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Introduction

More than a century ago, Darwin (1881, p. 443) recognized
that solar tracking provides a“ service to the plant.” Generally
de� ned as controlled, reversible movement orienting plant or-
gans either toward or away from the sun, the service depends
on environmental context. Under cool temperatures and low
water stress, diaheliotropic movements maintain leaves perpen-
dicular to incident light, thereby maximizing direct solar radia-
tion incident on the leaf and increasing leaf temperatures. Under
warmer, dryer conditions, paraheliotropic movements position
leaves parallel to solar incidence to reduce photon� ux density,
prevent thermal and photo damage, and enhance water use ef-
� ciency (Ehleringer and Forseth 1980, 1989; Ehleringer and
Werk 1986). The type of movement can shift across seasons

and diurnally. Over the course of a day, for example, dia-
heliotropic movement can position leaves to intercept more
light in the morning but later switch to paraheliotropic move-
ment that then positions leaves to avoid direct sunlight in the
middle of the day (e.g., Forseth and Ehleringer 1982; Forseth
and Teramura 1986; Pritchard and Forseth 1988; Joesting
et al. 2012; Foster et al. 2013). Studies have demonstrated that
diurnal leaf movement can bene� t leaf carbon gain (Mooney
and Ehleringer 1978; Forseth and Ehleringer 1983; Greer and
Thorpe 2009; Zhang et al. 2009; Habermann et al. 2011) and
increase seed production (dos Santos et al. 2006).

Leaf angles determine the angle of direct solar radiation inci-
dent on leaves (Gates 1980) as well as the relative proportions
of the leaf surface in direct light versus shade for a given leaf
shape and thus leaf temperature (Medina et al. 1978; Werk
and Ehleringer 1984; Forseth and Teramura 1986; Valiente-
Banuet et al. 2010). A further determinant of light absorption
is that leaves are seldom� at and leaf angle varies across the leaf
(Fleck et al. 2003), which also in� uences leaf temperature
(Forseth and Ehleringer 1980; Kern et al. 2004) via internal leaf
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Premise of research. By adjusting leaf angles to orient toward or away from the sun, solar tracking
modi� es direct light interception, which consequently modi� es leaf temperature. Leaf temperature is also in
� uenced by leaf shape, due to its effect on heat transfer across boundary layers. Two co-occurring, clos
related geophytic species ofPelargonium that differ dramatically in leaf shape were observed to exhibit dif-
ferences in diurnal leaf movements. We asked whether leaf movements were consistent with solar tracki
whether they differed between the two species, and whether leaf shape and movement interacted to in� uence
leaf temperature.

Methodology. We measured solar tracking, leaf temperatures, stomatal conductance, and light interce
tion across a diurnal time course in midwinter in the� eld at De Hoop Nature Reserve in South Africa.

Pivotal results. Highly dissected leaves ofP. triste moved to track the sun more closely than shallowly
lobed leaves ofP. lobatum. In contrast to predictions based on leaf energy budget calculations, average diu
nal temperatures for both leaf shapes remained close to ambient, with the only signi� cant deviation occurring
early in the morning in P. triste. The best model predicting the extent of leaf temperature difference from am
bient included leaf shape, leaf movement, and the proportion of the leaf surface receiving direct light, an
notably, the interaction between leaf shape and movement.

Conclusions. Leaf three-dimensionality interacts with movement to dictate direct light absorption, and al
are critical to fully understanding leaf thermal pro� les of non� at leaves under� eld conditions.

Keywords: leaf temperature, light interception,Pelargonium, solar tracking, South Africa, three-dimensional
leaf shape, leaf shape, lea� et.

Online enhancements:appendix � gures and tables.



self-shading. Much more attention has been paid to inter- than
intraleaf self-shading, so at this point we still lack a complete pic-
ture of the functional consequences of leaf three-dimensionality
(but see Chelle 2005; Pincebourde et al. 2012).

The functional signi� cance of two-dimensional leaf shape
is generally attributed to thermal regulation (but see Nicotra
et al. 2011; Leigh et al. 2014). Studies demonstrating links be-
tween shape and temperature are generally conducted on ar-
ti � cial leaves in uniformly illuminated, highly controlled con-
ditions (Vogel 1970; Parkhurst and Loucks 1972; Gottschlich
and Smith 1982; Schuepp 1993). Under such conditions, the
thickness of the boundary layer (the insulating layer of dead
air space over the surface of the leaf) is related to wind speed
and leaf width in the direction of air� ow (Nobel 1983;
Schuepp 1993). Incorporating boundary-layer resistance into
leaf energy budget equations predicts that larger leaves will
reach higher temperatures than smaller leaves or lea� ets with
thinner and more broken boundary layers (Parkhurst and
Loucks 1972), but both the magnitude and the direction of
this effect depend on the difference between leaf temperature
and ambient air temperature (Gates 1980).

