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Abstract

Laboratory studies on artificial leaves suggest that leaf thermal dynamics are strongly
influenced by the two-dimensional size and shape of leaves and associated boundary layer
thicknesg. Hot environments are therefore said to favour selection for small, narrow or
dissegled leaves. Empirical evidence from real leaves under field conditions is scant and
tram based on point measurements that do not capture spatial variation in heat load.
Wemeer thermal imagery under field conditions to measure the leaf thermal time constant
(1) mer and the leaf-to-air temperature difference (AT) and temperature range across
lamjnaef (Trange) during winter, autumn and summer for 68 Proteaceae species. We
invgetamgted the influence of leaf area and margin complexity (NDMC) relative to effective
Ieamh (we), the latter being a more direct indicator of boundary layer thickness. NDMC
had no gr weak effects on thermal dynamics, but w, strongly predicted t and AT, whereas
lea influenced Trange. Unlike artificial leaves, however, spatial temperature distribution
in Lceaves appeared to be governed largely by structural variation. Therefore, we agree
thaG@l size, specifically w,, has adaptive value in hot environments, but not with the idea

t al regulation is the primary evolutionary driver of leaf dissection.

Kewords: Leaf size, leaf shape, leaf dissection, effective leaf width, leaf temperature,

the@ynamics, boundary layer, cooling time constant, infrared imagery
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Introduction

Among the explanations for the adaptive significance of leaf morphological variation,
perhaps the most prominent is the role of a leaf’s size and shape in its thermal regulation. In
parmhe two-dimensional proportions of a leaf are said to govern its temperature via
the thickness of its air boundary layer, in which heat transfer is slow relative to the more
tur&llem air beyond it (Drake et al., 1970, Gates, 1968, Givnish, 1979, Gottschlich & Smith,
19wace et al., 1980, Monteith & Unsworth, 1990, Parkhurst & Loucks, 1972, Raschke,
19%uepp, 1993, Vogel, 1970). All other things being equal, the thickness of a leaf
boundary layer increases with distance from the windward edge and therefore with leaf size,
succ heat convection per unit area is greater between leaf and air for small leaves than
lar es. This leads to equilibrium temperatures closer to the air for small than large
Ieamd is the most widely accepted explanation for the presence of smaller leaves in
r@ch as deserts (e.g., Gibson, 1998). In a similar way to size, the shape of leaves
potentially can affect heat transfer: a leaf lamina with dissected margin or lobes functioning
Iik&wany small leaves, making it a more suitable shape for hot, exposed environments than
a I@sected or entire leaf of equivalent area (Givnish, 1978, Gurevitch & Schuepp, 1990,
Lewis, 1972, Winn, 1999). Related to, but distinct from leaf size (more specifically, area)
amdpeleadt (margin complexity or dissection) is effective leaf width (we): the diameter of the
Iar@rcle that can be inscribed within the margin (e.g., McDonald et al., 2003). Rather

tqating thermal regulation simply to total leaf size, we accounts for the fact that a leaf
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of given area may have a larger or smaller distance across the lamina, depending on the
extent of margin dissection (also known as the 'characteristic dimension’, Taylor, 1975).
With respect to thermal regulation, therefore, we, might be expected to have a greater

in’ﬂ'l!'é'l'l'l!@ than either leaf area or shape per se.

O

Empirical work investigating the influence of the two-dimensional shape of leaves on their
the@ynamics has been carried out on leaf replicas, allowing specific measurements of
bow layer resistance. For shaped metal plates in wind tunnels, heat dissipates more
rapj om deeply-dissected or lobed plates than those with shallow or no lobes
(G;sﬁich & Smith, 1982, Grace et al., 1980, Parkhurst et al., 1968, Vogel, 1970). An
inhGproblem with using metal plates is that their thermal properties differ from those of
rea@s. A leaf’s lamina varies spatially, with undulations, veins and hairs contributing
:Ece irregularities that alter boundary layer conductance (Grace et al., 1980, Grace &
=i 976, Schuepp, 1993). Three-dimensional structure has been accounted for in
stuwf heat convection in fluid tunnels using real leaves coated in metal (Gurevitch &
Sc?@ 1990, Schuepp, 1972). These studies more accurately reflect natural
ther namic properties of leaves, yet they still do not incorporate the microclimatic
vﬁﬁ; experienced by leaves in their natural environment, such as local irradiance,
irraﬁwind speed, movement of leaves, time of day etc. Such features might override

effects gf two-dimensional morphology on heat dissipation, limiting our ability to translate
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laboratory findings to what occurs in nature. A few field-based studies have used
thermocouples under natural conditions to assess the influence of leaf shape on leaf
temperature (Hegazy & EI Amry, 1998, Winn, 1999). Thermocouples, however, provide
oﬂ'lhpﬁint reading on a leaf, as well as measuring a weighted average of temperature
wit@gboundary layer, rather than the actual leaf surface. Thermocouples therefore may
H .

notgccurately represent the average or critical leaf temperatures key to metabolic function, a
partuy issue for larger leaves, which may have a temperature gradient across the lamina.

Fiewed measurements of whole leaves are required to confirm predictions on how the

twoﬂnsional shape of leaves influences their temperature in nature.

NOGare field data on leaf temperature lacking, but also distributional patterns of
dif%leaf shapes (as distinct from sizes) in the environment are inconclusive. In spite of
t mingly obvious benefit of dissected leaves in preventing excessively high leaf

t res, there is scant evidence that dissected leaf shapes occur more frequently in hot
enyronments than elsewhere (Moles et al., 2014, Nicotra et al., 2008). Whereas increased
Iea@ction with warmer environmental temperatures across a geographic range (Lewis,
196 ason (Winn, 1999), or canopy of an individual plant (Zwieniecki et al., 2004) can
bﬁwithin a single species, the same pattern rarely is observed across multiple species.

If pg, transcontinental studies across thousands of species suggest that leaf dissection,

or specifically ‘toothiness’, decreases with mean annual temperature (Bailey & Sinnott,
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1915, Royer et al., 2005). These strong, global-scale patterns call into question any
generalisations about the adaptive function of leaf dissection with respect to thermal
regulation in high temperature regions. For we, we know of one cross-species South African
sﬂl‘ﬂ\f)wing narrow leaves associated with hot environments; however this relationship is

not@mt because narrow leaves also co-occur with low soil nutrients and wet winters

(Yies et al., 2010).

