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ABSTRACT. An assessment of leaf anatomic traits of pecan [Carya illinoinensis (Wangenh.) C. Koch] cultivars (Pawnee,
Mohawk, and Starking Hardy Giant) collected from three locations (Tifton, GA; Chetopa, KS; and Stillwater, OK)
was conducted to provide an understanding of patterns of ecogeographical variation within the natural range. Acetate
casts of representative leaves were prepared for microscopic characterization of epidermal traits (stomatal density,
stomatal index, and epidermal cell density). There were differences among the three pecan cultivars at the same
location, but there were no differences in stomatal density within the same cultivar grown at three distinct locations.
The stomatal density of ‘Pawnee’ leaves (404 stomata/mm2) was intermediate between that of ‘Mohawk’ (363 stomata/
mm2) and ‘Starking Hardy Giant’ (463 stomata/mm2). ‘Pawnee’ had the greatest epidermal cell density (2511 cells/
mm2) whereas ‘Starking Hardy Giant’ showed the least (1414 cells/mm2). Within a location, stomatal index differed
significantly among cultivars, with ‘Starking Hardy Giant’ having a greater stomatal index than the other two
cultivars. There were no differences in stomatal index across locations. ‘Mohawk’ had the greatest trichome density
(18.92 trichomes/mm2) whereas ‘Starking Hardy Giant’ had the lowest (9.6 trichomes/mm2). The study suggests that
differences in stomatal density and epidermal cell density in pecans are cultivar specific rather than being determined
by environmental factors. The stability of certain leaf anatomic characteristics, such as stomatal and epidermal cell
density, for pecan cultivars grown at different locations confirms that these traits can be used for screening
provenances with desirable leaf anatomic characteristics for breeding and cultivar development.

Pecan has been known for centuries for its edible nuts and is
the most valuable nut tree native to North America (Hall, 2000).
It is a species distributed over an area of geographical and
climatic variation extending from northern Illinois and south-
eastern Iowa to the Gulf Coast of the United States (Thompson
and Grauke, 1991). This riparian species grows abundantly
along the Mississippi River, the rivers of central and eastern
Oklahoma, and the Edwards Plateau in Texas. Because the
species is widely distributed across varied environmental
conditions, it has developed anatomic and morphological
differences within the provenances (Grauke et al., 2003;
Nemati and Roberts, 1968). Today, pecan is commercially
produced outside its native range in Georgia, California,
Arizona, New Mexico, and western Texas, where environmen-
tal conditions can differ from those of its native range.

Traits affecting the use and assimilation of resources such
as carbon, water, and nutrients directly influence physiological
processes and plant growth and development (Ackerly et al.,
2000). According to Jones (1998), features of leaf surface
anatomy are a complex of traits defined by stomatal character-
istics (density, frequency, and position) and epidermal charac-
teristics (density, shape, and size of epidermal cells).

Although flower (Amling and Amling, 1983; Wood, 2000;
Wood et al., 1997), fruit (Grauke et al., 2001; Rehman et al.,
1999; Rohla et al., 2005; Thompson, 2005) and leaf character-
istics, such as leaflet area, specific leaf area, nutrient content
(Grauke et al., 2003), and cuticular content (Chortyk et al.,
1995) of pecan have received considerable attention, little
information is available regarding additional leaf anatomic
characteristics such as stomatal and epidermal cell density and
number and types of trichomes (Grauke, 1982; Nemati and
Roberts, 1968). Trichomes are hairlike structural elements of
the epidermis of plants that play a role in plant defense (Levin,
1973), water use efficiency (Johnson, 1975), and temperature
regulation (Ehleringer and Björkman, 1978). In juvenile pecan
trees, three different types of trichomes—namely, awnlike
hairs, concave peltate, and bladderlike or vesicular trichomes—
were observed and described (Grauke et al., 1987). Because
of their importance in regulation of water loss and water use
efficiency, leaf anatomic characteristics could be useful traits
for cultivar development, particularly in selection for drought
tolerance. This study was undertaken to characterize the leaf
anatomic features of three pecan cultivars at various geo-
graphical locations and to investigate the influence of cul-
tivar and environment on stomatal density and epidermal cell
density.
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Materials and Methods

PLANT MATERIAL. Leaves from three pecan cultivars
(Pawnee, Mohawk, and Starking Hardy Giant) were obtained
from three major pecan growing regions—namely, Tifton, GA
(lat. 31�27#48$, long. 83�30#36$W, altitude 117 m); Chetopa,
KS (lat. 37�02#15$N, long. 95�5#31$W, altitude 229 m); and
Stillwater, OK (lat. 36�07#18$N, long. 97�04#7$W, altitude
300 m; Fig. 1). Two fully expanded leaves were selected from
exterior north-facing canopy positions at 8 to 10 m from the
ground (top third) of five 25- to 35-year-old trees. Leaf samples
were collected between 25 Sept. and 2 Oct. 2005 and were
shipped overnight to the Texas A&M University laboratory in
College Station, TX, and acetate leaf casts were made imme-
diately upon receipt of the material.