Leaf temperatures in the� eld can be several degrees cooler or
warmer than ambient (Gates 1980; Geller and Smith 1982;
Leigh et al. 2017), especially if based on single point measure-
ments. There also can be large temperature differences between
local regions within the leaf (Smith and Nobel 1978; Vogel
2009; Leigh et al. 2017), presumably due to self-shading, the
extent of patchy stomatal conductance, and the water content
of the leaf (Leigh et al. 2017). These confounding factors may
explain why some studies have shown that average leaf tem-
peratures of a wide array of shapes often differ less than 37C
from ambient and that leaf temperatures can track ambient very
closely under � eld conditions that support latent heat loss

through transpiration, even when wind speeds are low (Gates
et al. 1968; Hegazy and El Amry 1998; Valiente-Banuet et al.
2010; Leigh et al. 2017). However, when latent heat transfer
is minimal, even average leaf temperatures of wide leaves can
be several degrees above ambient (Leigh et al. 2017).

During the wet, cool winter growing season in the Cape Flo-
ristic Region of South Africa, we observed differences in the
extent to which leaves moved during the day in two species of
Pelargonium differing in leaf shape but growing next to each
other at De Hoop Nature Reserve.Pelargonium lobatum has
large, shallowly lobed leaves (~4-cm effective leaf width [we])
with palmate venation, while P. triste has pinnately dissected
compound blades composed of small (~0.1-cm-wide) lea� ets
(� g. 1). If observed movements are consistent with solar track-
ing, then in the winter growing season diaheliotropic solar
tracking should warm leaves of both species above ambient;
boundary-layer theory predictsP. triste should remain closer
to ambient. We hypothesized that if species differ quantitatively
in solar tracking, we should see evidence of an interaction be-
tween solar tracking and leaf shape on diurnal leaf temperatures
that would closely match leaf energy balance predictions. To
compare the effect of leaf shape, angle, and movement on real-
ized thermal dynamics of leaves, we ask the following ques-
tions: (1) Do the species’ leaves move to different extents, and
are the directions and amount of movements consistent with so-
lar tracking? (2) Do average leaf temperatures under� eld con-
ditions follow temperatures predicted by leaf energy budget
equations? (3) Does solar tracking raise leaf temperatures by in-
creasing the proportion of direct light absorption, as expected?
(4) Which combination of variables (leaf angle and azimuth;
functional leaf traits such as leaf size, shape, or speci� c leaf area
(SLA); or the proportion of the leaf in direct sunlight) best
predicts average leaf temperature?

Fig. 1 Pelargonium triste(A) and Pelargonium lobatum(B) growing in the same site at De Hoop Nature Reserve in South Africa. Each plant
has three leaves; one recently fully expanded leaf is indicated by the white circles.
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Material and Methods

Our site at the De Hoop Nature Reserve (lat. 34726ʹ39.1ʺS,
long. 20725ʹ16.9ʺE) is characterized by fynbos vegetation (Cowl-
ing et al. 1997) dominated by proteas and restios growing on
light brown sandy soils (� g. 1). Average rainfall in July at this
site is 46 mm, and mean annual temperatures are ~177C (Schulze
2007). Pelargonium triste and P. lobatum are closely related
(Bakker et al. 2004) and often grow within 1 m of each other
in patchily open microsites.Pelargonium lobatum� owers in late
spring (September–November), whileP. triste � owers from mid-
winter through midsummer (August–February; Goldblatt and
Manning 2000). Both are winter-growing, summer deciduous
geophytic perennials, the leaves of which arise from below-
ground tubers; consequently, leaf orientations are not in� u-
enced by branch architecture.Pelargoniumspecies do not have
pulvini (C. S. Jones, personal observation) and thus fall into the
group of solar tracking species that achieve leaf movements
through petiole twisting (Galvez and Pearcy 2003) or changes
in turgidity in cells across the leaf (van Zanten et al. 2010).

Field Measurements

We followed movement of one leaf per plant on� ve indi-
viduals per species every 2 h from 0900 to 1700 hours on July 22,
2008. Leaf angle was measured as the angle of inclination
from horizontal of the lamina midrib, using a protractor and
straightedge. For leaf azimuth, we used a compass to� nd the
direction toward which the majority of the adaxial leaf surface
faced at the time of measurement.

We measured adaxial leaf temperatures using a recently cal-
ibrated Optris LaserSight (Optris, Berlin) infrared thermometer
with a spot size of 1 mm, holding the thermometer ~10–20 cm
from each leaf, perpendicular to the surface at the measurement
location. Emissivity on the laser thermometer was factory set
to 0.95, within the range of known values for leaves (e.g., López
et al. 2012). We took four measurements 1 cm to the left of the
midrib, evenly spaced along its length, and one measurement
closer to the margin of the lamina near midlength. Average
temperatures per leaf were calculated from these point mea-
sures for each time period. For each measurement, we also
noted whether the measurement point was taken on the por-
tion of the leaf in direct light, diffuse light, or shade, based on
observation. Ambient air temperature was recorded prior to
each set of measurements on each leaf from a thermometer
in the shade, 1 m above the soil surface. Wind speeds were es-
timated at 1 m s21. Leaves were photographed (face-on view)
at each measurement to determine the extent of shading over
the lamina.

Soil surface temperature adjacent to each leaf but unshaded
by the plant or other vegetation was estimated with the laser
thermometer and closely tracked ambient. We acknowledge
that because we did not take soil emissivity or re� ectance into
account, our measurements may not represent actual soil sur-
face temperature. However, damp, sandy soils can be close to,
or even slightly below, ambient air temperatures (Nobel and
Geller 1987). Percent soil moisture was determined gravimet-
rically from an average of� ve samples collected 7–10 cm below
the soil surface. We measured stomatal conductance of both

leaf surfaces at midday with a steady-state diffusion porometer
(Decagon Leaf Porometer model SC-1, Pullman, WA) on each
individual leaf.