O

Thmnclusive links between the two-dimensional proportions of leaves and

enyy ental temperature, coupled with the lack of field-based research on leaf
tempgﬁr;l;re variation with leaf morphology, motivated the current study. Here we examined
theg)nship between leaf dimensions — area, margin complexity and w, — and leaf
themegulation within the Proteaceae, a Gondwanan plant family having its greatest
ogn Australia (Weston, 2007). Species in this family typically have sclerophyllous

I t are long-lived, sometimes over 13 or even up to 20 years old (Witkowski et al.,
19§,G_Jordan, Pers. Comm. 2007). For high cost, long-lived leaves, avoiding temperature
str@j potentially leaf death is especially important and reducing leaf area or width or
incregsing leaf dissection could minimize excessively high leaf heat loads. In Australia,
F”Qe species are native to almost every habitat type and display an extraordinary
var*jl leaf sizes and shapes. Anecdotally, leaf area in this family tends to be smaller in

dry heatl lands and arid zones and larger in rainforests in Australia (Weston, 2007). Leaf
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shape, however, varies less predictably with climate in the Proteaceae: dissected or lobed
leaves seem to occur in rainforests as often as they do in heath lands and entire leaves
dominate in the arid zones (Weston, 2007). Such distributional relationships suggest that
elﬂhﬂ)’predictions of thermal regulation based on model leaves do not apply to leaves in
nat@.dissected leaf shape is a poor proxy for the ability to thermally regulate and/or c)
| | A A A A . A
theﬂal regulation may be a stronger evolutionary driver of leaf size (width and potentially
areww shape. We here investigate the extent to which the area, shape and/or w, of real

Ieamve a biologically significant effect on their thermal dynamics under natural

co%s.
MGS and Methods
Sarm regime

Emental work was carried out at the Australian Botanic Garden, Mt Annan, New South
mpiustralia, during three sampling periods: June/July (winter), March (autumn), and

JaWsummer). We measured leaves of 68 woody shrub and tree species from 17 genera
an ibes in the Proteaceae (Supplementary Table 1). As well as encompassing a broad
phy etic breadth within the family, species were selected to incorporate a wide range of
S d sizes. When a species possessed adult leaves of both an entire and dissected leaf

typ leaf types were measured (Alloxylon flammeum, Buckinghamia celcissima,

Grevillt:;fI hilliana and Grevillea venusta, Supplementary Table 1). In each sampling period,
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a large subset of the complete sampling set was measured, with phylogenetic and
morphological diversity being maximized within each sub-sample: 43 leaves in winter (41
species), 72 in autumn (65 species) and 29 in summer (29 species). After taking thermal

ir‘l@?l!f leaves in situ, morphological measurements were made in the laboratory on each

IeaD_

-

Du@we winter sampling period, conditions were overcast (~ PAR 500 umol'l sec’), with

ammemperature averaging 14 °C and relative humidity averaging 56 %. In autumn,

corSs also were overcast (~ PAR 700 umol™ sec™), with ambient temperature averaging

23° relative humidity averaging 48%. In summer, images were taken under hot,

sunny conditions (~ PAR 2000 pmol™ sec™), with ambient temperatures averaging 35 ° C
[

an ve humidity averaging 40 %. Measurements were made when leaves were

statioE/, with wind speeds not exceeding 0.5 m sec™ (measured with a Vaisala, WAAI5A

Anemometer, Helsinki, Finland; connected to a Datataker, DT500 Data logger, Rowville,

Au&iﬁ.l.ia).

Tmraphy

Wq.nhﬁned infrared images of leaves using a ThermaCAM SC2000 infrared camera (Flir
SystemsyAB, USA). In the camera controls, leaf emissivity was set at 0.95, within the range

ow values for leaves (Jones, 1999, Jones et al., 2002, Monteith & Unsworth, 1990).
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Ambient temperature and relative humidity, recorded with a hygrometer/thermometer
(Oregon Scientific), and the distance between the leaf and the lens were entered prior to each
measurement. The camera lens was set perpendicular to the main plane of the leaf surface at
aﬂkﬁﬂ'!e of 0.5 -1 m from the leaf when using the standard 24° built-in lens and 0.1 — 0.2
m \Qﬁing a close-up lens for smaller leaves. Measurements were made over 3-4
- —
congecutive days for each sampling season and the camera was turned off and on several
tirr@ing each day and recalibrated prior to each measurement to minimise the
posﬁjy of systematic error of the camera calibration affecting measurements on a sample
day,
-
To Ee infrared images, we used the ThermaCAM Researcher 2000 software on a PC
corm. Leaf images were scrutinized for pixels with potentially aberrant temperature

S. We then used the software to draw an outline tracing the entire perimeter of each
| S ast three pixels inside the margin. This border was selected to ensure that in
est'ﬂiing leaf temperature we did not include pixels representing surrounding objects or air
adj to the leaf margin. Within this area, we obtained measurements of the average
tem re, minimum temperature (coldest pixel) and maximum temperature (hottest
pﬁﬁi o investigate the influence of the size and shape of leaves on the rate at which heat

waﬁrom their surface, in the summer sampling period we measured the time constant

for coaling, . For each leaf, an image was recorded every second as it cooled after being
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shaded, generating a decay curve. The cooling time constant t was calculated from the
negative inverse of the slope of the straight line fitted to a plot of the logarithm of the
measured leaf-temperature versus time (Leigh et al., 2006). For leaves in all sampling
sea!ons, we calculated the leaf-to-air temperature difference, AT, by subtracting leaf

te from air temperature. We made these calculations based on three different
| |

me!éures of leaf temperature: the difference between ambient temperature and mean,
mi@ and maximum leaf temperatures (AT, ATmin, ATmax, respectively). We also

calw the within-leaf temperature range (Trange) for leaves measured in each sampling

perﬁ subtracting the temperature of the hottest pixel from that of the coldest pixel on

eac&ged leaf surface.
Lemphology

Afie™Wgaging, leaves were collected and placed in sealed plastic bags, wrapped in moist
paper towel for transport back to the laboratory at The Australian National University in
Camperra. Each leaf was scanned on a flatbed scanner and leaf area and perimeter (both
Wietioles) were measured using the Image-J public domain image processing
pI(Rasband, 1997-2006). Leaves were oven-dried for a minimum of two days and
Wg’phﬁ For leaves measured in winter and autumn, fresh weight also was measured prior

to @g. Individual leaf dry weights were subtracted from fresh weights to obtain total

<
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water content, which was normalized by area to obtain the water content per unit leaf area,

used to calculate a predicted time constant of each leaf in the study (see below).

Tﬁ'ké'!'l'@asures of two-dimensional proportions were made for each leaf: leaf area, effective
Ieam.ﬂwe) and an index of leaf shape, the normalized difference of margin complexity
. —

(NI&I\/I_C). NDMC was calculated using the perimeters of the leaf margin and its convex
hul@rgin - convex hull) / (margin + convex hull), with the convex hull being the
sm?lf)convex envelope containing the leaf margin on a two-dimensional plane (Figure 1).
Th C of compound leaves was calculated for whole leaves, rather than on a leaflet
baﬁwe reasons. First, compound leaves of the species in this study are shed whole
(A.Gl, Pers. Obs.) and therefore function as one large leaf from an ecological standpoint.
Se@iven the indistinct transition between compound and deeply dissected simple
IEOW data set, any decision we should make regarding what constitutes a thermal

et ) respect to leaflets would be arbitrary and subjective.

