very low elevations (short distance from ground water table) 
and increases with increase in ground water salinity (Figure 7). Hammock fo-
rests at very low elevations in coastal environments likely suffer flooding stress 
during high rainfall and/or high tides that inundate the surface. The observed 
linear increase in stomatal density and decrease in stomatal size with increasing 
ground water salinity might be associated with salt stress. Furthermore, the ob-
served decrease in stomatal density and increase in stomatal size with increasing 
distance from the ground water table in areas of low ground water salinity 
(Figure 7) may indicate that trees at higher elevations do not suffer greatly from 
drought stress. Higher elevation sites are characterized by deeper soils, which 
might store rainwater for more persistent use by trees. Therefore, it can be ar-
gued that trees at high elevation in Florida Keys benefit from being located at 
high elevation with more access to freshwater compared to trees at lower eleva-
tions. 

Studies that reported results contrasting to ours were based mostly on com-
parisons among species or functional groups, rather than variation within indi-
vidual species. For instance, salt-tolerant mangrove species were reported to 
have fewer and larger stomates than freshwater species [4], which could be due 
to evolutionary specialization to a consistently stressful environment. Studies 
have shown that species specialized in less favorable environments often lack 
plasticity [55]. Therefore, a wide variation in stomatal traits across the habitat 
gradient is likely to be the result of adaptive plasticity across the heterogeneous 
environments. 

B. simaruba, the subject of our investigation, is a freshwater species with a 
wide geographical distribution across the environmental gradient, but possibly 
with limited ability to tolerate salt stress, as observed in other hammock species  
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(a) 

 
(b) 

Figure 7. 3-D Surface plot resulted from quadratic fit (second order) by us-
ing multiple regression showing stomatal density (SD, no∙mm−2), leftand 
stomatal length (SL, µm), rightas a function of distance to water table and 
ground water salinity (GWS). 

 
[56]. It is a tall canopy tree, often reaching 15 m, with high growth rate, very low 
wood density (0.30 g/cm3), and high specific leaf area (300 cm2/g). Though trees 
growing on surfaces in close proximity to brackish groundwater did exhibit 
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some evidence of hydraulic stress, a parallel study at the same sites showed a 
non-significant structural differences (height, crown dimensions, diameter at 
breast height, leaf area) among B. simaruba populations [49]. Therefore, regard-
less of any habitat differences that might affect resource availability, all sampled 
populations had sufficient hydraulic and stomatal conductance to enable good 
growth. Canopy species in dry habitats are known to be opportunistic, capable of 
high stomatal conductance and photosynthetic capacity that enables rapid 
growth during short periods of water availability [22]. δ13C can be used as an in-
direct measure of water use efficiency and stomatal conductance during drought 
stress [18]. It seems that a trade-off between many and small stomates in stress-
ful environments, and large and few stomates in less stressful environments may 
be a strategy pertinent to rapidly growing canopy species across the environ-
mental gradient. Small stomates have the ability to open and close rapidly, and 
their association with high stomatal density may provide the capacity for rapid 
increases in leaf stomatal conductance during favorable conditions [22]. 

5. Conclusion 

Our results suggest that stomatal characteristics may be viewed as adaptive traits 
that play an important role in water relations for B. simaruba populations. The 
observed variation in stomatal size and density in B. simaruba individuals could 
determine the capacity of the trees to adapt to various levels of physiological 
stress. Stomatal density and size of B. simaruba trees may change with the level 
of physiological stress, as expected in plants with the capacity for phenotypic 
plasticity in heterogeneous environments [57]. This study suggests that B. sima-
ruba has the ability to alter its stomatal traits in response to environmental vari-
ation, as a result of plasticity under drought conditions. Production of the com-
bination of small and densely distributed stomates seems to represent a strategy 
that allows B. simaruba to conserve water under conditions of periodic physio-
logical drought by maintaining stomatal control. This variability may be called 
upon as the coastal forests that it inhabits are exposed to the higher salinity and 
locally droughty conditions that will accompany global warming and sea-level 
rise. Furthermore, repeating this analytical approach on individuals subjected to 
serial changes in drought intensity may confirm this pattern. 
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Supplementary Table 1. B. simaruba and its associated species in North Key Largo and 
their leaf δ13C. Canopy position are assigned as, canopy tree “C”, sub-canopy tree “SC”, 
and understory “U”. Canopy trees are highlighted. 

SN Sp 
Canopy 
position 

Height (m) 
DBH 
(cm) 

Leaf 
δ13C 

1 Amyris elemifera L. SC 10.5 16.0 −29.55 

2 Ardisia escallonioides Schltdl. & Cham. U 4.5 5.0 −31.21 

3 Ateramnus lucidu (Sw.) Rothm. SC 9.8 11.9 −29.34 

4 Bourreria ovata Miers. SC 11.4 19.8 −29.16 

5 Bursera simaruba (L.) Sarg. C 15.1 54.9 −27.69 

6 Calyptranthes pallens (Poir.) Griseb. U 8.9 11.5 −31.69 

7 Coccoloba diversifolia Jacq. SC 12.9 24.4 −30.59 

8 Drypetes diversifolia Krug & Urb. SC 10.8 26.5 −29.38 

9 Drypetes lateriflora (Sw.) Krug & Urb. SC 10.3 13.7 −31.41 

10 Eugenia axillaris (Sw.) Willd. U 8.3 10.4 −30.89 

11 Eugenia foetida Pers. U 4.6 2.9 −30.05 

12 Ficus citrifolia Mills. C 12.2 29.5 −26.92 

13 Guapira discolor (Spreng.) Little C 9.6 12.8 −27.34 

14 Guettarda elliptica Sw. U 7.6 6.3 −30.62 

15 Guettarda scabra (L.) Vent. U 8.3 5.0 −29.65 

16 Krugiodendron ferreum (Vahl) Urban SC 10.9 25.9 −30.51 

17 Lysiloma bahamensis Benth. C 15.4 72.3 −28.65 

18 
Manilkara jaimiqui (C.Wright ex Griseb.) 
Dubard subsp. Emarginata (L.) Cronquist 

SC 4.2 13.8 −32.58 

19 Metopium toxiferum(L.) Krug & Urban. C 13.7 29.6 −28.30 

20 Nectandra coriacea (Sw.) Griseb. U 9.9 10.1 −29.89 

21 Piscidia piscipula (L.) Sarg. C 13.2 36.6 −27.32 

22 Pithecellobium guadalupense Chapm. U 7.6 6.4 −30.23 

23 Reynosia septentrionalis Urban SC 4.2 4.7 −29.82 

24 Sideroxylon foetidissimum Jacq. SC 11.5 35 −29.82 

25 Sideroxylon salicifolium C.F. Gaertn. SC 11.3 22.5 −30.44 

26 Simarouba glauca DC. SC 12.3 27.2 −27.85 

27 Swietenia mahagoni (L.) Jacq. C 11.6 34.3 −28.19 

28 Zanthoxylum fagara (L.) Sarg. SC 10.6 6.5 −29.64 
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