Leaf Morphology

All measured leaves were collected at the end of the day.
Flattened lamina area (cm2) of fresh leaves was measured with
a Li-Cor 3100 leaf area meter (Li-Cor, Lincoln, NE). Lamina
dimensions (outline dimensions of length and width, exclud-
ing dissection) were measured with a ruler. On fresh leaves,
we also measured effective leaf width (we), the diameter of
the largest inscribable circle within the lamina (McDonald
et al. 2003). We dried laminae to obtain dry masses and cal-
culated SLA (cm2 g21) as the ratio of fresh leaf area to dry leaf
mass. We obtained lamina perimeters from face-view leaf
images using the Measurement tool in Adobe Photoshop
CS4 Extended (2008). We quanti� ed leaf shape using a con-
tinuous leaf dissection index (LDI), the ratio of lamina perim-
eter to the square root of � attened lamina area. We used
Photoshop also to determine projected lamina area (un� at-
tened leaves retain their original three-dimensional shape)
from photographs of leaves in the� eld taken perpendicular
to the plane of the leaf midrib. We quanti� ed leaf three-
dimensionality as the difference between total� attened lamina
area and projected area.

Leaf Light Interception Calculations

Solar tracking takes into account not only leaf angle but
also leaf azimuth and, most importantly, the angle of the sun.
This combined index, the cosine of interception (cosinei), ex-
plicitly quanti � es the proportion of the sun’s direct beam that
a leaf can potentially capture (Forseth and Teramura 1986). Co-
sine i is determined as follows:

cos i p cosb# sinE 1 sin b# cosE # cos(as # al ),

where b p leaf angle from horizontal, E p solar elevation,
as p solar azimuth angle,al p leaf azimuth angle. A cosinei
absolute value of 1 represents the condition when the leaf blade
is oriented perpendicularly to the sun’s direct beam for maxi-
mum direct light interception. Cosine i values approach zero
when the leaf blade is parallel to the sun’s radiation and there
is little potential for direct light capture (Pritchard and Forseth
1988; Rosa and Forseth 1996). Solar elevation and azimuth data
were obtained from the National Oceanic and Atmospheric Ad-
ministration Earth System Research Lab solar position calculator
(Cornwall et al. 2014).

Leaf Energy Balance Calculations

Prior to calculating leaf energy balance, we estimated the leaf
shape parameter (Kl), using the single leaf model described by
Balding and Cunningham (1976) assuming that aggregates of
lea� ets were not functioning as a whole leaf (see� g. A1 for cal-
culations; � gs. A1–A5 are available online). We then used an
energy budget equation (Sousa 2003) to predict temperatures
of individual leaves for both species throughout the day; these
predictions incorporated observed movements and stomatal con-
ductance. (See table 1 for the equation and a breakdown of mea-
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sured and calculated variables.) We also calculated expected
leaf temperatures for leaves that did not move during the day
(i.e., by setting leaf inclination to zero to simulate leaves posi-
tioned � at on the ground).

Image Analysis of Leaf Surface Light Regime

We used Photoshop to categorize light incident on the sur-
face of the leaf at each measurement period across the diurnal
time course (� g. A2) as direct, diffuse, or shade using the
Threshold command and color matching for individual pixels
across the lamina. We used the Magic Wand selection tool to
select and calculate the total areas of light category. In the anal-
ysis, we did not distinguish between self-shading and shading
caused by adjacent vegetation because all plants were relatively
exposed, so nearly all shade was due to within-leaf self-shading.
Because images were obtained on a sunny day, we assume the
diffuse light is due to penumbra.

Statistical Analyses

Leaf temperature data and solar tracking responses were
analyzed using two different approaches. We used ANOVA
(R Development Core Team 2012) to compare interspeci� c
differences in individual leaf traits and light regime at each
time point during the day. We used the generalized additive
mixed models (GAMM) function from the mgcv package
(Wood 2017) to � t models for DT, the difference between leaf
temperature and air temperature. To determine which variables
best predictedDT, we took into account repeated measure-
ments on each leaf and included hours (time since 0900 hours),
cosinei, SLA, lamina area, lamina dry mass, LDI, and propor-
tional lamina area in direct light, diffuse light, and shade. We

compared models using the Akaike information criterion
(AICc), which is a test statistic that compares the goodness of
� t for models and adjusts for small sample sizes.

Follow Up

To determine whether conductance values changed over the
course of the day, we returned to the same site at De Hoop
Nature Reserve (same 20 m2 area) in July 2015. We measured
� ve individuals per species (we do not know whether these
were the same individuals measured in 2008). Diurnal stoma-
tal conductance was measured every 2 h between 1000 and
1600 hours. In 2015, we used a Li-Cor 6400XT with a CO2
mixing system and a red/blue LED light source. Light level
was maintained at saturating levels, 1500mmol m22 s21. Flow
was set at 500mmol s21 and CO2 at 400 mmol mol21. Chamber
humidity was maintained slightly below ambient. We made
three gas exchange measurements per leaf: the� rst measure-
ment was made when gas exchange values began to settle (typi-
cally after about 2 min), and subsequent measurements were
taken each minute afterward or when values stabilized (the leaf
was generally in the chamber for about 5 min total). We aver-
aged these three readings to determine the mean conductance
rate per leaf. These conductance values were analyzed with
repeated-measures ANOVA to test for differences between
species and hours.

