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• Variation in the size and shape (physiognomy) of leaves has long been correlated
to climate, and paleobotanists have used these correlations to reconstruct paleoclimate. Most studies focus on site-level means of largely nonoverlapping species sets.
The sensitivity of leaf shape to climate within species is poorly known, which limits
our general understanding of leaf–climate relationships and the value of
intraspecific patterns for paleoclimate reconstructions.
• The leaf physiognomy of two species whose native North American ranges
span large climatic gradients (Acer rubrum and Quercus kelloggii) was quantified
and correlated to mean annual temperature (MAT). Quercus kelloggii was
sampled across a wide elevation range, but A. rubrum was sampled in strictly lowland
areas.
• Within A. rubrum, leaf shape correlates with MAT in a manner that is largely
consistent with previous site-level studies; leaves from cold climates are toothier and
more highly dissected. By contrast, Q. kelloggii is largely insensitive to MAT; instead,
windy conditions with ample plant-available water may explain the preponderance
of small teeth at high elevation sites, independent of MAT.
• This study highlights the strong correspondence between leaf form and climate
within some species, and demonstrates that intraspecific patterns may contribute
useful information towards reconstructing paleoclimate.
Key words: Acer rubrum (red maple), climate, leaf physiognomy, leaf teeth,
paleoclimate, Quercus kelloggii (California black oak).
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Introduction
Many plant traits are sensitive to climate (Woodward, 1987;
Breckle, 2002) and paleobotanists commonly use plant–climate
relationships to reconstruct ancient climates (Chaloner &
Creber, 1990; Parrish, 1998). Most plant–climate studies
focus on interspecific patterns, for example correlating leaf area
to mean annual precipitation (MAP) across distinct biomes
(Givnish, 1984; Wilf et al., 1998). However, intraspecific
patterns also provide useful information. Most critically,
plant–climate relationships within species are affected by both
ecotypic variation of plant traits (as in interspecific patterns)
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and the plasticity of plant traits. In this study, we examined
the strength of correlation between leaf size and shape
(physiognomy) and climate for two North American species
with broad climatic ranges, Acer rubrum (red maple, Sapindaceae) and Quercus kelloggii (California black oak, Fagaceae).
We sampled Q. kelloggii across a large elevation gradient
(146–2362 m) but restricted sampling of A. rubrum to
lowland areas (< 250 m). Our results provide new information
about the sensitivity of leaf traits to climate within species and
demonstrate the potential for incorporating intraspecific
physiognomic data from fossil plants in paleoclimatic
reconstructions.
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Leaf teeth and climate
It has long been noted that the percentage of woody dicot
species in a flora that are toothed inversely correlates with
mean annual temperature (MAT) (Bailey & Sinnott, 1916;
Wolfe, 1979, 1993; Wilf, 1997; Jacobs, 1999, 2002; GregoryWodzicki, 2000; Kowalski, 2002; Greenwood et al., 2004;
Greenwood, 2005a; Royer et al., 2005; Traiser et al., 2005).
More recently, Huff et al. (2003) and Royer et al. (2005)
reported strong correlations among 17 sites (mostly from
eastern North America) between MAT and site-level means of
a suite of physiognomic variables, including number of teeth,
tooth area and perimeter/area relationships. Compared with
warmer sites, colder sites contained species whose leaves
generally had more teeth, a larger tooth area and a higher
perimeter-to-area ratio (Royer et al., 2005).
The biological basis for these correlations may be related
to the observed increases in rates of photosynthesis and
transpiration within teeth early in the growing season (BakerBrosh & Peet, 1997; Royer & Wilf, 2006). This increase in
sap flow presumably enhances the delivery of solutes to
young emerging leaves and to recently dormant leaves, which
may confer an advantage to plants in progressively colder
environments with shorter growing seasons (Royer & Wilf,
2006). Thus, leaves with many large teeth may be adaptive
in cold climates. This proposed mechanism also provides
an explanation for why at a given MAT toothed species are
proportionately more abundant in physiologically wet
environments (Bailey & Sinnott, 1916; MacGinitie, 1953;
Wolfe, 1993; Burnham et al., 2001; Kowalski & Dilcher,
2003; Greenwood, 2005b) because in these environments the
impact of water costs associated with leaf teeth are less severe.
Hydathodes in teeth may also serve to release excess root
pressure via guttation, thereby preventing the flooding of
intercellular airspaces; this process could be beneficial to plants
in cold climates where freeze–thaw embolisms are more
prevalent (Feild et al., 2005).
Intraspecific patterns between leaf physiognomy
and climate
Building on the interspecific work of Bailey & Sinnott (1916)
and others described above, a currently unresolved question is
how tooth size, shape, and number respond to climate within
species. Royer et al. (2005) reported significant correlations
between MAT and physiognomic variables related to tooth
size, tooth number, and perimeter/area within four species in
the eastern USA (A. rubrum, Prunus serotina, Ostrya virginiana,
Carpinus caroliniana). However, because the level of sampling
within this data set was low (n ≤ 12 sites for all species), these
patterns could only be considered preliminary.
Investigating the role of intraspecific variation in leaf–
climate relationships is important for at least three reasons.
First, such work bears directly on the broader issue of how