SAMPLE PREPARATION. Pecan leaves are hypostomatic with
anomocytic stomata (Grauke, 1982). Consequently, only the
leaf abaxial sides were investigated. To determine the density
of stomata, epidermal cells, and trichomes, the abaxial side of
the distal pair of leaflets was coated with clear nail enamel
(Fisher, 1985). After the enamel was allowed to dry for 10 to
15 min, the cast was stripped using clear tape and was placed
on microscope slides.

MICROSCOPY. A microscope (model BX51; Olympus Amer-
ica Inc., Melville, NY) was used to count epidermal cells and
stomata from each cast at a magnification of 200·. The
microscope was attached to a digital camera (model DP70;
Olympus America) interfaced with a personal computer.
Differential interference contrast (DIC) images from 10 differ-
ent interveinal areas of each cast were collected using DP70-
BSW software (version 01.01; Olympus America). Precautions
were taken to avoid taking images in the same location by
keeping a numbering system for the veins. In pecan, stomata are
raised on the abaxial surface of the leaf in comparison with the
epidermal cells. Hence, two DIC images were taken on each

chosen area on the cast, one with the focus adjusted to highlight
the epidermal cells and eliminate the stomata into the back-
ground (Fig. 2, top) and a second one with the focus on stomata
and trichomes (Fig. 2, bottom). The number of stomata and
epidermal cells from each image was recorded and analyzed for
stomatal density (SD; measured in stomata per square milli-
meter) and epidermal cell density (ED; measured in epidermal
cells per square millimeter). Stomatal index (SI) was calcu-
lated as [SD/(SD + ED)] · 100. Total trichome density (TD;
measured in trichomes per square millimeter) and the type of
trichomes—namely, concave peltate and bladder (Fig. 3)—
were recorded for each cultivar at different locations.

STATISTICAL DESIGN AND ANALYSIS. The experiment was set
up as a 3 · 3 factorial (cultivar · location) design. Variability
and cultivar differentiation was estimated via analysis of
variance using SAS (SAS Institute, Cary, NC).

Results

Stomatal density differed among the three pecan cultivars
investigated (Table 1), but there were no effects of location on
SD within a cultivar. ‘Starking Hardy Giant’ (463 stomata/
mm2) had 15% more stomata per leaf area than ‘Pawnee’ (403
stomata/mm2), and 28% more stomata than ‘Mohawk’ (363
stomata/mm2; Table 1). Similar to SD, ED was different among
cultivars grown at the same location (Table 1), but it showed no
differences across locations. ‘Starking Hardy Giant’ exhibited
the least ED of all three cultivars (1413 cells/mm2), ‘Pawnee’
had the greatest (2510 cells/mm2), whereas ‘Mohawk’ showed
an intermediate value (2210 cells/mm2; Table 1). There were
large differences in SI between ‘Starking Hardy Giant’
(24.65%) and the other two cultivars at each location
(14.06% and 13.86% in ‘Mohawk’ and ‘Pawnee’ respectively;
Table 1). However, there were no differences across locations
within cultivars.

The density of bladder-type tri-
chomes in ‘Pawnee’ and ‘Starking
Hardy Giant’ was similar at all loca-
tions (Table 2). In ‘Mohawk’, the
density was greater in leaves from
Stillwater and Chetopa than in those
from Tifton. At Stillwater and Che-
topa, ‘Mohawk’ and ‘Starking Hardy
Giant’ displayed the greatest and
the least density of bladder-type
trichomes respectively. At Tifton, the
density of bladder-type trichomes in
‘Pawnee’ and ‘Mohawk’ was greater
than in ‘Starking Hardy Giant’. The
density of concave peltate-type tri-
chomes did not change in ‘Mohawk’
across locations (Table 2). In ‘Paw-
nee’, the density of concave peltate-
type trichomes at Tifton and Still-
water differed. In ‘Starking Hardy
Giant’ the density at Stillwater and
Chetopa was greater than at Tifton.
At Tifton and Stillwater, there were
differences in TD among all three
cultivars, with ‘Pawnee’ showing
an intermediate number of trichomes
(Table 2). At Tifton, TD was greatest

Fig. 1. Collection sites used in the study to investigate leaf anatomic features of pecan cultivars Pawnee,
Mohawk, and Starking Hardy Giant.
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in ‘Mohawk’ followed by ‘Pawnee’ and ‘Starking Hardy
Giant’. At Stillwater, TD in ‘Starking Hardy Giant’ was less
than that in the other two cultivars (Table 2). At Chetopa, there
were no differences between ‘Pawnee’ and ‘Starking Hardy
Giant’. ‘Starking Hardy Giant’ was the only cultivar that
displayed differences in TD among the locations, with lesser
number of trichomes recorded at Tifton than at Stillwater and
Chetopa (Table 2).