At every plant during every measurement, ambient air tem-
perature and wind speed were measured at the leaf level with
a portable handheld weather station (Kestrel 3500; Kestrel
Meters, Birmingham, MI), 5–10 cm above the soil surface.
We also collected leaves and obtained both fresh and dry
weights, as well as leaf areas, to calculate water content per unit
area (succulence).

Table 1

Leaf Energy Balance Equation Used to Calculate Leaf Temperatures for Tracking and Stationary Leaves

Variables De� nitions

Outcome variable:
Tl Leaf temperature (calculated hourly per leaf for tracking and stationary leaves)

Variables measured directly:
Ta Air temperature (measured hourly per leaf)
ɛ Absorption coef� cient to solar radiation
w Leaf length in the direction of the wind (measured per leaf)

Calculated variables:
Total energy in Direct 1 diffuse 1 long-wave radiation (calculated hourly per leaf)
ea Water vapor density of air (calculated hourly per leaf)
rl Leaf resistance to water vapor (calculated hourly per leaf)
Kl Leaf shape parameter (calculated per leaf)
hc Convection coef� cient: thermal conductivity coef� cient for air ÷ boundary layer thickness

(calculated hourly per leaf)
D Slope of vapor pressure-temperature curve (calculated hourly per leaf)

Constants:
j Stephan Boltzman constant (blackbody radiation constant)
L Latent heat of vaporization
Dj Diffusion coef� cient for water vapor
v Wind velocity (estimated at 1 m s21)

Note. Variables are separated into those measured directly in the� eld, those calculated, and those held constant. En-
ergy balance equation (Sousa 2003):Tl p Ta 1 ((Total Energy In/2 – (ɛ* j * (( Ta 1 273.15)4)) – ((L* (23 – ea))/(rl 1 (Kl *
((w/v) 0.5)/Dj))))/(4*ɛ* j*(( Ta 1 273.15)3)1 hc 1 ((L *D)/(rl 1 (Kl * (( w/v) 0.5)/Dj))))).
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Results

Leaf Morphology

Leaves ofPelargonium tristeand P. lobatum were similar in
length and width of their overall lamina outlines, but leaves of
P. lobatum had larger areas and were wider, heavier, and much
less dissected than leaves ofP. triste; SLA values were higher for
P. lobatum, but water content per unit area was higher in leaves
of P. triste (table 2). Both P. triste and P. lobatum leaves
exhibited three-dimensional structure that we quanti� ed as
the difference between total� attened and projected lamina area
(D). This difference was ~4.5 cm2 for both species, although this
was a larger proportion of the total lamina area for P. triste
(29%) than P. lobatum (9.9%).

Stomatal Conductance

Weather conditions were similar in both 2008 and 2015:
both days were mostly sunny with a similar daytime range
in ambient temperature (13.67–20.27C in 2008 and 12.87–
22.27C in 2015). In 2015, wind speed values at leaf level
ranged from 0 to 2 m s21 with an average value over the
course of the day of 0.6 m s21, indicating that our estimate
of 1 m s21 for the leaf energy budget calculations was reason-
able. Average gravimetric soil moisture content was 16.5%5
0.02% SD, which is in the range of � eld capacity for sandy
soils.

Li-Cor measurements of conductance in 2015 were higher,
on average, than the 2008 porometer measurements (F1, 40 p
3.82, P p 0.06) but did not differ signi� cantly between spe-
cies on either date (2008:F1, 6 p 1.89, P p 0.22; 2015:
F1, 25 p 0.42, P p 0.52). Diurnal measurement values (1000–
1600 hours) ranged from 0.361 to 0.594 mol H2O m22 s21 for
P. triste and from 0.344 to 0.545 mol H 2O m22 s21 for
P. lobatum. Time of day had a signi� cant effect on conductance
(F3, 25 p 3.74, P p 0.02), but this effect was the same in both
species (� g. A3).

Species’ Leaves Moved Differently but Were
Consistent with Solar Tracking

Leaves of both species were horizontal to the ground at
0700 hours and then inclined signi� cantly during the day
(F4, 32 p 5.05, P p 0.003). The largest increase in inclination
for both species occurred between 0700 and 0900 hours; that
in P. triste was substantially greater. Overall,P. triste inclined
more than P. lobatum (maximum inclination 477compared to
247, respectively;F1, 8 p 9.09, P p 0.02; � g. 2A). Both spe-
cies exhibited steepest leaf inclination at midday (1300 hours).
There were also changes in leaf azimuth of both species through-
out the day (F4, 32 p 4.43, P p 0.006), but there were no dif-
ferences between species in mean azimuthal change (F1, 8 p
1.53, P p 0.25); i.e., leaves of both species exhibited similar
extents of rotation.