plasticity and genotype influence the sensitivity of leaf form
to climate. Many studies have sought to tease apart how
plasticity and genotype affect the relationships between plant
traits and climate, and considerable progress has been made in
the areas of physiology, growth, stomatal patterning and leaf
size (Gurevitch, 1988; Williams & Black, 1993; Morecraft &
Woodward, 1996; Beerling & Kelly, 1997; Cordell et al.,
1998; Oleksyn et al., 1998; Imbert & Houle, 2000; Hovenden,
2001; Flann et al., 2002; Hovenden & Vander Schoor, 2004).
By contrast, very little is known about the impact of plasticity
vs genetic determination on the relationships between leaf
shape and climate. To rigorously test the role of leaf plasticity
in leaf–climate relationships, transplant studies are required
(Hovenden & Vander Schoor, 2004); however, measuring the
physiognomic variability across the native ranges of individual
species (which reflects both plasticity and differences in
genotype) is an important first step.
Second, the paleobotanical community has applied leaf–
climate relationships to fossil leaf floras for nearly a century to
quantitatively reconstruct climate (Bailey & Sinnott, 1915;
Dilcher, 1973; Wolfe, 1978, 1993; Wolfe & Upchurch, 1987;
Greenwood & Wing, 1995; Utescher et al., 2000; Jacobs,
2002; Wilf et al., 2003; Wing et al., 2005; Miller et al., 2006).
Most of the methods used in these studies are heavily dependent
on tooth characters. Implicit in these paleobotanical studies,
particularly those at high temporal resolution, is that plant
traits respond rapidly to climate change in a predictable
fashion and that a given climate will always select for the same
range in leaf physiognomy (Christophel & Gordon, 2004).
Therefore, if intraspecific responses of tooth morphology
to climate were shown to be broadly similar to the interspecific patterns, this would further emphasize the value and
reliability of paleoclimatic reconstructions based on leaf
physiognomy.
Third, the nature of intraspecific patterns may confer preference to one leaf-paleoclimate method over others. For
example, the method that reconstructs paleotemperature
from the percentage of toothed species in a flora (‘leaf-margin
analysis’) is dependent on a single, binary character (presence
vs absence of teeth) that is fixed in most species. By contrast,
the method presented by Huff et al. (2003) and Royer et al.
(2005) (‘digital leaf physiognomy’) is based on multiple continuous variables (for a method based on multiple categorical
variables see Wolfe, 1993). As a result, digital leaf physiognomy more fully captures the spectrum of physiognomic
variation: for example, a species with a large variability across
its geographic range in tooth variables (e.g. tooth count and
tooth area) would be scored identically with leaf-margin
analysis, but could be differentiated with digital leaf physiognomy. Therefore, a potential advantage of digital leaf physiognomy is that intraspecific patterns can contribute to the
site-level means of the variables, for example if a toothed
fossil species had a greater number of teeth in the cold end
of its natural range.
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Fig. 1 (a) Overview map and maps
showing the sampling locations for (b)
Quercus kelloggii n = 147 sites) and (c)
Acer rubrum (n = 77 sites) data sets.
The squares in (c) represent 11 additional
A. rubrum sites from Royer et al. (2005).
Maps generated using GMT software
(http://www.aquarius.ifm-geomar.de;
equidistant cylindrical projection).