[

Pr leaf thermal dynamics

We ated the thickness of the boundary layer of each leaf following the standard

formula Tor a flat leaf (Nobel, 1999):

8 = 4.0V (el 1) 1)

Autho
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Where ¢ is the average boundary layer thickness in mm; the factor 4.0 is a constant, with
units of mm s (Nobel, 1975) ; xis the wind speed in m s™; and w, is the effective leaf

width. For the purposes of equation 1, the units of we are meters, whereas our measures of

We sed hereafter are in millimeters. We based our calculations on a wind speed of
H

O.Sﬂ s, Note that this calculation of boundary layer thickness, based on wind speed and

effgCtivgleaf width, does not account for other potentially influential factors, such as the

surWughness and thickness of the leaf, and its angle, relative to wind direction (Nobel,
e’

Usg calculated boundary layer values, we predicted the time constant for cooling (r)

formeaf:

=

-

W @ is the heat capacity of the leaf per unit area, obtained by multiplying the water

1=C8/ 2 )

cﬂg) per unit area for that species by the heat capacity of water (4.18 Joules g™ °C™):;
icidpaaddhermal conductivity coefficient of air (2.6 x 10 Joules °C™* m™ s™); the multiplier
2 accouis for the two sides of the leaves. In equation 2, & is in units of m. This equation

e{es a scaling for the thermal time constant that, on consideration of the heat equation,
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we might expect to be followed by a surface with C at a given temperature embedded in a
medium (in our case air) with thermal conductivity k (Hahn & Ozisik, 2012). The time
constant should scale linearly with C, inversely with the conductivity of the medium and be
proportional to a length scale that characterizes the problem. In this case, we expect the
len to be on the order of the boundary layer thickness. Equation 2 assumes that

| |

othgr factors involved in cooling, such as transpiration, are insignificant, an assumption we
retyfn tOylater.

P

Calﬁons of AT resulted in some negative values, i.e., some leaves were cooler than
ambient (see Results). To determine the extent to which negative AT values could be
expg by the effects of latent heat loss, leaf transpiration rates were modelled for all
Ieamall sampling periods. Transpiration rates were calculated using the leaf

tem re model of Leigh et al.(2012). This model calculates leaf temperature from
known environmental inputs (radiative load, air temperature and wind speed, measured in
thiW) and leaf properties (leaf width, thickness, spectral absorptance and thermal
cace, measured or estimated in this study). To estimate transpiration rates we first
utmodel to calculate average leaf temperatures for all leaves based on measured leaf
siza andgenvironmental conditions assuming no transpiration. Using these modeled leaf

temperayires, we determined AT for non-transpiring leaves (ATnotranse). We then

c&d the latent heat loss rate that would account for the difference between this
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modelled ATnotranse and the observed AT we measured in the field. Assuming the
modeled transpiration rates were within a realistic range, any mismatch between the
ATnotranse and the observed AT, with the former being higher than the latter, would

inﬂ'cate that the corresponding observed leaves were transpiring.

= —
Da@lyses

Allfanalyses were carried out using SPSS (IBM SPSS Statistics, Chicago, IL, USA; version
23mistical analyses of leaf thermal dynamic traits were carried out using Pearson’s
corﬁns to look for relationships among leaf dimension traits and generalized linear
models to investigate the effects of leaf dimensions on leaf temperature. Prior to analyses,
to s non-normality, area and NDMC were transformed using the natural log and w,
wa@re root transformed. When selecting species to include in this study, our aim was to
maxmaise the range of sizes, shapes and genera. Some genera have very few representative
S he same is true for tribe and subfamily), often growing in distinct habitats, such as
raimt, with leaf morphology markedly different to that found in larger Proteaceae
gro@.g., very large and glabrous vs small and sclerophyllous, respectively). We
tric considered these taxa important to include in our data set and our design was
inhirenthy unbalanced with regard to genus. Also, genus incorporated variation in leaf
momgy such as hairy, glossy or glaucous surfaces that could influence leaf temperature.

V&ded genus as a factor in all models except for those involving only summer leaves,

Leaf shape, size and temperature Page 14 12/17/2016
This article is protected by copyright. All rights reserved.



where there were insufficient degrees of freedom. As expected, we found a significant
effect of genus in nearly all analyses and our results account for the effect of genus;
however, as our primary interest was in the effects of leaf traits on leaf thermal dynamics,

\/\TH"I'IHRQ no inference about differences among genera hereafter.

O

Algng with genus, models incorporated season as a factor, with the continuous leaf traits,
are@MC, and we, included as covariates, along with selected interactions. In particular,
we m for an interaction between area and NDMC because we expected the effect of the
latt] eaf thermal dynamics to be greater for large leaves. In other words, our prediction
wa;ﬁ when leaves were small, their shape would not contribute greatly to thermal
regiaablan, but for larger leaves, being deeply dissected would reduce their effective width
an@sponding heat load. Because we expected that season would influence leaf
t ature, interactions with season were included for models containing AT responses and
range: wilich were measured across season, but not for models with t, which were measured
onlyn_summer. For models examining the effects of leaf area and NDMC, the interactions
betrea and NDMC, and the three-way interaction between area, NDMC and season
we ed of interest a priori; other interaction terms were not fitted. Including we with
a‘rEmNDMC resulted in loss of degrees of freedom and less parsimonious models
(himorrected Akaike Information Criterion (AlCc) scores), so separate models were

u&xamine the effects of w, on leaf thermal dynamics. Where significant interactions
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were found, we re-analysed the corresponding leaf trait-temperature relationship
individually within each season. In all models, we used the robust estimator for the
covariance matrix as this is best suited to over-dispersed data (Garson, 2013). The ratio of

P‘éﬁ!ﬂ'ﬂ%hi-square values to degrees of freedom for models including data from the three

seaQA.T and Trange) Were all close to one, whereas models for t, including only summer
H
vaI!es had ratios larger than two, probably as a result of smaller sample sizes. Nevertheless,
all @ood ratio chi-square omnibus test scores were significant, indicating good to very
gomfor the models. For the observed t dataset in summer, we conducted outlier tests
usiﬁey’s outlier formula to generate lower and upper bounds (lower bound: Q1 - [1.5
(Q3.-Q1)]; upper bound: Q3 + [1.5 (Q3 - Q1)]), against which the most extreme lower and
gues of the data were compared. Any lower or upper extreme values falling below

up

or mthese bounds, respectively, were considered to be outliers.

Ledf dimensions

Wiect to leaf dimensions, we were interested in the extent to which leaf thermal
dyngsaseé Were influenced by size (area) or margin shape complexity per se, relative to
efﬁ%leaf width, the latter being a more direct indicator for boundary layer thickness.
Ougset incorporated the remarkable breadth of variation in leaf size and shape in the

P&e (Figure 2). Leaf area ranged from 1.5 to 435 cm?, effective leaf width (W)
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ranged from 1.0 to 80 mmand NDMC ranged from 0.01 to 0.85. Leaf area was positively
correlated with both we and NDMC (Table 1). That leaf margin complexity increased with
leaf size reflected the higher incidence of lobed and compound leaves among large-leafed
r:l'l'l"l'U'!'E& species in our data set. By contrast, we and NDMC were not significantly

cor@.ﬂable 1), explained by the fact that a given w, can be achieved through either a

degply dissected leaf or an entire, narrow leaf.