These leaf movements ultimately resulted in differences in
the degree of diurnal solar tracking betweenP. triste and P.
lobatum, quanti� ed by cosinei (� g. 2B): P. triste oriented
to intercept more of the sun’s direct beam thanP. lobatum
(F1, 8 p 7.33, P p 0.03). Maximum orientation to incident
light in P. triste occurred at 1100 hours and resulted in a po-
tential interception of 86% of the sun’s direct beam (average
maximum cosine i: 0.86). Maximum orientation in P. lo-
batum occurred at 1300 hours and resulted in a potential in-
terception of 54% incident light. Cosine i changed for both
species throughout the day (F4, 32 p 8.73, P ! 0.001).

Average Leaf Temperatures Were Lower than Leaf
Energy Budget Predictions

Leaf energy budget calculations based on ambient tem-
peratures, observed leaf orientations, lamina widths, and sto-
matal conductance measured at midday in 2008 predicted
that P. triste would warm to 22 7C at midday when ambient
temperature reached 207C (� g. 3A) and that P. lobatum leaves
would reach nearly 287C (� g. 3B). To explore whether the
higher Li-Cor values for conductances and their diurnal vari-

Table 2

Mean Leaf Traits forPelargonium triste and Pelargonium lobatum

Leaf traits P. triste P. lobatum df F P

Lamina length (cm) 10.35 1.5 9.4 5 .9 1, 8 .23 .64
Lamina width (cm) 8.8 5 .8 10.4 5 .9 1, 8 1.78 .22
Lamina area (cm2) 20.5 5 3.4 48.1 5 8.4 1, 8 9.28 .016
Lamina dry mass (g) .235 .03 .42 5 .06 1, 8 8.56 .019
Water content/area (g cm22) .057 5 .003 .042 5 .002 1, 22 20.24 !.001
Speci� c leaf area (cm2 g21) 87.4 5 7.0 113.1 5 6.0 1, 8 7.67 .024
Leaf dissection index 31.45 1.7 7.2 5 .3 1, 18 200 !.001
Effective leaf width (we; cm) .10 5 .00 3.90 5 .29 1, 8 169.9 !.001
D (� at – projected lamina area; cm2) 4.5 5 .5 4.3 5 .4 1, 34 .10 .76
D% (� at – projected lamina area; % of total area) 29.05 4.4 9.9 5 1.2 1, 34 23.5 !.001
Abaxial stomatal conductance (mmol H2O m22 s21) 205 5 68 98 5 16 1, 6 2.33 .18
Adaxial stomatal conductance (mmol H2O m22 s21) 184 5 25 147 5 41 1, 6 .62 .46
Total stomatal conductance (mmol H2O m22 s21) 389 5 89 245 5 56 1, 6 1.89 .22

Note. Values represent the mean of� ve leaves5 1 SE.F and P values of ANOVA comparing species. Note that degrees of freedom for
morphological traits are based on leaves sampled. Degrees of freedom for changes in leaf three-dimensionality are based on all photos over
the diurnal time course. All data are based on 2008 data except water content/area (succulence), which was measured in 2015.
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ation measured in 2015 would have changed these results, w
substituted them into the 2008 leaf energy budget calcula
tions, keeping all other parameters the same. This substitutio
did not change the predicted values (� g. A4). When we mod-
eled no leaf movement by setting leaf inclination to zero
temperatures ofP. lobatum leaves were predicted to be the
same as in leaves that moved, while stationaryP. triste leaves
were predicted to be more than a degree cooler throughou
the day than tracking leaves. In other words, movement in
the highly dissected leaves ofP. triste led to predictions of leaf
temperatures that would be warmer than stationary leaves.

In contrast to predicted temperatures, observed leaf temp
eratures were similar in each species at most measureme
times and they remained close to air temperatures (� g. 3C; ta-
ble 3). Soil temperatures were also close to ambient and le
temperatures (F1, 81 p 0.39, P p 0.54; see� g. 3C, inset). Leaf
temperatures between species were most different in the ea
morning, at 0900 hours when P. triste leaves were, on aver
This content downloaded from 130.
All use subject to University of Chicago Press Terms
age, 3.67C warmer than P. lobatum leaves. At the end of
the day, P. lobatum leaves were signi� cantly cooler than am-
bient at 1700 hours (table 3).

The Interaction of Shape and Movement
Affected Direct Light Exposure

Solar angles have varying effects on the proportions of di
rect light, diffuse light, and shade on leaf surfaces. As ex
pected, time of day affected the amount of direct light inter-
ception (F4, 22 p 21.81, P ! 0.001) and the amount of shade
on leaves of both species (F4, 22 p 5.07, P p 0.005), while
the proportion of leaf surface area with diffuse light remained
constant throughout the day (F4, 22 p 1.39, P p 0.27). Both
species had similar total daily proportions of leaf surfaces expe
riencing direct light (F1, 3 p 0.00, P p 0.99), but the pattern of
direct light interception differed between species over the cours
of the day (� g. 4; F4, 22 p 2.90, P p 0.05). In contrast, species
Fig. 2 A, Diurnal change in leaf inclination for Pelargonium triste (open triangles) andPelargonium lobatum (� lled circles). Symbols rep-
resent mean of� ve leaves and error bars5 1 SE. Side-view photographs at 1300 hours show maximum angles of leaf inclination for both specie
B, Cosine i shows the degree of solar tracking forP. triste and P. lobatum; symbols and error bars same asA. Cosine i values approach zero
when the leaf blade is parallel to the sun’s radiation and there is little potential for direct light capture. Cosinei p 1 represents maximum solar
attraction (leaf orientation is perpendicular to the sun). Cosinei changes diurnally for a stationary, horizontal leaf (dotted line) because the ang
of incidence between the sun and the leaf changes as the sun moves across the sky during the day.
056.034.110 on May 28, 2018 19:09:10 PM
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did not differ in patterns of diffuse light interception and shade
(diffuse: F4, 22 p 2.06, P p 0.12; shade:F4, 22 p 2.17, P p
0.106), nor did they differ in total daily proportions of diffuse
light and shade (diffuse:F1, 3 p 0.52, P p 0.53; shade:F1, 3 p
0.11, P p 0.76).