Here, in an effort to more firmly ascertain the influence of
climate on leaf physiognomy within species, we report results
from a large data set that includes two North American
woody plants (A. rubrum and Q. kelloggii) whose native
ranges span large MAT gradients and are not closely related
to each other. The results of our study provide a test for the
importance of intraspecific patterns in leaf–climate relationships and for the usefulness of leaf–climate methods that are
based on continuous physiognomic variables (e.g. digital leaf
physiognomy) vs binary variables (e.g. leaf-margin analysis).

Materials and Methods
Collection of A. rubrum
Acer rubrum L. is a widely-distributed tree in eastern North
America, ranging from Newfoundland to south Florida, and
from the eastern seaboard to as far west as Texas and
Oklahoma (USDA, 2007). During the summer of 2006,
J.M.A. collected branches of A. rubrum containing
phenologically equivalent leaves (computed from growingdegree-days and the phenological variation with latitude
found by Borchert et al., 2005) from 77 sites distributed
from northern Vermont to central Florida (Fig. 1). Only sun
leaves 3–4 m off the ground were collected. All samples were
from edges along small tracks or sparsely traveled roads
through forested areas. The MAT and MAP of the sites were
determined from the model of New et al. (2002), which
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interpolates climate station data at a 10-min spatial
resolution. There is considerable range among the red maple
sites in MAT (3.8–21.5°C) but less so in MAP (92–155 cm).
Sampling was restricted to low elevation sites (< 250 m).
Thus, the principal climatic gradient in this data set was
temperature, which is primarily controlled by latitude.
Collection of Q. kelloggii
Quercus kelloggii Newberry is a common oak species in the
foothills and mountains of California and Oregon, and it
ranges from the Mexican border northward to near Eugene,
OR; Q. kelloggii is also noted for its wide elevation range
(< 100–2400 m) (McDonald, 1969). In August 2003, J.C.M.
collected two branches and 10 individual leaves from trees
at 147 sites distributed throughout California (Fig. 1). The
following attributes from each leaf or branch sample were
described: height, aspect (N, S, E, W) and degree of shading
(full sun or shade). For each sampled tree, the following ecological
attributes were described: tree habit (shrub/tree), forest habit
(open/closed), and ability to resprout. The following variables
for each site were also quantified: elevation, slope of land
surface, aspect of slope and soil pH. Climate variables (MAT,
MAP) for each tree locality were determined by interpolating
the geographically closest climate station data and taking into
account elevation differences between stations and tree localities
using a digital elevation model and GIS software (ArcView
8.3; ESRI, Redlands, CA, USA). Monthly mean wind speed
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Fig. 2 Representative examples of
Acer rubrum leaves from a cold climate
(left column; site 44.48.215 near Irasburg,
VT, USA; mean annual temperature
(MAT) = 5.1°C), A. rubrum leaves from a
warm climate (center column; site 43 near
Meridian, FL, USA; MAT = 19.1°C), and
Quercus kelloggii leaves (right column; site
37 near Susanville, CA, USA; MAT = 9.6°C).
These images illustrate how leaves are
prepared for analysis: the top row contains
leaves with their petiole detached, shadows
removed and minor imperfections along the
leaf margin restored; the bottom row
contains the same leaves with their teeth
digitally detached following the rules of
Huff et al. (2003) and Royer et al. (2005).
Bar, 5 cm.

Table 1 Definitions of physiognomic variables used in study

1
2
3
4
5
6
7
8
9
10

Physiognomic variable (abbreviation)

Definition (units)

Number of teeth (#Teeth)
Blade area (BA)
Perimeter (Peri)
Number of teeth/blade area (#Teeth/BA)
Number of teeth/perimeter (#Teeth/peri)
Shape factor
Internal Perimeter
Perimeter ratio (Peri ratio)
Tooth area (TA)
Tooth area/blade area (TABA)
Tooth area/perimeter (TA/peri)
Average tooth area (AvgTA)

Number of primary and secondary teeth
Area of leaf blade (cm2)
Blade perimeter (cm)
(cm−2)
(cm−1)
4π × blade area/perimeter2
Perimeter after teeth are removed (cm)
Perimeter/internal perimeter (dimensionless)
Area of teeth (cm2)
(dimensionless)
(cm)
Tooth area/number of primary teeth (cm2)

