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Summary

Explanations of leaf size variation commonly focus on water availability, yet leaf size also varies with
latitude and elevation in environments where water is not strongly limiting. Ve provide the first
conclusive test of a prediction of leaf energy balance theory that may explain this pattern: large
leaves are more vulnerable to night-time chilling, because their thick boundary layers impede

convective exchange with the surrounding air.

Seedlings of 15 New Zealand evergreens spanning |2-fold variation in leaf width were exposed to
clear night skies, and leaf temperatures measured with thermocouples. We then used a global

dataset to assess several climate variables as predictors of leaf size in forest assemblages.

Leaf-minus-air temperature was strongly correlated with leaf width, ranging from -0.9 to -3.2 °C in
the smallest- and largest-leaved species, respectively. MAT and frost-free period were good
predictors of evergreen angiosperm leaf size in forest assemblages, but no climate variable

predicted deciduous leaf size.

Although winter deciduousness makes large leaves possible in strongly seasonal climates, large-
leaved evergreens are largely confined to frost-free climates because of their susceptibility to
radiative cooling. Evergreen leaf size data can therefore be used to enhance vegetation models, and

to infer palaeotemperatures from fossil leaf assemblages.
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Introduction

The organs that give most terrestrial ecosystems their characteristic colour all perform essentially the
same functions, harnessing solar energy to power plant metabolism and the synthesis of construction
materials, and to drive a transpiration stream that supplies the plant’s tissues with water and minerals.
Yet the range of sizes they show is bewildering, from the scale-like leaves of some conifers and
heathland shrubs to the megaphylls of some tropical rainforest plants (Raunkiaer, 1934). The form and
function of leaves has been a major focus for scientists researching plant, ecosystem and biosphere
processes (Parkhurst & Loucks, 1972; Wright et al., 2004; Wright et al., 2017), reflecting the influence of
leaf traits on plant fitness and ecosystem properties, and the importance of leaves as the prime interface

between the atmosphere and terrestrial ecosystems.

The marked geographic patterns in leaf size noted by early biogeographers (Schimper et al., 1903)
suggest this trait must play some critical role in adapting plants to their environments. However
progress towards a comprehensive theory of its functional significance has been fitful, and leaf size is
usually omitted from models that use physiological principles to predict vegetation pattern and process
(Dong et al., 2017). Leaf energy balance theory (Parkhurst & Loucks, 1972) provides the most promising
basis for a theory of leaf size. Large leaves should be less closely coupled to ambient air temperatures
than small leaves, as their thicker boundary layers impede convective heat exchange. Recent
experiments have confirmed that leaf width (the main determinant of boundary layer thickness:
Parkhurst & Loucks, 1972) is strongly positively correlated with temperatures of leaves exposed to
radiative heating at low wind speeds (Yates et al,, 2010; Leigh et al., 2017). The prevalence of small leaves
in open, arid environments therefore probably reflects the vulnerability of large leaves to overheating
when water shortage prevents leaves being cooled by transpiration. Leaf energy balance theory could
also explain latitudinal and elevational variation in leaf size of woody plants in environments where water
is not strongly limiting: large leaves exposed to radiative cooling on clear nights should also chill more
than small leaves (Parkhurst & Loucks, 1972; Leuning, 1988; Jordan & Smith, 1995), again because of the
effect of leaf width on boundary layer thickness—and hence on convective exchange with the
surrounding air. Assuming that transpiration can be neglected, energy balance theory predicts leaf minus

air temperature (AT, in K) as:
AT = Ra/ (cp ) (n

where R, is the (negative) net radiation at the leaf surface (W m), ¢, is the heat capacity of air (29.3 |

mol-' K-'), and g, the leaf boundary-layer conductance to heat (mol m-2 s-!), is proportional to \/(u/d)
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where u is wind speed (m s~') and d is the characteristic dimension (about % of the width) of the leaf
(m). Low-growing alpine plants with closely-packed leaves can have much larger leaf - air temperature
differentials than would be predicted by this equation (Korner & Cochrane, 1983), reflecting substantial
interaction between the boundary layers of individual leaves (Monteith & Unsworth, 2007). The
predicted effects of leaf size on daytime and night-time energy balance have recently been used to model
global patterns in leaf size (Wright et al,, 2017). However, the predicted effect on night-time chilling has

never been tested experimentally across a wide range of leaf sizes.