Most shade and diffuse light were created by self-shadin
within the leaf. Lea� ets in P. triste projected upward, so with
inclination of the rachis, lea� ets became nearly perpendicula
to a sun that is very low on the horizon in the morning during
midwinter (� g. A5), thereby maximizing direct light intercep-
tion early in the day (F4, 12 p 6.21, P p 0.006). In the early
afternoon (1300 hours), vertically projecting lea� ets resulted
in minimal direct light exposure because, although the midribs
of P. tristeleaves were tracking the sun closely at this time, onl
the tips of the lea� ets were exposed.Pelargonium lobatum
leaves were� atter and more shallowly inclined throughout
the day. In the early morning (0900 hours), less direct light fel
This content downloaded from 130.0
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on the leaves, and that intercepted was not perpendicular to th
surface of the leaf.

Although average leaf temperatures ofP. triste and P. loba-
tum were similar to each other and to ambient throughout
most of the day, temperatures of localized regions subject to di
ferent light regimes differed between species (� g. 5; table A2).
Point measures of temperatures in regions of the leaf experien
ing direct light were similar in both species during hours of peak
sun intensity, i.e., between 1100 and 1300hours (� g. 5A). In
P. triste, temperatures of sunlit regions closely matched those pre
dicted by leaf energy budget equations while inP. lobatum these
regions were signi� cantly cooler than predicted. In the early
morning (0900 hours), however, temperatures measured in d
rect light on P. tristewere, on average, 2.87C warmer than those
for P. lobatum and they were warmer than ambient tempe-
ratures; shaded regions did not differ from ambient. InP. lo-
batum, on the other hand, early-morning sunlit temperatures
Fig. 3 Predicted leaf temperatures forPelargonium triste (A) and Pelargonium lobatum (B) based on energy budgets for stationary leave
(solid line) and tracking leaves (dashed line). The dotted line shows measured ambient temperature throughout the day.C, Actual measured leaf
temperatures ofP. triste and P. lobatum during the day; symbols represent mean of� ve leaves and error bars5 1 SE. Inset shows that soil
temperatures (gray line) closely tracked ambient.
56.034.110 on May 28, 2018 19:09:10 PM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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paralleled ambient temperatures (table A2), whereas shaded r
gions were nearly signi� cantly colder than ambient (Pp 0.07)
and P. triste (P p 0.12). By 1500 hours, shaded regions o
leaves in both species approached ambient temperatures, b
later in the day, shade temperatures ofP. lobatum leaves again
were lower than those inP. triste, and both were lower than am-
bient.

Shape, Movement, and Light Exposure
Interact to Affect DT

In order to determine whether shape and movement inter
act to affect the extent to which average leaf temperatures di
fered from ambient, we examined AICc comparisons o
GAMMS (table 4). The best model (model 1) predictingDT
included time of day, cosinei, LDI, the interaction between
LDI and cosine i, and the proportion of direct light on the
lamina. Including lamina area and SLA lowered support for
the model. A simpler model without the interaction between
cosinei and shape, or without cosinei (model 2), had some-
what less support, as did models that included other interac
tions (models 3 and 4). Diffuse light and shade were also in
cluded as variables throughout this analysis but had no effec
s
e
ely

to
s
,

e-

n-

c-
,

n

;
d

Discussion

Here we show that in midwinter, two co-occurring, closely
related geophyticPelargonium species exhibit leaf movement
consistent with solar tracking. Despite differences in blad
shapes and leaf angles, leaf temperatures in both species clos
track ambient throughout the day, except early in the morning.
Three-dimensional aspects of shape and movement interact
result in differences in the relative amounts of direct light acros
the surface of the leaf throughout the day, but to our surprise
the proportion of direct light incident on the surface of the leaf
alone poorly predicts how much average leaf temperatures d
viate from ambient temperatures under winter growing condi-
tions. The best predictive model also includes leaf shape and a
gle, as well as interaction of leaf shape and angle.