Leaw constant

Exaiadgdng the relationship between the observed time constant for cooling, T, measured in
summer and t predicted by equation 2 for summer leaves, we found a significant correlation
(r =982 P < 0.001). By either measure, we expected leaves with a greater area and/or we
or \m lower NDMC to cool more slowly (have a longer time constant) than small, narrow

or dissected leaves. No significant main effects of leaf area or NDMC were found

or elther observed or predicted t (Figure 3a, b, d and e; Table 2). There were, however,
wellklv significant interactions between leaf area and NDMC for both measures of : with
graf area, the cooling time constant decreased for leaves with more dissected margins
(E interaction not depicted graphically). Both observed and predicted t were
siq.i.f.i.amtly influenced by we: the time constant decreased as leaf width decreased (Figure
3c, f; Taple 2). For observed t, a particularly high reading for a small leaf, Grevillea

s&ana, most likely due to a transient lull in wind speed to <0.3 m s™, was recorded
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(marked point in Figure 3a-c). Outlier tests indicated that the dataset contained no outliers.
In any case, running the analyses for observed t without this point did not change

significance levels. The results we report therefore are based on all of the data.

e

LeQﬁntemperature difference

Hawstablished some influence of the two-dimensional proportions of leaves on the rate
at yhicTythey cool, we then investigated their effect on leaf-to-air temperature difference.
Thmct varied depending on whether the average, minimum or maximum temperature
(coﬁr hottest pixel) recorded on the lamina was considered. When the leaf-to-air
temperature difference was calculated from average lamina temperature (AT), absolute

val ged from 0.0 to 9.7 °C. Based on the maximum temperature on the lamina,
absGDATmax values ranged from 0.2 to 13.9 °C, contrasting absolute AT yin, With a range
0@.3 °C. The leaf-to-air temperature difference also varied significantly among
sampling seasons, being greatest in summer and lowest in autumn (Table 2). Indeed, for all
Ieahi.n.summer and most leaves in winter, observed average leaf temperatures remained
abbient air temperature (positive values of AT), whereas in autumn, many AT values
wele negative (Figure 4a-c). By contrast, all modelled ATnotranse Values, which were
caieiedd for non-transpiring leaves for each sampling period, were positive (Figure 4d-f).
In calculpting the modelled ATtransp data, which assumed leaves were transpiring, our

@eaf temperatures correlated strongly with observed average leaf temperatures in the
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field (r = 0.95, P <0.001), suggesting that our model parameterization was robust. The
calculated average transpiration rates ranged between 2.2 (+ 1.2) and 2.4 (+ 1.2) mmol ms™
in autumn and winter, respectively, to 5.1 (+ 2.9) mmol m?s™ in the summer. Note that

tlﬂ!mgrages were based on only those cases where the observed AT was smaller than

ATQ@, i.e., those leaves assumed to be transpiring, and this percentage varied

| |

ma*edly with season. In the summer, 70% of the leaves, in the autumn 9% and in the
wir@% showed minimal or no transpiration. Therefore, although average transpiration
ratm'nuch higher in summer, this average is based on only a small number of leaves

witj high rates, whereas transpiration rates in the winter and autumn were lower but

occurred in more leaves.

Remmps between leaf dimensions and the leaf-to-air temperature difference were

in d not only by how leaf temperature was defined (AT, ATmin Or ATnax), but also by
sampling season (Figures 4 and 5; Table 2). As a main effect in the full season models,
neiMaf area nor margin complexity influenced any measure of AT; however, a weak
intn was found with season: in summer, AT increased significantly with leaf area
(ﬂ%, b and 5a, b, d, e; Table 2). Although not evident through an interaction in the
fld.laaaan models, when examining effects of leaf area within each season, we were

interesteyl to note that AT, significantly decreased with leaf area in autumn (P = 0.011,

<
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Figure 5a). The positive influence of increasing we on AT was stronger than for leaf area,

again being clearest in summer, as was its effect on ATmax (Figures 4c and 5f; Table 2).

Ledf temperature range

Th f temperatures across the surface of individual Proteaceae leaves, Tange, Varied

- —
froﬁO._?OC to 14.7 °C. Leaf temperature ranges were significantly greater in summer, with
av@alues three times higher than for leaves measured in winter and autumn (Figures 5
anmble 2). There was a strong main effect of leaf area on Tange, Which held for all
sanﬂ seasons (Figure 5h; Table 2). No significant influence of leaf margin complexity
T

was found (Figure 5i; Table 2). Contrasting leaf area, the main effect of leaf width

on
on ﬁwrange as weaker, but there was a significant interaction between w, and season, such

tha ffect of increasing leaf width on Tyange Was significant in summer (Figure 5j; Table
2). E
Digussion

Bythermal imagery on real leaves under field conditions, this research provided an
eﬂ test of theoretical and laboratory-based predictions about the influence of leaf size
anﬁshage on leaf thermal dynamics, predominantly through altering the leaf boundary layer.
To main extent, our findings present support for these predictions: leaf cooling time

c& were longer (t increased) with increasing leaf width and, for large leaves, t
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decreased with increasing margin complexity; leaf-to-air temperature differences increased
with leaf width and in summer also with leaf area; temperature ranges across the leaf surface
were unaffected by leaf margin complexity, but increased significantly with leaf area, and in
sU'I'I‘I'I'I'EI"aIso for leaf width. These findings are particularly compelling given the potential
for@mal environmental factors to influence the leaf temperatures we measured in the
- —
fielgl, such as variation in leaf angles and small fluctuations in air movement. Importantly,
hox@ of the three two-dimensional leaf measures, we was by far the strongest predictor
of Fwses relating to dynamic temperature flux, T and AT, contrasting leaf area, relating
mai Trange. Moreover, thermal images suggest that interpretation of the leaf area-Trange
relationship should be made with caution because the reasons for it are likely to be more
cor;than physical predictions based on leaf replicas in laboratory conditions.

(©
L peratures in the field

se leaf types in our study would not normally occur together. Our common garden

emﬂnent allowed us to compare how leaf thermal dynamics among species adapted to
dif@habitats varied, both within and across seasons. Results measured in the two cooler
sea ould give the impression that leaf size and shape had a negligible or even negative
influence on leaf temperature relative to ambient temperature. Of particular interest were

thejn AT values, which were low and progressively more negative with increasing leaf

a&hough counter to what would occur purely through heat convection from artificial
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leaves, real leaves are subject to the added effect of latent heat loss through transpiration.
For larger leaves, an increased boundary layer depth causes a rise in leaf temperature and
saturation vapour pressure within the internal air spaces, which in turn increases the water
vweoncentration gradient between the internal air spaces outside air, leading to a higher
rat@nﬁpiration and latent heat loss. Provided there is sufficient water to maintain open
- _ - - - - - -

stogata and radiation is not too high, large leaves can potentially cool more effectively via
tra@ion and maintain lower temperatures than smaller leaves (Gates & Papian, 1971,

Smj Geller, 1980). That the negative AT values we observed in autumn were the result

of iﬁsing transpiration with leaf area is supported by the modeled ATnoTranse Values for
the same leaves assuming no transpiration: all were above ambient and increased with leaf
are re 4d). Observed leaf temperatures were seldom below ambient in winter,
sugmg slightly lower rates of transpiration, most likely due to a cooler leaf (Matsumoto
et M=005) and lower soil temperatures (Wan et al., 2004). Considering these combined
latent heat loss and low radiative load, a weak or mixed influence of leaf

dinﬂion on leaf temperature in these cooler months is unsurprising.

