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P=0.01   R2=0.54 

Species Elevation (m) � dddd15N (‰)� %C %N

QUPA 1500 1.929 45.353 1.542

QUPA 1800 -0.837 45.097 1.492

QUPA 2100 -1.663 46.451 1.564

QUAR 1500 -0.447 43.918 1.637

QUAR 1800 -2.076 45.602 1.431

QUAR 2100 -3.280 44.071 1.319

QUAR 2400 -1.987 45.937 1.375

QUHY 1500 -0.553 46.441 1.441

QUHY 1800 -2.153 46.652 1.439

QUHY 2100 -4.206 47.239 1.013

QUHY 2400 -3.031 47.456 1.085

Plant leaf morphology and physiology along elevation gradients may reflect 
sensitivity of vegetation to climate, and correspond with shifts in community 
composition. Elevation gradients can be interpreted as “natural 
experiments” where we can learn about changes in plant traits related to 
differences in environmental conditions (Körner et al. 1999). 

Our research examined distribution and leaf-level physiological morphology 
of foundational tree species along an elevation gradient in the Chiricahua
Mountains of southeastern Arizona. 

We studied Quercus hypoleucoides (QUHY), Q. arizonica (QUAR), and Q. 
palmeri (QUPA) within a Madrean pine-oak woodland between 
approximately 1,500 and 2,400 meters. 

We measured relative abundance, leaf toughness, leaf C and N isotopic 
composition, stomatal density, stomate length, and a potential conductance 
index (PCI) of evergreen oak species. 

We hypothesized an increase in leaf toughness, a decrease in stomatal
density and size, and a decrease in water-use efficiency (indicated by D13C) 
with elevation. We predicted these changes would reflect patterns in leaf 
longevity and adaptation to drought at low elevation similar to findings in 
some other studies along elevation gradients (Holland and Richardson 
2007, Poulos et al. 2007). Thus, low elevation species would have less-
tough, low C:N leaves, with high water-use efficiency (as indicated by D13C), 
and high numbers of small stomata similar to patterns previously reported 
for the Rocky Mountains (Schoettle and Rochelle 2000).  If shown to be 
true, these data would demonstrate consistency in phenotypic change with 
elevation that may inform species distribution patterns along climate 
gradients. 

Leaf toughness increased with elevation for all spe cies ( Fig 3a). The thicker-leaved species 
were more dominant at high elevation (Fig 2, Fig 3f ). We found evidence that leaf C:N also 
increased with elevation, but  this response varied among species (Fig 3b ). The high elevation 
species C:N was more sensitive to elevation (Fig. 3b ), and had highest C:N over-all (Fig 3g ). 

We found a decrease in stomatal density (Fig 3c), an d a decrease in Potential Conductance 
Index (PCI) with elevation, but this was again vari able by species . The low and mid elevation 
species were more sensitive to elevation in stomatal density (Fig. 3 c,e ). The mid elevation Q. 
arizonica was especially plastic in stomata morphology (Fig 3c, e ), and this may have drought 
tolerance implications (Ashton and Berlyn 1994). The high elevation species actually increased in 
PCI with elevation while the other species declined (Fig. 3e). 

This pattern could reflect differences in adaptatio n to environmental change among closely 
related species. Low elevation species may respond to elevation where more cloud cover 
reduces stomatal density (Körner et al. 1999). Other adaptations, like increases in leaf tomentum, 
could allow an increase in PCI with elevation. 

Species-specific responses within a single study (a nd a single genus) suggest plasticity 
may play a large role in determining species respon ses to environmental change . In fact, 
plasticity in traits may be more important than mean species differences in traits.  For example, 
mean PCI was similar among species (Fig 3j ) even though PCI was sensitive to elevation (Fig 
3e). 

While we observed clear trends in stomate density an d PCI with elevation and among 
species, this was not reflected in foliar DDDD13C, a potential indicator of water use efficiency
(Fig. 3d, i ). Our small sample size (n= 4 per species) may be responsible for this lack of pattern. 
Although leaf toughness can be a confounding factor in D13C analyses, we saw no relationship 
between D13C and any measure of leaf toughness (P >> 0.05 in all cases). 

Stomatal density was positively related to DDDD13C (r2 = 0.48, P = 0.016) suggesting high water 
use efficiency in leaves with high stomatal density, which generally occurred in low elevation plots  
(Fig. 3c,h ). We found no relationship between D13C and stomatal aperture length or PCI (P = 0.45, 
P = 0.38). These results may be due to sample size limitations, and suggest that further study is 
warranted. For example, our data suggest that Q. arizonica may have higher D13C, which could 
indicate higher water use efficiency that allows it to effectively compete in overlap zones with other 
species (Fig 2). 