Here we use two lines of evidence to assess the role of frost in shaping global patterns of leaf size in
environments where water is not strongly limiting. First, we experimentally tested the effect of leaf size
on vulnerability to frost, comparing night-time radiative chilling of the leaves of 16 New Zealand
evergreen angiosperms that spanned a |2-fold range in width (Table |). We then tested frost-free
period and several other climate variables as predictors of average leaf size of angiosperm trees and
shrubs across 165 forest assemblages (comprising 3,024 species) from throughout Asia, Oceania and the
Americas (Table SI). Our focus on forest vegetation was intended to isolate the effect of leaf size on
night-time leaf - air temperature differences, and to minimize the influence of daytime effects that are
dominant in arid and semi-arid regions (Wright et al., 2017). We treated evergreen and deciduous
species separately; we expected leaf sizes of deciduous species to be less responsive to frost regimes, as
their leaves are less likely to be exposed to sub-zero temperatures, especially in continental temperate

climates with strong temperature seasonality.

Methods

Effect of leaf width on leaf - air temperature differences

Seedlings of 15 New Zealand angiosperm trees and shrubs were obtained from commercial nurseries
(Table ). These were chosen as representative of the range of leaf size present in the New Zealand
woody angiosperm flora, and the range of forest formation types found on the three main islands of the
archipelago. This forest region encompasses ~7 °C variation in MAT (8-15 °C), and wide range of frost-
free periods (< 90 days at high elevations and on some inland South Island sites, to 365 days on coastal
northern sites). Average seedling leaf width of these 15 species was strongly correlated with the 5t
percentile of July minimum temperatures experienced throughout species’ ranges (r = 0.82), and less

strongly with other temperature parameters (Table |). Four seedlings of each species were grown
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under 50% shade-cloth for at least three months before the experiment. Foliage disposition of all

seedlings was approximately planophile, and all species have simple leaves.

Thermocouples were used to record leaf temperatures of seedlings fully exposed to the sky on two
successive clear winter nights on 8-9 August 2016. The experiment was carried out on a lawn on level
ground at Plant and Food Research Ruakura campus on the outskirts of Hamilton (37.7757°S, 175.3128°
E), measuring leaf temperatures of two replicate plants of each species on each of the two nights (Fig.
SI). Thermocouples were prepared from TT-T-40-500 insulated wire (Omega Engineering, Stamford
CT), and attached with porous surgical tape (3M™ Micropore™ Surgical Tape, 3M, Maplewood, MN) to
the centre of the upper surface of the uppermost fully-expanded leaf on the central axis of each plant, or
on a major branch. This criterion ensured that the chosen leaves were well exposed to radiative cooling,
with minimal shading by other leaves. As significant temperature gradients occur close to the ground
during radiation frosts (Leuning & Cremer, 1988), the height of each thermocouple above ground was
recorded (Table I), enabling this variable to be incorporated in statistical analysis of the results.
Temperatures were recorded every 10 minutes using a data-logger and thermocouple multiplexor
(CR10X and AM25T, Campbell Scientific, Logan, UT). Two additional thermocouples and an
anemometer (A100LM, Vector Instruments, Rhyl, UK) were used to measure air temperatures and wind
speeds at the same height above the lawn. Plants were deployed in a circle c. 4.5 m in diameter around
the datalogger (Fig. S1), and their order randomized. Minimum air temperatures recorded on the two
nights were -2.9 and -0.3°C, respectively. Wind speeds ranged from 0.00 to 1.03 m s-! on the first night,
and from 0.00 to 0.58 m s-! on the second. We did not measure relative humidity at our experimental
site, but the meteorological station on the Ruakura campus recorded figures of 78-96% on the first
night, and 66-93% on the second night; these measurements were taken higher above the ground (1.2m)

than our experimental measurements.

Electronic calipers were used to measure effective width of leaves, the main determinant of boundary
layer thickness (Parkhurst & Loucks, 1972). As leaf shapes ranged from lanceolate and oblanceolate to
orbicular, with entire or weakly serrated margins, this dimension was simply the lamina width at the

widest point, which was measured on each leaf used for temperature measurements.