O
Thr@est influence of leaf area and w; in driving leaf temperature above that of air was
evieent 'Hn summer, when irradiance was very high and air temperatures reached over 41 °C.

The TaCthat t also varied with leaf dimensions, notably we, for these summer leaves,

s&an influence of T on AT in summer. These hot sampling conditions followed an
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extended period of drought, with low relative humidity and soil moisture. Not only do such
conditions often lead to stomatal closure (Trifilo et al., 2004, Valladares & Pearcy, 1997,
Yao et al., 2001), but also high absorbed radiant energy can substantially reduce the relative
cm'l'f'lm!ion of transpiration to leaf cooling (Smith, 1978, Smith & Geller, 1980). Under
such.i.]ions, and as our findings suggest, field measured leaves with closed stomata will

mogt closely represent the theoretical response of leaf replicas, with boundary layer

cor@n dominating heat transfer.

Inh eaf properties additional to boundary layer depth can affect leaf temperature, a
posﬁy that became visibly discernible when we investigated the range and spatial
disEon of temperature across leaf laminae. Tange Was strongly influenced by leaf area,
wimerature ranges across the lamina of large leaves reaching well over 10 °C in
S (Figures 5h, 6). In the absence of an image accompanying numeric measurements,
t assume that the thermal distribution across the leaf surface followed a pattern of
hem/ection across a boundary layer that was thickest in the centre, following an even,
out@y spreading pattern, resulting in cooler tissue at the edges of the lamina. Such a
ne rn, however, was by no means the rule for our leaves, particularly those with large
areg, where the temperature distribution across the lamina was spatially patchy and irregular.
Thi3ial irregularity is likely to have more than one cause. The first is undulations,

curvatif and irregularities of the leaf surface, resulting in a temperature distribution across
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a single leaf contingent upon the angle of a given portion of the lamina relative to the
direction of the sun (e.g., Figure 6a, b). A subsequent effect that could arise is patchy
stomatal conductance, where localized variation in heat load would alter the corresponding
vw'ﬂressure gradient and in turn, stomatal aperture (Mott & Buckley, 2000, Mott &
FraQQOl). This structural influence on Tange Would be amplified in larger leaves, which
| | — . .

areiess likely than small leaves to project as a single flat plane but rather to curve, fold or

ung®lat (Niklas, 1999), presenting multiple angles with respect to incident radiation.

A feature likely to affect the spatial thermal profile is the uneven distribution of
wa:ﬁv;l;hin the leaves (Figure 6¢, d). As water is delivered to the lamina via a series of
corEof ever decreasing diameter, the relative volume of water, and therefore thermal
ma%ies spatially. Given the strong influence of thermal mass on t, different regions of
t should cool at different rates, as occurs for leaves during freezing (Ball et al., 2002).
®hatial variation in thermal mass will increase with leaf area due to the increasing
strtgtu;al requirement for ever larger veins to support a larger lamina (Givnish, 1979,
Nii@s et al., 2007, Roth-Nebelsick et al., 2001), creating a greater diversity of vein
dia in large leaves. We therefore suggest that our observed increase in Trange With leaf

arei IS aisociated with, or at least amplified by, a comparatively greater structural

hetﬁweity in large leaves (e.g. compare Figure 6b, d, f).

<
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The relative importance of morphological heterogeneity vs boundary layer convection and
latent heat loss in governing leaf temperature is difficult to tease apart. Notwithstanding the
within-leaf variation already discussed, our results suggest an influence of boundary layer
tmdms! on the temperature of large leaves, particularly during summer, when latent heat
Ios@lﬁkely to be playing a minor role. For example, although AT and t did not increase
= —

WiWarea or shape complexity, we — correlated with area, yet more tightly linked to
boyhdary layer dynamics — was a strong predictor. Further, although the interaction was
Wem leaves above a certain size, greater margin dissection did afford more rapid
cocﬁﬂ summer. It is important to note, however, that these effects of NDMC on t were
m(zsilﬁpparent for the uncommonly large leaves in our dataset (average area of 150 cm?

an 300 cm?; results not shown).

(©
ical implications

L dissected or compound leaves generally are found in the rainforest understorey.

In &ch_environments, high humidity can reduce transpiration for some species (Meinzer et
al.,@) and therefore latent heat loss. Under such a scenario, if sun over a canopy gap
Ittwort period of high radiative load, a dissected leaf potentially could reduce boundary
sttance to heat convection. On the other hand, the importance of a leaf’s convective
bo@ layer in governing heat transfer diminishes at very low wind speeds, 0.1 — 0.25 m

s& point where free convection ultimately predominates (Gates & Papian, 1971,
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Grace et al., 1980). The wind speeds within rainforest canopies can regularly be < 0.5 m s™
(Martin et al., 1999, Monteith & Unsworth, 1990, Stokes et al., 2006) and sometimes < 0.25
m s (Meinzer et al., 1995). Under such conditions, the influence of boundary layer depth
oﬂ"l'éa'l"ransfer would be reduced, thereby diminishing the benefit of dissected leaves in
mi@a.pverheating. Another scenario would be found for species with relatively low
s?o@resistance, as is often the case for rainforest species (Franks & Farquhar, 1999).
Un@/\/ wind conditions, such species may have increased transpiration rates, reducing
ATmmanski & Or, 2016), but also the need for a dissected leaf margin. Indeed, many
of e rainforest leaves in the current study represent an understory form for a given
species, with very much smaller, un-lobed leaves of the same plant being produced at the
ex;gouter canopy (e.g., Athertonia, Weston, 1995). For rainforest species, it is likely
thacm:tion in size of these outer leaves functions to reduce heat load, whereas large,
2 or compound leaves in the understory confer other advantages, for example low
ching that can be readily shed as the plant grows taller (Givnish, 1976, Niinemets,

1998), penetration of light deeper into the canopy (Niklas, 1989) or mitigating mechanical
L

dar@Chazdon, 1986, Cooley et al., 2004).

§|:i|iar;¥, for species in hot, dry environments, we do not believe that leaf dissection
repjs a primary adaptation for thermal regulation. In our study, a fair proportion of

specieffom such environments had medium-sized leaves with entire margins or relatively

Leaf shape, size and temperature Page 26 12/17/2016
This article is protected by copyright. All rights reserved.



low NDMC, e.g., Banksia repens, B. robur, B.serrata, B. grandis, Grevillea agrifolia,
Hakea petiolaris and Telopea speciosissima. The leaves of these species have pubescent,
reflective surfaces or are oriented vertically. Such traits provide solutions to minimizing
em heat load that can serve as effective alternatives to reducing leaf dimensions
(C@.ﬁl., 2012, Leigh et al., 2012). Again, whereas within-species variation in leaf

" —
disﬂn —e.g., sun- vs shade-leaves — is well known, across species and biomes, evidence
for(@eralized and universally applicable relationship between leaf shape and
envmental temperature is lacking (Li et al., 2016, Nicotra et al., 2008). Where species
in environments do possess dissected leaves, improved thermal regulation may be
simﬁfortunate by-product of other evolutionary drivers of dissection such as improved
hy(G efficiency (Leigh et al., 2011) or reduced solar interception (Mooney et al., 1977,
Nil@U989). Finally, in focusing within the Proteaceae, this study was taxonomically

I yet across families, leaf shape is likely to be constrained by genetics, with certain

S curring independent of climate (Jordan, 1997). It therefore is likely that variation

in Iiaf shape, both across and within taxa, has multiple evolutionary drivers.