Energy budget theory predicts that leaves of smaller chara
teristic dimensions should track ambient temperatures closely
due to reduced insulation by boundary layers. Consistent with
these predictions,P. tristedid not warm much beyond ambient
temperatures except in the cool, early morning, when the su
This content downloaded from 130.
All use subject to University of Chicago Press Terms
was low in the sky. At this time, the vertically oriented lea� ets of
P. triste increased the total surface area receiving direct sunlight.
Consequently, at 0900 hours, temperatures ofP. triste were
warmer than ambient and 3.57C warmer than the relatively� at
leaves ofP. lobatum. July is the coldest month at this site, with
a mean temperature of ~117C (Schulze 2007), well below the
~337–367C range for optimum leaf temperatures for photosyn-
thesis found in other species ofPelargonium (Nicotra et al.
2008). Therefore, we presume any leaf warming is favorable
under winter growing conditions. In addition, the dissected lam-
Table 3

Results of ANOVAs for Each Time Period Comparing Average Lea
Temperatures ofPelargonium triste and Pelargonium lobatum

to Each Other and to Ambient (D)T
Time (hours)
 df
 F
 P

P. triste –

P. lobatum

DT

P. triste

DT

P. lobatum
0900
 2, 17
 3.27
 .06
 .05
 .24
 .44

1100
 2, 17
 1.14
 .34
 .45
 .35
 1.00

1300
 2, 17
 .35
 .71
 .71
 .97
 .79

1500
 2, 17
 .41
 .67
 .72
 .70
 1.00

1700
 2, 17
 5.41
 .02
 .45
 .20
 .01
Note. P values from Tukey HSD test indicate which effects were
signi� cant.
Fig. 4 Proportion of Pelargonium triste(A) and Pelargonium lo-
batum (B) lamina area exposed to direct light, diffuse light, and shade
bars represent mean of� ve leaves across the diurnal time course, an
one representative leaf is shown above bars. Bar colors: light greenp
sun; grayp diffuse light; dark greenp shade.
056.034.110 on May 28, 2018 19:09:10 PM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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ina of P. triste may have been slightly warmer at sunrise than
those of P. lobatum due to diminished radiational heat loss at
night. Unfortunately, we don’t have pre- and postsunrise tem
peratures for these species.
This content downloaded from 130.0
All use subject to University of Chicago Press Terms
By early afternoon (1300 hours), when rachis orientation
was perpendicular to the sun, only the outwardly projecting tips
of P. tristelea� ets were exposed to direct light. These lea� et tips
were 37C warmer than ambient. However, lea� et self-shading
Fig. 5 Diurnal average temperatures of regions of the leaf with full sun exposure (A) and in shade (B). (Dotted lines are predicted
temperatures from leaf energy budget calculations.) Bars represent the mean across all regions at that time period for each species5 1 SE.
See table A2, available online, forP values for comparisons. (Note that late in the day, none of our measures forPelargonium triste were in
fully exposed regions of the leaf surface.)
56.034.110 on May 28, 2018 19:09:10 PM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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at their base resulted in more than half of the leaf surface bein
shaded and 37C cooler than ambient. Consequently, average lea
temperatures matched ambient. Presumably, dissection of th
leaf blade into lea� ets affects leaf temperature more than photo
synthesis because lea� ets scatter incident light (Rich et al. 1995)
and while diffuse light is highly effective for photosynthesis
(Alton et al. 2007), it has little effect on leaf temperature. That
lea� ets ofP. tristeare able to utilize scattered, diffuse light is fur-
ther supported by the isolateral distribution of palisade meso
phyll cells in this species (� g. A6). Palisade cell distribution has
been associated with the direction and quality of light across
range of species (Vogelmann and Martin 1993) and has bee
shown to be correlated with three-dimensional leaf shape an
leaf orientation (Smith et al. 1997, 1998; Ustin et al. 2001;
Habermann et al. 2011; Joesting et al. 2012). It is likely that dis-
sected leaves present an additional advantage in late spring, pri
to leaf senescence, when rainfall declines and ambient temp
ratures increase. Under these conditions, when the sun is direc
overhead in the middle of the day, the area of the leaf experienc
ing internal self-shading would increase, thereby lowering aver
age leaf temperatures and potentially restricting photoinhibi-
tion.

Perhaps our more surprising result is that average lea
temperatures ofP. lobatum also remain near ambient. Even if
we restrict our focus to only point measures in sunlit regions
of the leaf at midday, when the sun is highest in the sky, thes
regions of the leaf were warmer than ambient but still neve
reached temperatures 77C above ambient that were predicted
by energy budget calculations. We attribute the differences be
tween observed and predicted leaf temperatures to sever
causes. One is that the energy budget calculator we used a
sumes uniform conditions of incident light across the entire sur
face of the leaf, which was not the case. While sunlit surface
were 37C warmer than ambient, even at 1100 hours, no more
than 60% of the leaf surface received direct light, and this pro
portion diminished over the course of the day. At the same time
shaded regions of the leaf were 67C cooler than ambient, a dif-
ference that would dramatically lower average leaf tempera
tures. Later in the day, at 1500 hours, both shaded and directly
sunlit leaves paralleled ambient temperatures, and these we
still less than predicted. Neither can the discrepancy betwee
measured and modeled temperatures inP. lobatum be ex-
This content downloaded from 130.
All use subject to University of Chicago Press Terms
plained by conductance, because even when the higher valu
of conductance measured with the Li-Cor in 2015 were substi
tuted into the energy budget equation, the new predicted temp
eratures were close to those predicted based on the 2008 co
ductance measures. We attribute the higher conductance valu
measured by the Li-Cor to chamber parameters that maximize
photosynthetic rates.