Discussion

The current results suggest that SD, ED, and SI are stable
within a pecan cultivar despite ecogeographical differences in
the growing sites. Differences between cultivars were main-
tained across locations, with ‘Pawnee’ showing the greatest ED
of the three cultivars, and intermediate SD between ‘Mohawk’
and ‘Starking Hardy Giant’.

Trichome density is an anatomic characteristic that can
be influenced by environmental factors such as light intensity
(Upadhyaya and Furness, 1998) and resource availability
(Wilkens et al., 1996). Species might diverge in response to
the selection pressure in a specific region, thus resulting in
differences in trichome type and density within and between
taxa in ecogeographical correlations (Levin, 1973). The types
of trichomes and patterns of TD observed in this study varied
at the three locations and were different between cultivars.

Glandular trichomes not only represent a physical impedi-
ment for aphid movement, but they also secrete sticky exudates
(Levin, 1973). Density of trichomes could be related to
gradients in abiotic components of the environment, such as
solar radiation, and altitude. Glandularity of trichomes is less
likely influenced by the environment, because it has negligible
effects on the biophysical properties of the leaf surface (Levin,
1973). The glandularity may be a result of long-term predator
pressure and differences in predation from one region to the
other (Levin, 1973). Analogous patterns for TD at Chetopa and
Stillwater may be the result of similar geographical and
environmental conditions or similar predator pressure (Fig. 1).

Stomatal densities have been related to tolerance to abiotic
stress conditions, such as drought (Jarvis and Davies, 1998; Van
Rensburg et al., 1999) and temperature extremes (Kleinhenz
et al., 1995; Nayeem, 1989). However, stomatal response to
elevated CO2 had contrasting results, varying from a decrease
in SD (Lin et al., 2001; Woodward and Kelly, 1995) to a lack
of stomatal acclimation within a single generation in wheat
(Triticum aestivum L.) and sour oranges (Citrus aurantium L.)
(Estiarte et al., 1994). In a survey conducted to study the
influence of CO2 concentration on SD of several species grown
in controlled environment, Woodward and Kelly (1995) found
that changes in SD were generally greater in samples from
amphistomatous species than those from hypostomatous spe-
cies, such as pecan. This indicates that certain species may not
show plasticity to environmental changes in a single generation
for some ecogeographical traits.

Pecan SD ranged from 363 to 463 stomata/mm2 depending
on the cultivar investigated. The values found here were similar
to those reported previously for six other pecan cultivars (Giles,
Gratex, Greenriver, Major, Peruque, and Western Schley;
288–462 stomata/mm2) (Nemati and Roberts, 1968) and for
walnut (Juglans regia L.; (250–450 stomata/mm2) (Bongi and
Paris, 2006), but greater than those reported for other
temperate climate trees, such as olive (Olea europaea L.;

Fig. 2. Images of the abaxial surface of ‘Mohawk’ pecan leaves showing
epidermal cells (top) and stomata (bottom) visible on two different focal
planes of the same microscopic view. Bar = 100 mm.

Fig. 3. Types of trichomes observed on the abaxial surface of ‘Mohawk’ pecan
leaves. Bar = 100 mm. B, bladder trichome; P, concave peltate trichome;
S, stomata; V, leaf vein.
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270–350 stomata/mm2) and stone pine (Pinus pinea L.; 280–
345 stomata/mm2) (Woodward and Kelly, 1995).

This study illustrates distinct differences in epidermal
features of the leaf in different cultivars. ‘Pawnee’ originated
in 1963 from a controlled cross of ‘Mohawk’ and ‘Starking
Hardy Giant’ (Thompson and Hunter, 1985). It was released
in 1984 and it is now the most widely planted pecan cultivar
(Thompson and Grauke, 2000). ‘Starking Hardy Giant’ is a
northern cultivar propagated from a native tree grown in
Brunswick, MO, in 1950 (Grauke and Thompson, 1997).
‘Mohawk’ is a pedigreed cultivar originated in 1946 by the
controlled cross of two southern cultivars (‘Success’ ·
‘Mahan’) by the U.S. Department of Agriculture (Grauke and
Thompson, 1997).

The results of the current investigation showed that the
values for SD and ED did not change for the same cultivar
at different ecogeographical locations. Consequently, the SI
remained constant for a cultivar grown in different locations.

This indicates that SD may be linked to the long-term climatic
conditions of the location where the species (or cultivar)
developed, and it may not be a very plastic trait within an
individual generation of trees/cultivars. It is of great interest to
understand the extent of plasticity of the ecogeographical traits
to determine the stability and the possible use of the traits in
breeding. In Arabidopsis thaliana (L.) Heynh., SD has been
linked to mechanisms of instantaneous water use efficiency
(transpiration efficiency), indicating the importance of the trait
for plant survival in drought conditions (Masle et al., 2005).

In conclusion, the stability of certain leaf anatomic charac-
teristics, such as SD and ED, for pecan cultivars grown at
different locations confirms that these traits can be used for
screening ecotypes and provenances for breeding and cultivar
development.
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