We used the Ime4 package of R (Bates et al, 2015) to fit a Generalized Linear Mixed Model (GLMM) to
analyse determinants of leaf - air temperature differentials. As well as fixed effects of (log) leaf width and
(log) leaf height above ground, we incorporated species and measurement night (7 or 8 August) as

random effects.
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Climatic modelling of leaf size in forest assemblages

Leaf size (area) data were obtained only from eudicot and magnoliid trees and shrubs because only these
plant groups were consistently sampled in all the source datasets (See Table S| in Supporting
Information). As there is no universally accepted definition of forest vegetation, we used an ad hoc
climatic criterion (MAP/PET > 0.5) that separated most closed-canopy tree-dominated vegetation from
savannas, Mediterranean shrublands and other vegetation types typical of semi-arid climates. Leaflet area
of compound-leaved species was recorded (i.e. the minimum photosynthetic unit: Kraft et al., 2008), as
this variable was considered likely to have more influence on boundary layer thickness than total area of
a compound leaf. A total of 3,024 species were sampled, the number of species per site ranging from six

to 268.

Published studies reporting leaf size data accounted for accounted for 157 of our 165 sites (Table S1).
Leaf area measurements were made on fresh material collected from these |57 sites, usually from sun
leaves of adult plants—exceptions are identified in Table S1. Gaps in subtropical and cool-temperate
South America were filled by obtaining tree and shrub species lists from floristic studies carried out in
those regions (Dollenz, 1981; Aidar et al., 2001; Ruschel et al., 2005; 2014), and matching leaf size data at
nearby sites from the Herbario Virtual Austral Americano (Herbario Virtual Austral Americano, 2016);
we added four sites using this approach. The online herbarium specimens which were measured were
obtained from well-lit foliage of adult plants, as shown by the presence of fruit or flowers on specimens.
Leaf(let) areas of herbarium specimens were measured using Image] (Schneider et al., 2012), correcting
deciduous and evergreen species for shrinkage by 27% and |5 %, respectively (Blonder et al, 2012).

Species’ arithmetic mean leaf areas at each site were used for the analyses described below.

We used GLMMs with Gaussian error distributions to compare several temperature variables as
predictors of log-transformed average leaf size of angiosperm trees and shrubs in forest assemblages.
Models were fitted using the Ime4 package of R (Bates et al,, 2015). Climate variables considered
potentially relevant to leaf size were obtained from GIS surfaces (Hijmans et al., 2005; Fischer et al,
2008). Some tree species occurred at multiple sites so we computed site-specific species averages of leaf
size, and conducted the analysis at this level of observation. To account for this data structure in every
mixed model, we modelled random species intercepts and random site intercepts nested within regions.
Our incorporation of these random effects recognizes that (a) different regions have historical
peculiarities not accounted for by present climate; (b) leaf size differences between sites are influenced
by factors other than macroclimate (e.g. topography, aspect, soil fertility, drainage); and (c) species

sorting on temperature gradients is influenced by functional and ecological differences other than leaf
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size, such as leaf angle (Falster & Westoby, 2003) and differential exposure to climatic stresses because
of differences in regeneration niche (Lusk & Laughlin, 2017). We computed both marginal (R2,) and
conditional R2 values (R2) using the MuMIn package of R (Barton, 2015) to estimate variation that is
explained by the fixed effects (R2.) and the variation that is explained by both fixed and random effects

(i.e., RZ).

Because of the predicted effect of leaf size on nocturnal chilling, we hypothesized the average frost-free
period would be the strongest climatic correlate of leaf size variation in forest assemblages. We fitted
separate sets of models for evergreen and deciduous species, including frost-free period and seven other
climatic variables in turn as a predictor of leaf area (Table 2). We used the Akaike Information Criterion
(AIC) to determine how well each of the eight models was supported by the data (Anderson, 2008).
The model with the lowest AIC is the most supported. We computed AIC differences as A; = AIC; —
AlCpin, where AIC; is the AIC for the ith model and AlCyi, is the minimum AIC among all the models. We
did not consider models with multiple predictors because of the high collinearity (r > 0.8) among those

climate variables that were strongly correlated with leaf size.