Numbers correspond to physiognomic variables in Tables 2 and 3.

was taken from the model of New et al. (2002). Among our
sites, MAT ranges from 6.1 to 16.7°C, MAP from 29 to
179 cm and elevation from 146 to 2362 m. Compared with the
A. rubrum sample, precipitation and elevation are much more
important environmental gradients in the Q. kelloggii data set.
Digital processing of leaf images
The methodology of processing leaves for digital leaf
physiognomy has been described elsewhere by Huff et al.
(2003) and Royer et al. (2005). Briefly, groups of three

A. rubrum leaves were digitally photographed (3264 × 2448
pixel resolution) against a black velvet background; for
Q. kelloggii, individual leaves were scanned with a flatbed
scanner (5050 × 3860 pixel resolution). In Adobe Photoshop
9.0 (Adobe Systems, San Jose, CA, USA), shadows were
removed and imperfections along the leaf margin were
restored; leaf teeth were then digitally detached from the leaf
following the rules of Huff et al. (2003) and Royer et al.
(2005) (see Fig. 2 for representative examples). Leaf physiognomic variables related to tooth number, tooth area, and
perimeter/area (see Table 1 for list and definitions) were then
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Table 2 Correlations between physiognomic variables and mean annual temperature (°C) for Acer rubrum
1

m
r2
P

2

3

4

5

6

7

8

9

10

#Teeth

Blade area
(cm2)

#Teeth/BA
(cm−2)

#Teeth/peri
(cm−1)

Shape factor

Peri ratio

TA
(cm2)

TABA

TA/peri
(cm)

Avg TA
(cm2)

–

–

+

–

–

0.38
< 0.0001

–
0.07
0.02

–

0.54
< 0.0001

0.27
< 0.0001

0.24
< 0.0001

0.38
< 0.0001

0.29
< 0.0001

+
0.04
0.07

–
0.01
0.47

+
0.10
0.006

m, slope of correlation; abbreviations of physiognomic variables are defined in Table 1; numbers in column headers correspond to numbers in
Table 1; statistically significant correlations (P < 0.05) are tinted.

computed using image-j (http://rsb.info.nih.gov/ij/) for
A. rubrum and sigma scan pro 5.0 (SPSS Science, Chicago,
IL, USA) for Q. kelloggii; a crosscheck between software
revealed no significant differences (< 1%). For both data sets,
three leaves were typically analysed per site (n = 233
A. rubrum leaves; n = 299 Q. kelloggii leaves); two sun leaves
and one shade leaf per site were usually analysed for
Q. kelloggii. All physiognomic, climatic, and ecological data
are provided in the Supplementary Material, Table S1, and
all unprocessed leaf images are available from D.L.R.’s
website (http://droyer.web.wesleyan.edu).

Results
Acer rubrum
There are many significant correlations in A. rubrum
between MAT and leaf physiognomy (Table 2; Fig. 3). The
leaves of red maples native to colder climates generally have
more teeth, a higher tooth area, and are more highly dissected
(Table 2; see also Fig. 2). An important confounding variable
in this data set is leaf area: leaves are consistently larger
at colder sites (Table 2; see also Fig. 2). Therefore, a
contributing factor for why A. rubrum leaves from colder
sites have more teeth and a higher tooth area is because they
are larger. However, even after accounting for the influence
of leaf size and leaf perimeter, significant correlations remain
between number of teeth and MAT (see ‘number of teeth/
blade area’ and ‘number of teeth/perimeter’ in Table 2; also,
MAT is a significant variable in a multiple linear regression
for tooth count that includes MAT and leaf area: t[74] =
− 5.57, P < 0.0001). By contrast, there are no significant
correlations between tooth area and MAT after accounting
for leaf area and leaf perimeter (see ‘tooth area/blade area’
and ‘tooth area/perimeter’ in Table 2). Further, average
tooth area in A. rubrum correlates positively with MAT
(i.e. the average area of a single tooth is larger in warmer
climates), despite tooth number correlating negatively
(Table 2). After accounting for the influence of MAT, MAP
is only weakly linked to leaf physiognomy (P > 0.06 for the