The discrepancy between predicted and measured temper
tures in P. lobatum is easier to understand for temperatures
measured in the early morning and late afternoon. At these
times, temperatures ofP. lobatum in direct light were indistin-
guishable from ambient (table A2). In shaded regions ofP.
lobatum, leaves were actually cooler than ambient by 27and
2.87C early and late in the day, respectively. These lower shad
temperatures likely resulted from thicker boundary layers that
trapped cool air against the abaxial leaf surface in regions no
subject to warming by direct light absorption (e.g., Bridge et al.
2013). Damp, sandy soils are likely to be cooler than ambien
in the morning and close to ambient later in the day (Nobel
and Geller 1987). Thus, a combination of decreased early
morning direct light absorption and leaf and soil boundary-
layer effects in the larger, less lobed leaves ofP. lobatum likely
combine to explain why its leaf temperatures were lower than
ambient early in the morning and later in the day. We also can
not eliminate possible effects of increased radiational cooling a
night, relative to P. triste.

Despite differences in angle and leaf shape, both speci
showed the same proportion of total daily direct light intercep-
tion, a � nding that has been previously observed in other geo
phytic rosette species (Geller and Smith 1982). Although inciden
light exposure clearly in� uences local temperatures within the
leaf, the proportion of direct light exposure, in the absence of lea
morphology and angle, poorly explained average leaf tempera
tures at any given time. The added effects of leaf morpholog
and angle likely include localized boundary-layer effects, as we
as increased photon� ux density associated with the angles more
perpendicular to the sun (Ehleringer and Werk 1986). In addi-
tion, other confounding factors in� uence leaf temperature, such
as differences in SLA, leaf water content, and leaf thicknes
(Leigh et al. 2012, 2017), as well as ground surface roughnes
and its in� uence on wind speed and air turbulence. Presumabl
we have controlled for some of these factors by choosing close
Table 4

Comparison of Generalized Additive Mixed Models for DT (Observed Leaf Temperature Minus Ambient Temperature)
Model no.
 Model variables for predicting DT
056.034.110 on May
 and Conditions (http
AICc
 28, 2018 19:09:10
://www.journals.u
df
 PM
chicago.edu/t-a
dAICc
1
 DT ~hours 1 cosI 1 LDI 1 direct 1 LDI: cosI
 91.9
 8
 .0

2
 DT ~hours 1 LDI 1 direct
 95.8
 6
 3.9

3
 DT ~hours 1 LDI 1 direct 1 LDI: direct
 96.1
 7
 4.2

4
 DT ~hours 1 cosI 1 LDI 1 direct
 96.4
 7
 4.4

5
 DT ~hours 1 cosI 1 LDI 1 SLA 1 lam_area
 104.1
 8
 12.2

6
 DT ~hours 1 cosI 1 LDI
 107.1
 6
 15.2

7
 DT ~hours 1 LDI
 108.3
 5
 16.4

8
 DT ~hours 1 direct
 183.9
 5
 92.0
Note. The best models forDT include hours (time since 0900 hours), cosinei (cosI), leaf dissection index (LDI), the
proportion of lamina area intercepting direct light (direct), speci� c leaf area (SLA), and lamina area (lam_area). AICc is
parameter that describes model� t (smaller values indicate better models), and dAICc is the difference in AICc from th
best model. When dAICc values are similar, as in the case for the top four models above, the preferred model is the
with the fewest variables.
nd-c).
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related species in the same habitat, but, even so, species diffe
in SLA and leaf water content.

Whether leaf shape and movement interact more general
across a broader array of species is unknown, as this is the� rst
study we know of to have speci� cally compared movement in
two species differing in leaf shape while controlling for phylog-
eny. Others have suggested a tendency for smaller leaves to be
sitioned at steeper angles (e.g., Smith et al. 1997), but wheth
this effect is driven by leaf size per se, by effective leaf width, o
by � xed leaf angles versus diurnal movement is not clear. Amon
14 species ofPelargoniumthat vary in growth form, cosine i at
midday was positively correlated with the extent of lamina dis-
section but not with total leaf area (� g. A7). These data sugges
that at least in Pelargonium, both two- and three-dimensional
leaf shapes interact with leaf angle, achieved via movement
� xed branching patterns. This interaction in� uences leaf therma
pro� les by in� uencing boundary layers and the extent and
amount of direct light absorption over the course of the day.
-
s

d

Conclusions

Two geophytic species growing next to each other with dra
matically different leaf shapes maintain similar temperature
A.

it
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-

l.

s

-

e

-
.
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over the course of the day, except in the early morning, when
highly dissected vertically oriented lea� ets are warmer. During
the winter growing season, average leaf temperatures of bot
species track ambient temperatures and remain cooler tha
would be predicted from leaf energy budget calculations that as
sume uniform illumination across the surface of the leaf. Lea
shape and movement interact to maintain the same total propor
tion of leaf surface exposed to direct sunlight throughout the day
in both species, but shape and movement have additional effec
on leaf temperature beyond controlling the proportion of direct
incident light, which are likely mediated though their effect on
boundary layers. Three-dimensional leaf shape is key to fully un
derstanding leaf thermal pro� les under� eld conditions.
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