Results

Effect of leaf width on leaf - air temperature differences

As species differences in leaf temperatures were largest during the first half of both nights, we analyzed
data from that period only (5:40 pm till 12:20 am). Leaves became colder than the surrounding air
almost immediately after sunset on the first night, and before sunset on the second night; the effect of
leaf width on leaf temperatures was also apparent by then (Fig. |; Table S2). Although these patterns
persisted until sunrise, they became weaker after midnight on both dates. This attenuation probably had
different causes on the two nights. During the first night, the range of leaf - air temperature differentials
was positively correlated with wind speed (r = 0.71), which fell to near zero after midnight; the reduced
rates of cooling and dampening of the effect of leaf width thereafter cannot therefore be attributed to
wind. At Hamilton airport (10km south of our experimental site), laser ceilometer readings detected no
cloud cover on either night, but a small amount of fog was reported in the early morning hours of the
first night (Meteorological Service of New Zealand, unpublished data); fog is therefore a possible cause
of the dampening of the effect of leaf width after midnight (Fig. I). In contrast, the range of leaf - air

differentials was negatively correlated with wind speed on the second night (r = -0.59), suggesting that
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attenuation of the effect of leaf width during the second half of the night was caused mostly by the

stronger and more variable winds occurring after ~| I|pm on that date (Table S2).

Leaf - air temperature differentials during the first halves of the two nights were tightly negatively
correlated with leaf width (Fig. 2; R2 = 0.95). Phylogenetically independent contrasts (Harvey & Pagel,
1991) gave a very similar result (R2 = 0.96). Average leaf - air differentials of the |5 species spanned 2.3
°C, ranging from -0.9 °C in the smallest-leaved species (Coprosma rhamnoides) to 3.2 °C in the largest-
leaved (Beilschmiedia tarairi). A linear mixed model showed a highly significant effect of leaf width on leaf -

air differentials (P <.0001) and a marginal effect of leaf height above ground (P = 0.0535).
Climatic modelling of leaf size in forest assemblages

Mean annual temperature (MAT) and frost-free period were good predictors of mean evergreen leaf
size in forest assemblages (Table 2), as shown by strong positive correlations (Fig. 3). Evergreen leaf size
in forests approximately doubles for every 100-day increase in frost-free period (Fig. 3a), and nearly
quadruples for every 10°C increase in MAT (Fig. 3b). The model with MAT provided the most
parsimonious explanation of variation in evergreen leaf size, as shown by an Akaike Information
Criterion > 10 units lower than any other model (Table 2). MAT explained 33% of the variation in
evergreen leaf size, after accounting for random species, site, and region effects (Table 2). Random
species, site, and region-level effects together accounted for 70 - 80% of variation in leaf size within
most models (Table 2). Quantile regression gave similar results: the best predictor of the 0.9 quantile of
evergreen leaf size was MAT, closely followed by frost-free period (Table S3). At any given MAT or
frost-free period, the 0.1 to 0.9 quantile range included up to two orders of magnitude variation in leaf
size of individual evergreen species (Fig. 3). Neither frost-free period nor MAT was strongly related to
deciduous leaf area (Figure 3c-d); indeed, none of the chosen climatic variables could explain much

variation in deciduous leaf area (all R2, < 0.03).

Similarly, latitudinal gradients in leaf size are more evident in evergreen assemblages than in deciduous
assemblages (Fig. 4). Only in the tropics are evergreen assemblages dominated by mesophylls (sensu
Webb, 1968), and only at high latitudes or high elevations are they dominated by nanophylls. In contrast,
large-leaved species can dominate deciduous assemblages at a wide range of latitudes in the northern

hemisphere (Fig. 4).
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Discussion

Our results are consistent with frost playing an important role in shaping evergreen leaf size in
environments where water is not strongly limiting. Although leaf shapes of our |5 study species ranged
from lanceolate to near-orbicular, lamina width alone explained 95% of variation in leaf - air temperature
differentials (Fig. 2). The effect of leaf width on nocturnal chilling was found to be smaller than its effect
on daytime radiative heating (Yates et al., 2010; Leigh et al., 2017). However the 2.3 °C range of leaf - air
temperature differentials we report here (Fig. 2) is particularly significant for plants in temperate oceanic
climates and in (sub)tropical uplands, where the annual range in mean monthly minimum temperatures is
invariably <10 °C, and sometimes as little as 6 °C (di Castri & Hajek, 1976; New Zealand Meteorological
Service, 1983; Australian Bureau of Meteorology, 2017). In such climates, the range of leaf - air
temperature differentials in our dataset equates to 2-3 months’ difference in the frost-free period

effectively experienced by plant leaves at a given air temperature.