New Phytologist (2008) 179: 808–817

10 physiognomic variables listed in Table 2, with the
exception of tooth area/blade area, ‘TABA’: r = −0.266;
P = 0.01); these weak correlations are not surprising given
the narrow MAP range in the A. rubrum data set (MAP
= 92–155 cm).
Quercus kelloggii
The patterns for Q. kelloggii are more complex. Overall,
the correlations between MAT and the leaf physiognomic
variables are weaker (Table 3). Similar to the A. rubrum
data set, the black oak leaves growing in warmer climates
have fewer teeth per unit perimeter and a larger average
tooth area, but leaf area is positively correlated with MAT,
which is opposite to the pattern documented for red maple.
Elevation, which varies considerably in the black oak data set
(2200 m, vs < 250 m in the A. rubrum data set), correlates
significantly with MAT (r2 = 0.19, P < 0.0001); if elevation
is controlled for using partial correlation, only the
relationship between leaf area and MAT remains significant
(Table 3).
For Q. kelloggii, elevation correlates significantly with
more physiognomic variables than does MAT. Leaves from
higher elevation are smaller, have more teeth per unit perimeter, less tooth area (both total tooth area and average tooth
area) and less tooth area per unit perimeter (Table 3; Fig. 4).
Most of these patterns remain even after removing the influence of MAT using partial correlation (Table 3).
Mean annual precipitation varies greatly within the
Q. kelloggii data set (MAP = 28–179 cm) but it does not correlate significantly with any of the measured physiognomic
variables (P > 0.1 for all comparisons). Also, other environmental and ecological variables (sun vs shade leaves, leaf collection height, shrub vs tree, ability to resprout, closed vs
open habitat, slope of site, leaf and slope aspect, site elevation, soil pH) do not significantly confound the relationships
between MAT and leaf physiognomy; three exceptions are
that tree habit, forest habit and ability to resprout confound
the relationship between MAT and leaf area (see the Supplementary Material, Table S2).
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Huff et al. (2003) and Royer et al. (2005): leaves from colder
sites are toothier and more highly dissected (Table 2; Fig. 3).
Recognition of these patterns within species emphasizes the
tight link between leaf form and climate. For paleobotanists,
this sensitivity of leaf form to climate within a species,
combined with similar preliminary results from three other
species (Royer et al., 2005), provides additional support for
using leaf physiognomy to reconstruct ancient climates.
The A. rubrum results also highlight the value of using
continuous, not categorical, variables for paleoclimatic
reconstructions (Royer et al., 2005). For example, with leafmargin analysis all red maple leaves receive the same score
(toothed) even though in our data set the number of teeth per
leaf ranges from 17 to 151. Incorporation of these types of
additional information, which we have shown here to co-vary
with MAT within a single species, should contribute towards
more robust paleoclimate methods.
The average area of individual teeth increases with warmer
temperatures in both species (Tables 2 and 3); this is opposite
to the site mean observations of Royer et al. (2005). The
reasons for this difference are unclear, however, it should
be noted that the site-level correlation reported by Royer
et al. (2005) was only marginally significant (r2 = 0.22;
P = 0.054). Nonetheless, the increase in average tooth area in
warmer climates explains why MAT does not correlate significantly, in this species, with tooth area per unit perimeter
or per unit leaf area, despite the fact that leaves have fewer
teeth per unit perimeter and per unit leaf area in warmer
climates.
Explanation for the weak temperature correlations in
Q. kelloggii

Fig. 3 Relationship between mean annual temperature (MAT)
and some of the measured physiognomic variables for Acer rubrum.
Circles, this study; squares, Royer et al. (2005). See Table 1 for
definition of physiognomic variables and Table 2 for statistical
information about the correlations.