Over-all, these data suggest substantial phenotypic  variation in three oak species whose 
ranges have been reported to overlap. With increasing elevation, leaves of these species are 
generally tougher, higher in C:N and have reduced potential stomatal conductance. However, 
there are important species-specific differences in response to elevation. 

ECOSYSTEM IMPLICATIONS:
Low C:N ratios in low elevation species may correspond with higher leaf decomposition and faster 
carbon and nutrient cycling regimes (Murphy et al. 1996). 

Differences in palatability associated with leaf toughness may result in cascading affects at the 
level of arthropod herbivore communities. 

Predictable changes in stomatal morphology suggests there may be predictable ecophysiological
shifts with elevation. 

Climate shifts could affect important leaf traits, but responses may be species specific, highlighting 
the importance of biodiversity. Even closely related species may differ in responses to elevation 
gradients. While other studies have shown variable relationships between leaf toughness and 
stomata with elevation, we show different responses among species in the same genus and 
habitats. 

• We surveyed Quercus hypoleucoides, Q. arizonica, and Q. palmeri in 
314 m2 circular plots at four different elevations (~1500, 1800, 2100 
and 2400 meters; Fig 2).  Along this gradient, gravimetric soil moisture 
increased (r2 = 0.53, P < 0.001) and measured soil temperature 
decreased (r2 = 0.58, P<0.001) with elevation during our sampling 
(February, 2007).  

• We used a portable penetrometer to measure the leaf toughness (g) of 
six fresh sun-exposed leaves of each species from each plot.  

• We obtained impressions of leaf stomata for microscopic analysis using 
NYC 138B enamel (Del Laboratories, Uniondale, NY).  Enamel was 
applied to the leaf underside, allowed to dry for 30 minutes at 20°C, 
and then peeled of the surface of the leaf and mounted on a slide. We 
counted the stomata impressions visible within a 0.031 mm2 area in 
three separate locations on each leaf. Stomata length was also 
determined for each measurement by measuring a subset of ten 
stomata at each ocular location.  

• Carbon isotope ratios and total N and C concentrations were 
determined using an elemental analyzer (CE Elantech Model NC 2100, 
Lakewood, NJ, USA) coupled to a continuous flow mass spectrometer 
(Thermo Finnegan Delta XL, Bremen, Germany) at the Colorado 
Plateau Stable Isotope Facility, Northern Arizona University, Flagstaff, 
AZ, USA. Carbon isotope ratios are expressed in parts per mil (‰), 
where d13C = (Rsample / Rstandard - 1) * 1000, using PDB as the standard. 
For leaves with equivalent photosynthetic capacities, as suggested by 
the similarities in their leaf N concentration, a more negative leaf d13C 
value indicates a greater stomatal aperture during carbon uptake, and 
hence a lower intrinsic water-use efficiency (Ehleringer and Cooper 
1988, Ehleringer et al. 1990).

• Potential conductance index (PCI), gives an indication of total stomate
area available for conductance of water vapor and CO2, since 
conductance is controlled by both size and number of stomata. PCI 
was calculated similar to Holland and Richardson (2007) as:

PCI = Stomata Density x (Stomata Aperature)2. 

• All regression and correlation statistics were run in SPSS 13.0 (SPSS 
Inc, Chicago, IL), and JMP 5.1.2 (JMP IN Institute Inc. Cary, NC). We 
used Analysis of Covariance (ANCOVA) to test for effects and 
interactions of species and elevation. 

Methods

Table 1. Elevation and  D15N, %C and 
% N for all Quercus species. Four 
letter codes denote different species. 
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Figure 2. Species distribution of three oak species 
along an elevation gradient. Quercus palmeri is 
represented by open circles, Q. arizonica is 
represented by closed circles, and Q. 
hypoleucoides is represented with grey circles. 
The three species show distinct variation in their 
distribution with Q. palmeri most abundant at low 
elevation, high elevation plots are dominated by 
Q. hypoleucoides, and Q. arizonica is intermediate 

in its distribution. 

(a)

Study Site, The Chiricahua Mountains

Figure 1 . (a):  Study Site in the Chiricahua
Mountains; (b) : Elevation gradient
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Stomata impression from
Q. arizonica

Results and Discussion

Figure 3. Leaf attributes along elevation and among species. Panels a-e show changes in leaf 
attributes vs elevation. The “over-all P” represents the ANCOVA model result for elevation only. 
Individual r2 and P values are species-specific regressions (e.g. panel e). Panels f-j show differences 
among species. The P value represents the results for this factor in the ANCOVA model. Error bars 
represent +/- one SE. Differences denotes by different letters represent the results of Tukey’s HSD 
tests. Icons modified from illustrations from Flora of North America at www.efloras.org.
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