Ins ry, based on our findings for real leaves under natural conditions, we agree with
tﬁg?edicting that leaves of small size or, more specifically, small effective leaf width
ha tive value for plants evolved for hot environments. For leaf margin complexity or

dissectifw on the other hand, we cannot support this same argument and therefore reject the
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idea that temperature is the primary selective driver in the evolution of leaf shape

complexity.

e

Ac@ﬁdgmentg

T.h@ms thank the Royal Botanic Gardens and Domain Trust, Australian Botanic
Ga@\/lount Annan, New South Wales for allowing access to the plants used for this
resm We are grateful to Marilyn Ball for advice and the use of the thermal camera, to
Gr an and Emlyn Williams for helpful advice and discussion and Meredith Cosgrove
forﬁssistance. We also thank the two anonymous reviewers of an earlier version of
thigscript for their very helpful comments and suggestions. This work was supported
by MStralian Geographic research grant and an Australian Postgraduate Award to A

™™gl and by an Australian Research Council grant A00103546 to AB Nicotra.

Author M

Leaf shape, size and temperature Page 28 12/17/2016
This article is protected by copyright. All rights reserved.



References

Bailey I.LW. & Sinnott E.W. (1915) A botanical index of Cretaceous and Tertiary climates.
ience, 41, 831-834.
C., Wolfe J., Canny M., Hofmann M., Nicotra A.B. & Hughes D. (2002) Space and
m dependence of temperature and freezing in evergreen leaves. Functional Plant
ialogy, 29, 1259-1272.
Ghazdan R.L. (1986) The costs of leaf support in understory palms - economy versus safety.
American Naturalist, 127, 9-30.

Co .M., Reich A. & Rundel P. (2004) Leaf support biomechanics of neotropical
derstory herbs. American Journal of Botany, 91, 573-581.
CuMisal®M ., Leigh A. & Rayburg S. (2012) Relationships among leaf traits of Australian

id zone plants: alternative modes of thermal protection. Australian Journal of
tany, 60, 471-483.
Dr G., Raschke K. & Salisbury F.B. (1970) Temperatures and transpiration resistances
§ Xanthium leaves as affected by air temperature, humidity, and wind speed. Plant
hysiology, 46, 324-330.
Fr 'J. & Farquhar G.D. (1999) A relationship between humidity response, growth form
d photosynthetic operating point in C-3 plants. Plant Cell and Environment, 22,

37-1349.
Gagcq?.D. (2013) Generalized Linear Models/Generalized Estimating Equations.
tatistical Publishing Associates, Asheboro, North Carolina, USA.
.M. (1968) Transpiration and leaf temperature. Annual Review of Plant Physiology,
, 211-238.
m\1. & Papian L.E. (1971) Atlas of Energy Budgets of Plant Leaves. Academic Press,
London.
Giﬁon A.C. (1998) Photosynthetic organs of desert plants. Bioscience, 48, 911-920.
Gi J. (1976) On the adaptive significance of compound leaves, with particular
ference to tropical trees. In: Tropical Trees as Living Systems (eds P.B. Tomlinson
M.H. Zimmerman), pp. 351-380. Cambridge University Press, Cambridge.
GivgishT.J. (1978) Ecological aspects of plant morphology: leaf form in relation to
!I environment. Acta Biotheoretica, 27, 83-142.

Ivni J. (1979) On the adaptive significance of leaf form. In: Topics in Plant Population
iology (eds O.T. Solbrig, J. Subodh, G.B. Johnson, & P.H. Raven), pp. 375-407.
olumbia University Press, New York.

Goach D.E. & Smith A.P. (1982) Convective heat transfer characteristics of toothed

faves. Oecologia, 53, 418-420.

Leaf shape, size and temperature Page 29 12/17/2016
This article is protected by copyright. All rights reserved.



Grace J., Fasehun F.E. & Dixon M. (1980) Boundary layer conductance of the leaves of
some tropical timber trees. Plant, Cell & Environment, 3, 443-450.

Grace J. & Wilson J. (1976) The boundary layer over a Populus leaf. Journal of
Experimental Botany, 27, 231-241.

Gurevitch J. & Schuepp P.H. (1990) Boundary layer properties of highly dissected leaves -
ig investigation using an electrochemical fluid tunnel. Plant Cell and Environment,

, 183-792.
Ham\:k& Ozisik M.N. (2012) Heat Conduction. (3rd Edition ed.). Wiley.

He . & El Amry M.1. (1998) Leaf temperature of desert sand dune plants:
= =mdafrSPeCtives on the adaptability of leaf morphology. African Journal of Ecology, 36,
34-43.
Jo "G. (1999) Use of thermography for quantitative studies of spatial and temporal
riation of stomatal conductance over leaf surfaces. Plant Cell and Environment,
, 1043-1055.
Jo ., Stoll M., Santos T., de Sousa C., Chaves M.M. & Grant O.M. (2002) Use of

jnfrared thermography for monitoring stomatal closure in the field: application to
apevine. Journal of Experimental Botany, 53, 2249-2260.
Jordan @.J. (1997) Uncertainty in palaeoclimatic reconstructions based on leaf
physiognomy. Australian Journal of Botany, 45, 527-547.

Lei » Close J.D., Ball M.C., Siebke K. & Nicotra A.B. (2006) Leaf cooling curves:
easuring leaf temperature in sunlight. Functional Plant Biology, 33, 515-5109.
Lei Sevanto S., Ball M.C., Close J.D., Ellsworth D.S., Knight C.A., Nicotra A.B. &

ogel S. (2012) Do thick leaves avoid thermal damage in critically low wind
speeds? New Phytologist, 194, 477-487.

LC ., Zwieniecki M.A., Rockwell F.E., Boyce C.K., Nicotra A.B. & Holbrook N.M.
011) Structural and hydraulic correlates of heterophylly in Ginkgo biloba. New
hytologist, 189, 459-470.

Lewis M.C. (1969) Genecological differentiation of leaf morphology in Geranium

sanguineum L. New Phytologist, 68, 481-503.
Le .C. (1972) Physiological significance of variation in leaf structure. Science

rogress, 60, 25-51.

Li @ang Z., Xu X., Han W., Wang Q. & Zou D. (2016) Leaf margin analysis of Chinese
oody plants and the constraints on its application to palaeoclimatic reconstruction.

; Global Ecology and Biogeography.
N T.A., Hinckley T.M., Meinzer F.C. & Sprugel D.G. (1999) Boundary layer

nductance, leaf temperature and transpiration of Abies amabilis branches. Tree
hysiology, 19, 435-443.