Discussion
Acer rubrum
The correlations between leaf physiognomy and MAT in
A. rubrum largely match the site-mean trends observed by

The general lack of significant relationships between MAT
and leaf shape in Q. kelloggii (Table 3) may result from an
inherent insensitivity within the species or from the
confounding effects of other environmental and/or
ecological variables. The first option is difficult to analyse
rigorously, although it is noteworthy that black oak leaves are
less ‘toothy’ than red maple leaves. For example, the average
number of teeth per black oak leaf in our data set is 15.6 but
for red maple is 52.9 (and this despite black oak leaves being,
on average, larger in area). Thus, black oaks have less tooth
morphospace available to them, which may restrict the
magnitude of any morphological change with climate. Also,
the range in MAT in the black oak data set (10.6°C) is
considerably smaller than in the red maple data set (17.7°C).
It is therefore possible that the range in MAT in the
Q. kelloggii data set was not sufficient to resolve weak but
nonetheless real trends.
Almost all environmental and ecological factors considered in this study were found to have little to no influence on
the correlations between leaf shape and MAT in Q. kelloggii
(see the Supplementary Material, Table S2). We therefore
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Table 3 Correlations between physiognomic variables and mean annual temperature (MAT), elevation, or mean annual wind speed for
Quercus kelloggii
1

2

3

4

5

6

7

8

9

10

#Teeth

Blade area
(cm2)

#Teeth/A
(cm−2)

#Teeth/peri
(cm−1)

Shape factor

Peri ratio

TA
(cm2)

TABA

TA/peri
(cm)

Avg TA
(cm2)

+
0.00
0.75

+
0.00
0.84

+
0.01
0.30

–
0.01
0.36

+
0.00
0.80

+
0.04
0.01

–
0.00
0.80

–
0.00
0.75

+
0.00
0.59

–
0.02
0.23

–
0.00
0.64

+
0.02
0.18

+
0.00
0.63

–
0.00
0.74

–
0.10
0.0001

–
0.01
0.26

–
0.06
0.004

–
0.18
< 0.0001

+
0.00
0.46

–
0.00
0.79

–
0.09
0.0002

–
0.03
0.05

–
0.03
0.03

–
0.15
< 0.0001

+
0.00
0.85

–
0.01
0.25

–
0.05
0.008

–
0.07
0.002

–
0.05
0.007

–
0.04
0.018

MAT (°C)
+
+
–
m
–
r2
0.01
0.07
0.02
0.04
P
0.23
0.002
0.09
0.01
MAT; partial correlation, controlling for elevation
m
+
+
+
–
r2
0.00
0.10
0.00
0.04
P
0.99
0.003
0.53
0.05
Elevation (m)
m
+
–
–
+
r2
0.03
0.15
0.01
0.16
P
0.03
< 0.0001
0.28
< 0.0001
Elevation; partial correlation, controlling for MAT
m
+
–
+
+
r2
0.02
0.10
0.15
0.12
P
0.06
0.0001
< 0.0001
< 0.0001
Wind speed (m s−1); partial correlation, controlling for MAT
m
+
–
+
+
r2
0.00
0.00
0.00
0.00
P
0.99
0.74
0.60
0.68

m, slope of correlation; MAT, mean annual temperature. Abbreviations for physiognomic variables are defined in Table 1; numbers in column
headers correspond to numbers in Table 1; statistically significant correlations (P < 0.05) are tinted.

Elevation and Q. kelloggii

Fig. 4 Relationship between the number of teeth per unit perimeter
and elevation for Quercus kelloggii. See Table 3 for statistical
information about the correlation.

conclude that leaf shape in Q. kelloggii is probably not sensitive to MAT; however, it is possible that other environmental
or ecological factors not considered in our study are confounding the relationship.

New Phytologist (2008) 179: 808–817

Although elevation cannot explain why the relationships
between leaf shape and MAT are weak in Q. kelloggii
(Table 3; Table S2), there are nonetheless many significant
correlations between physiognomy and elevation. Even after
removing the influence of MAT, leaves from higher elevation
are smaller in area, have a greater number of teeth and less
tooth area (Table 3; Fig. 4). Reductions in leaf size with
elevation have been documented in many species (Webb,
1968; Körner et al., 1986; Gurevitch, 1988; Halloy & Mark,
1996; Morecraft & Woodward, 1996; Cordell et al., 1998;
Hovenden & Vander Schoor, 2004). Some authors have
attributed this response to temperature (Körner et al., 1986;
Gurevitch, 1988): our study demonstrates that temperature
is important but that additional factors are also required
(Table 3). Other possible factors include more intense solar
radiation (Hovenden & Vander Schoor, 2004, 2006),
decreased water and/or nutrient availability (Givnish, 1979;
Roderick et al., 2000; McDonald et al., 2003), shorter
growing season (Kouwenberg et al., 2007) and reduced CO2
partial pressure at high elevation (McElwain, 2004).
The relationship between leaf area and elevation is documented in many species, but we are unaware of any studies
reporting on the relationship between tooth morphology and
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Fig. 5 Relationship between elevation and mean annual wind
speed for areas within 33–42°N latitude and 116–124°W longitude
(see Fig. 1 for geography). All data (circles) are from the model
of New et al. (2002) (see the Materials and Methods section for
details). Squares, data that are geographically closest to the Quercus
kelloggii sites. The vertical dashed line corresponds to an elevation
of 850 m. The least-squares regression line is for Q. kelloggii sites
> 850 m elevation (n = 127; r2 = 0.28; P < 0.0001).