Although the best predictor of evergreen leaf size was MAT, rather than frost-free period (Table 2), the
sum of the evidence presented here points to frost as the main limiting factor. MAT and frost-free
period were highly correlated across our 165 sites (r = 0.90), making them difficult to tease apart. The
inability of temperature variables to predict deciduous leaf size is consistent with limitation of evergreen
leaf size in forests mainly by low temperatures (which deciduous species largely avoid), rather than by
annual averages. Furthermore, although many warm-temperate and subtropical sites are predicted to be
frost-free year round (Fischer et al., 2008), this probably does not accurately represent the threat of
chilling damage to large leaves at such sites; as large leaves can be several degrees colder than ambient

air on clear nights (Fig. 2), they may suffer frost damage even when air temperatures are above zero.

Some (but by no means all) of the interspecific variation in leaf size in evergreen assemblages is
associated with differential exposure to night-time chilling, as a result of differences in regeneration
niche and life history. At an inland lowland site in New Zealand, (Lusk & Laughlin, 2017) found that small
leaves were common among species that colonize open sites, where seedlings are most exposed to
frost and to water deficits; species that establish in more sheltered microenvironments tended to have
larger leaves. Shade-tolerant shrubs and small trees may spend most of their lives sheltered from night-
time chilling, although tree falls will inevitably expose some individuals to the night sky (e.g. Cheng et al.,

2017).

Our analysis assumes that leaf-size related susceptibility to frost damage significantly affects plant growth

and survival. The first night of our own experiment provided some support for this assumption: both

9
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seedlings of two large-leaved species (Corynocarpus laevigatus, Melicytus ramiflorus) were killed by the -2.9°
C air frost they were exposed to that night (Table S4). Most other species suffered some degree of
damage, but no other seedlings died. After a series of hard frosts at an inland site in the North Island of
New Zealand, many Beilschmiedia tawa and Melicytus ramiflorus trees suffered heavy defoliation, whereas
some of their associates appeared unaffected (Kelly, 1987). Although few trees died, many B. tawa lost
the upper third of their crowns, later resprouting lower down. Radial growth of frost-damaged B. tawa
trees was greatly reduced for the following three years. Kelly (1987) concluded that occasional extreme

frost events may mediate the competitive balance between species, and so influence forest composition.

What are the relative roles of leaf size and tissue-level frost resistance in sorting evergreens along
temperature gradients? The range of leaf - air differentials across our study species (2.3 °C) is dwarfed
by the reported range of maximum frost resistance of their leaf tissues: -4 “C in Beilschmiedia tarairi to -
12.4 °C in Lophozonia menziesii (Bannister, 2007). However, maximum frost resistance is only developed
during winter, and species from different climate zones tend to differ less in frost resistance during the
growing season than during the coldest months (Bannister, 2007). The main value of small leaves at high
latitudes and high elevations might therefore be in minimizing chilling on clear nights in spring and
autumn (Parkhurst & Loucks, 1972; Wright et al., 2017), with evergreens relying more on tissue-level
frost resistance during winter; although conifers were not included in our dataset, this may be especially
true of needle-leaved conifers at high latitudes in the northern hemisphere. Boreal winter temperatures
fall to levels that render boundary layer effects trivial, but having very narrow leaves may enable
evergreen conifers to photosynthesize and grow during frost-prone weeks of spring and autumn
(Parkhurst & Loucks, 1972), outside the shorter growth period of their deciduous angiosperm associates

(Griffis et al., 2003).

Although our main focus is on global and regional patterns, frost regimes are also likely to influence local
variation in leaf size in hilly and mountainous regions. Topography has strong effects on minimum air
temperatures close to the ground, with cold air drainage often causing temperature inversions on
floodplains and low-lying terraces, and in hollows (Bootsma, 1976; Kalma et al., 2012). The effect of leaf
size on night-time chilling may thus help explain the prevalence of small-leaved species on inland terraces
and in frost hollows in New Zealand (Wardle, 1977; Lusk, 2014) and in south-eastern Australia (Hobbs

et al, 2018).