M to K., Ohta T. & Tanaka T. (2005) Dependence of stomatal conductance on leaf

lorophyll concentration and meteorological variables. Agricultural and Forest
Meteorology, 132, 44-57.

Leaf shape, size and temperature Page 30 12/17/2016
This article is protected by copyright. All rights reserved.



McDonald P.G., Fonseca C.R., Overton J.M. & Westoby M. (2003) Leaf-size divergence
along rainfall and soil-nutrient gradients: is the method of size reduction common
along clades? Functional Ecology, 17, 50-57.
Meinzer F.C., Goldstein G., Jackson P., Holbrook N.M., Gutierrez M.V. & Cavelier J.
(1995) Environmental and physiological regulation of transpiration in tropical forest
p species - the influence of boundary layer and hydraulic properties. Oecologia,
1, 514-522.
Mm Perkins S.E., Laffan S.W., Flores-Moreno H., Awasthy M., Tindall M.L., Sack
itman A., Kattge J., Aarssen L.W., Anand M., Bahn M., Blonder B., Cavender-
= =zl €S J., Cornelissen J.H.C., Cornwell W.K., Diaz S., Dickie J.B., Freschet G.T.,
Griffiths J.G., Gutierrez A.G., Hemmings F.A., Hickler T., Hitchcock T.D.,
LI'!eighery M., Kleyer M., Kurokawa H., Leishman M.R., Liu K., Niinemets U.,
unipchenko V., Onoda Y., Penuelas J., Pillar V.D., Reich P.B., Shiodera S., Siefert
., Sosinski E.E., Jr., Soudzilovskaia N.A., Swaine E.K., Swenson N.G., van
odegom P.M., Warman L., Weiher E., Wright 1.J., Zhang H., Zobel M. & Bonser
.P. (2014) Which is a better predictor of plant traits: temperature or precipitation?
urnal of Vegetation Science, 25, 1167-1180.
MonteitE J.L. & Unsworth M.H. (1990) Principles of Environmental Physics. (Second ed.).
dward Arnold, London.
M H.A., Ehleringer J. & Bjorkman O. (1977) Energy balance of leaves of evergreen
sert shrub Atriplex hymenelytra. Oecologia, 29, 301-310.
Mo . & Buckley T.N. (2000) Patchy stomatal conductance: emergent collective
@haviour of stomata. Trends in Plant Science, 5, 258-262.
Mott K.A. & Franks P.J. (2001) The role of epidermal turgor in stomatal interactions
ollowing a local perturbation in humidity. Plant Cell and Environment, 24, 657-662.
Nic .B., Cosgrove M.J., Cowling A., Schlichting C.D. & Jones C.S. (2008) Leaf shape
Mked to photosynthetic rates and temperature optima in South African Pelargonium
species. Oecologia, 154, 625-635.
Niigemets U. (1998) Are compound-leaved woody species inherently shade-intolerant? An
L!!halysis of species ecological requirements and foliar support costs. Plant Ecology,

4, 1-11.
Nii@i U., Portsmuth A., Tena D., Tobias M., Matesanz S. & Valladares F. (2007) Do
e underestimate the importance of leaf size in plant economics? Disproportional
! scaling of support costs within the spectrum of leaf physiognomy. Annals of Botany,

0, 283-303.
J. (1989) The effect of leaf lobing on the interception of direct solar radiation.

ecologia, 80, 59-64.
Ni .J. (1999) A mechanical perspective on foliage leaf form and function. New

IIE,“hytologist, 143, 19-31.

Leaf shape, size and temperature Page 31 12/17/2016
This article is protected by copyright. All rights reserved.



Nobel P.S. (1975) Effective thickness and resistance of air boundary layer adjacent to
spherical plant parts. Journal of Experimental Botany, 26, 120-130.
Nobel P.S. (1999) Physicochemical and Environmental Plant Physiology. (Second ed.).
Academic Press, San Diego.
Parkhurst D.F., Duncan P.R., Gates D.M. & Kreith F. (1968) Wind-tunnel modelling of
nvection of heat between air and broad leaves of plants. Agricultural Meteorology,
, 33-47.
Par, D.F. & Loucks O.L. (1972) Optimal leaf size in relation to environment. Journal
cology, 60, 505-537.
Rashagd W.S. (1997-2006) ImageJ. US National Institutes of Health, Bethesda, Maryland,
http://rsb.info.nih.gov/ij/.
Ra: K. (1960) Heat transfer between the plant and the environment. Annual Review of
Q(I)ant Physiology and Plant Molecular Biology, 11, 111-126.
Ro elsick A., Uhl D., Mosbrugger V. & Kerp H. (2001) Evolution and function of leaf
enation architecture: A review. Annals of Botany, 87, 553-566.
Ro L., Wilf P., Janesko D.A., Kowalski E.A. & Dilcher D.L. (2005) Correlations of
imate and plant ecology to leaf size and shape: Potential proxies for the fossil
cord. American Journal of Botany, 92, 1141-1151.
Schuepp P.H. (1972) Studies of forced-convection heat and mass transfer of fluttering
alistic leaf models. Boundary-Layer Meteorology, 2, 263-274.
Sc P.H. (1993) Tansley Review No. 59. Leaf boundary layers. New Phytologist, 125,

g/ 7-507.

Scski S.J. & Or D. (2016) Wind increases leaf water use efficiency. Plant Cell and
nvironment, 39, 1448-1459.
K. (1978) Temperatures of desert plants - another perspective on adaptability of
af size. Science, 201, 614-616.

R K. & Geller G.N. (1980) Leaf and environmental parameters influencing
transpiration - theory and field measurements. Oecologia, 46, 308-313.

Stokes V.J., Morecroft M.D. & Morison J.I.L. (2006) Boundary layer conductance for

ntrasting leaf shapes in a deciduous broadleaved forest canopy. Agricultural and

orest Meteorology, 139, 40-54.

Ta@E. (1975) Optimal leaf form. In: Perspectives of Biophysical Ecology (eds D.M.
ates & R.B. Schmerl), pp. 73-86. Springer-Verlag, New York.

Triglo P., Raimondo F., Nardini A., Lo Gullo M.A. & Salleo S. (2004) Drought resistance
Ailanthus altissima: root hydraulics and water relations. Tree Physiology, 24, 107-
4.

Va s F. & Pearcy R.W. (1997) Interactions between water stress, sun-shade

SCIimation, heat tolerance and photoinhibition in the sclerophyll Heteromeles

fbutifolia. Plant Cell and Environment, 20, 25-36.

Leaf shape, size and temperature Page 32 12/17/2016
This article is protected by copyright. All rights reserved.



Vogel S. (1970) Convective cooling at low airspeeds and the shapes of broad leaves.
Journal of Experimental Botany, 21, 91-101.

Wan X.C., Landhausser S.M., Zwiazek J.J. & Lieffers VV.J. (2004) Stomatal conductance
and xylem sap properties of aspen (Populus tremuloides) in response to low soil
temperature. Physiologia Plantarum, 122, 79-85.