elevation. In comparison with studies that have focused on
MAT (Royer et al., 2005), our results are paradoxical: at high
elevation (and low MAT), leaves have more teeth but the
individual teeth are smaller. Interestingly, our A. rubrum
results are broadly similar (leaves in cold climates have more
teeth but the individual teeth are smaller), but the underlying
reasons must differ because the Q. kelloggii patterns hold true
even after the effects of MAT are removed (Table 3).
Can wind speed explain the elevation patterns in
Q. kelloggii? According to Royer & Wilf (2006), a function
of leaf teeth is to enhance transpirational losses for the sake
of carbon gain (see the Introduction); teeth facilitate this
water loss probably because they are rich in vascular tissue
and because their geometric construction leads to a local
thinning of the leaf boundary layer (Canny, 1990; Schuepp,
1993; Wolfe, 1993). This latter point may be important with
respect to wind because windy conditions also reduce leaf
boundary layers and may therefore obviate the need for large
teeth. Thus, small teeth may be functionally adequate in
windy environments.
In the general geographic area of our Q. kelloggii data set,
wind speed scales with elevation, but only for elevations
> 850 m (Fig. 5; < 850 m: n = 729, r2 = 0.00, P = 0.12;
> 850 m: n = 1252, r2 = 0.19, P < 0.0001); the same patterns
hold for the areas closest to the Q. kelloggii sites (squares in
Fig. 5). Importantly, after removing the influence of MAT
using partial correlation, windy sites correlate with leaves with
significantly smaller teeth (as measured by total tooth area,
average area of individual teeth, and tooth area per unit leaf
area and per unit perimeter; see Table 3); these patterns
remain even if the influence of MAT is not removed, if the
analysis is restricted to mean wind speed during the growing

season, or if the analysis is restricted to sites > 850 m elevation
(results not shown). Overall, these data support the hypothesis that wind speed may be linked to tooth size.
We must look to other factors for explaining why
leaves from high-elevation sites have more teeth than at lowelevation sites. We conjecture that water availability may
be an important factor: elevation does not correlate with MAP
at the Q. kelloggii sites (n = 145, r2 = 0.00, P = 0.49), therefore
the amount of water available to plants should increase
with elevation because rates of evapotranspiration typically
decline with elevation in climates such as those in California,
with dry adiabatic lapse rates (Körner, 2003; Smith & Johnson, in press). Plants can better ‘afford’ leaf teeth in physiologically wet environments (Royer & Wilf, 2006; see also the
Introduction), and this may provide a ready explanation for
the abundance of teeth at high-elevation sites, independent
of MAT. We hypothesize that the combined effects of higher
wind speed and more plant-available water selects for
Q. kelloggii leaves with an abundance of small teeth at high
elevation.
Concluding remarks
Our results suggest that tooth size, shape, and number within
some, but not all, species are sensitive to climate. This
sensitivity provides added support for using continuous
variables related to tooth number and leaf dissection to
reconstruct ancient climates. Acer rubrum, a species sampled
entirely from low-elevation habitats comparable to most
fossil floras, produces toothier and more highly dissected
leaves in colder environments. However, the leaf shape of
Q. kelloggii, sampled from a broad elevation range, is largely
insensitive to MAT, and instead correlates significantly with
elevation; we hypothesize that wind speed and water
availability underpin these elevation patterns. The underlying
reasons for the insensitivity between tooth physiognomy and
MAT in Q. kelloggii are unclear, but we suggest that the
overall low numbers of teeth relative to leaf size in the species
(compared with A. rubrum) may be a contributing factor.
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