Weston P.H. (1995) Athertonia. In: Flora of Australia, pp. 413-415. Australian Biological

esources Study/CSIRO Publishing, Melbourne.

W H. (2007) Proteaceae in the families and genera of vascular plants. (eds C. Jeffrey

W. Kadereit). Springer, Berlin.

WighlAA. (1999) The functional significance and fitness consequences of heterophylly.
International Journal of Plant Sciences, 160, S113-S121.

Wi ki E.T.F., Lamont B.B., Walton C.S. & Radford S. (1992) Leaf demography,

lerophylly and ecophysiology of 2 Banksias with contrasting leaf life spans.
ustralian Journal of Botany, 40, 849-862.

Ya oreshet S. & Aloni B. (2001) Water relations and hydraulic control of stomatal
haviour in bell pepper plant in partial soil drying. Plant Cell and Environment, 24,
7-235.

Yates MyJ., Verboom G.A., Rebelo A.G. & Cramer M.D. (2010) Ecophysiological
significance of leaf size variation in Proteaceae from the Cape Floristic Region.
unctional Ecology, 24, 485-492.
Zwiniaieski M.A., Boyce C.K. & Holbrook N.M. (2004) Hydraulic limitations imposed by
own placement determine final size and shape of Quercus rubra L. leaves. Plant
Mell and Environment, 27, 357-365.

Author M

Leaf shape, size and temperature Page 33 12/17/2016
This article is protected by copyright. All rights reserved.



Table 1. Pearson correlations between three leaf traits, leaf area,
margin complexity (NDMC) and effective width (we) of 145
Proteaceae leaves. Analyses were conducted on transformed data
(natural log for Area and NDMC; square root for we).
Significance indicated in bold (** p < 0.01).

pt

Area NDMC Woe
- — oy Pearson Correlation 1.000
! Significance (2-tailed)
DMC Pearson Correlation 0.518 1.000
Significance (2-tailed) 0.000
Pearson Correlation 0.748" 0.051 1.000
w
(’J ° Significance (2-tailed) 0.000 0.540
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effects

relationspi
leaffarea

lationships between leaf area and leaf margin complexity (NDMC) and effective leaf width (we) on the predicted and
constants for leaf cooling (t), leaf-to-air temperature difference, based on mean (AT), minimum (ATmin) and maximum
(A¥ =i temperatures, and the temperature range across the surface (Trange) Of Proteaceae leaves. Because we expected that the

Tests for effects of leaf area, margin complexity and their interaction

MC on leaf temperature would vary with leaf area, we tested for an interaction between NDMC and area and analysed the
etween w, and thermal dynamics separately. Generalized linear models included genus and sampling season as factors and
DMC and w, as covariates. Values under factors and covariates are p-values; significant effects are indicated in bold.

Tests for effects of effective leaf width

N
Variate 3 df Genus Season Area NDMC x Q{Deac Sea:(silrlg;;lgrea df Genus  Season We Siavign
Predicte 4,25 -- -- 0.081 0.574 0.010 -- 2,28 -- -- 0.000 --
Observeg 4,25 - - 0.583 0.185 0.030 -- 2,27 - - 0.001 -
AT m 25,120 0.000 0.000 0.772 0.401 -- 0.026 23,122 0.000 0.001 0.026 0.000
AT 25120  0.000 0.000 0273 0.529 - 0.955 23122 0.000 0021 0239  0.839
AT max E 25,120 0.000 0.000 0.122 0.486 -- 0.117 23,122 0.000 0.004 0.000 0.002
Trange 25,120 0.211 0.000 0.005 0.735 -- 0.225 23,122 0.000 0.000 0.056 0.007
—
-
et
-
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Figure 1. Example convex hulls of three Proteaceae leaves with contrasting shapes, where
the convex hull is the smallest convex envelope that can fit around the leaf margin on a two
dimensional plane. To quantify leaf shape — or the extent of dissection to the leaf margin —
t alized difference margin complexity (NDMC) was calculated as the difference
bet@ﬁhe perimeters of the margin and convex hull, normalized by the sum of these

pergmeters. Images are not to scale.

O
Figgrgsg. Selected images of leaf silhouettes are overlaid onto observed data to illustrate
the in shape (NDMC) and size (area) of the Proteaceae leaves measured in this study.
Eacﬁa point represents the size-shape dimensions for one leaf and data are presented
herGransformed to show the actual range of dimensions. Images are not to scale.

(©

. Comparison of the observed (a-c) vs predicted (d-f) time constant for leaf cooling

( nction of leaf area (a and d), margin complexity (NDMC, b and e) and effective
Iea%h (we, € and f) for Proteaceae leaves in summer. Larger values for t denote slower
Ieang speeds. The marked point in panels a-c (black triangle) is referred to in the
RtFor analyses, all independent leaf traits were transformed to address non-normality,

as ipdicited on the axes; however, for visual clarity, leaf area and NDMC are presented here

as IEaﬂ) and In(NDMC+1), respectively.

<C
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Figure 4. Comparison of the measured vs modelled leaf-to-air temperature difference (AT
and ATnoTransp respectively) as a function of leaf area (a and d), margin complexity

(NDMC, b and e) and effective leaf width (we, c and f) for Proteaceae leaves. Observed AT
vﬁ!l_':: :a—c) were based on the average leaf temperature across each leaf relative to ambient

te at the time of measurement. Modelled AT notranse (d-f) used the same leaf and

- —
amh,m_parameters but assumed that leaves were not transpiring. Data are for leaves from
thr@pling seasons: winter (blue triangles), autumn (yellow diamonds) and summer (red
cirmData transformation and presentation as for Figure 3.

-
Fi . Leaf-to-air temperature difference based on the coolest and warmest point on the
leaf (AT pin, a-C, and ATmax, €-0, respectively) and the range of temperatures across the
surtf8c®8f leaves (Trnge, h-j) as a function of leaf area (a, d and h), margin complexity
(ND b, e and i) and effective leaf width (we, c, f and j) in Proteaceae leaves. Data are
for leaves from three sampling seasons: winter (blue triangles), autumn (yellow diamonds)
anckum.mer (red circles). Data transformation and presentation as for Figure 3.

O
FEE. Infrared images of Athertonia diversifolia (a and b), Buckinghamia celcissima (c

aRadladd Grevillea pinaster (e and f) leaves, illustrating variation in heat load across the

leaf surf§ce under mild, overcast conditions in autumn (a, ¢ and e) vs hot, sunny conditions

i&er (b, d and f). Images are not to scale.
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Summary

Leaf thermal dynamics are strongly influenced by the two-dimensional size and shape of leaves
through boundary layer effects, so hot environments are expected to favour selection for small,
narrow or dissected leaves. Using thermal imagery of leaves under field conditions, we found that
leaf dissection had no or weak effects on leaf thermal dynamics, but effective leaf width strongly
predicted both the cooling time constant and leaf-to-air temperature difference. Leaf area
influe“ temperature range across the laminae, apparently governed largely by structural

variatio in leaves. Therefore, we agree that small size has adaptive value in hot environments,

but not idea that thermal regulation is the primary evolutionary driver of leaf dissection.
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