The optimal leaf size of evergreens in forests may depend on a trade-off between avoidance of
damagingly low temperatures, and efficiency of light interception. Large leaves enable seedlings to display

large foliage areas without excessive self-shading or support costs (Falster & Westoby, 2003; Lusk et al,,

10
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2012), and larger trees to suppress competitors by casting long dark shadows (Valladares, 1999). In
tropical rainforests, large leaf size may also confer a net carbon gain advantage by minimizing respiration,
which (unlike photosynthesis) increases exponentially with temperature (Berry & Bjorkman, 1980;
Drake et al., 2016): leaf energy balance theory predicts that evapotranspiration will cool large leaves to
several degrees below air temperatures in such environments, once again because of the insulating effect
of their thick boundary layers (Gates, 1968). All else being equal, in hot wet environments small leaves
should respire at faster rates than large leaves, as they will stay closer to air temperature when wind

speeds are low.

Our findings suggest it would be timely to reconsider the traits that enabled angiosperm radiation into
freezing environments. The innovations thought to be key to this development are the evolution of
small-diameter conduits, deciduousness, and (in herbaceous plants) senescence of aboveground tissues
during winter (Zanne et al., 2014). However, the latter two of these phenomena are of most relevance
to the continental climates of the North Temperate Zone—they are less common in oceanic temperate
climates, and rare on tropical mountains. At inland sites in oceanic temperate regions such as New
Zealand, southern South America and south-eastern Australia, carbon gain opportunities are
interspersed with frost events throughout much of the year; small evergreen leaves enable plants to
exploit these unpredictable opportunities while minimizing vulnerability to frost damage (Lusk et al.,
2016; McGlone et al., 2016), and possibly reducing the need for investment in specialised frost
protection mechanisms. Similarly, small evergreen leaves predominate at high elevations on tropical

mountains (Grubb, 1977), where frost can occur at any time of year.

This study advances understanding of leaf size by showing the differential sensitivity of evergreens and
deciduous species to temperature gradients, and by confirming experimentally that this may reflect the
vulnerability of large leaves to frost—as predicted by leaf energy balance theory (Parkhurst & Loucks,
1972; Leuning, 1988; Wright et al., 2017). Modellers are focusing increasingly on the value of plant traits
as potential predictors of how biodiversity and ecosystem function vary along climatic gradients and in
response to global environmental change. To date, these efforts have focused on character syndromes
related to the carbon economics of leaves and stems (Sitch et al., 2003; Scheiter et al,, 2013; Sakschewski
et al, 2015). The potential role of leaf size as a determinant of plant susceptibility to damage in different
types of environments, and the costs and trade-offs this may imply in terms of survivorship or
competitive success, is not considered by current global ecosystem models (Dong et al., 2017; Wright et
al, 2017). Our experimental results support the predicted effect of leaf size on nocturnal chilling,
recently invoked as a partial explanation for global patterns of leaf size (Wright et al., 2017). Our
empirical confirmation of this effect puts modellers in a position to incorporate leaf size into the next
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generation of vegetation models, enhancing the ability of these models to predict species distributions,
forest composition, and ecosystem dynamics. Our findings also confirm the utility of leaf size for
inferring paleotemperatures from fossil assemblages (Peppe et al., 201 |; Reichgelt et al., 2017), assuming

that deciduous and evergreen fossil leaves can be reliably distinguished.

Acknowledgements

This research was supported by funding from the Environmental Research Institute (University of
Waikato), and the University of Waikato Research Trust. We thank Colin Monk for making the
thermocouples and helping set up the experiment, Judith Rees for facilitating access to Ruakura campus,
Francis Garrity for help with GIS, New Zealand Meteorological Service for providing access to
unpublished data, and Dave Campbell for micrometeorological advice. SPH acknowledges the support
from the ERC-funded project GC2.0 (Global Change 2.0: Unlocking the past for a clearer future, grant
number 694481). This paper contributes to the AXA Chair Programme in Biosphere and Climate
Impacts, to the Imperial College initiative on Grand Challenges in Ecosystems and the Environment, and
to Lund University’s Strategic Research Area Biodiversity and Ecosystem Services in a Changing Climate

(BECC).

Author Contributions

CHL and MJC developed the idea and carried out the experiment; CHL collated leaf size data and wrote
most of the paper; DCL analysed the global leaf size dataset and wrote corresponding parts of the

methods and results; SPH, ICP, MN and BS contributed data and edited the manuscript.

References

Aidar MP, Godoy JRLd, Bergmann J, Joly CA. 2001. Atlantic Forest succession over calcareous soil,
Parque Estadual Turistico do Alto Ribeira-PETAR, SP. Brazilian Journal of Botany 24: 455-469.

Anderson DR. 2008. Model based inference in the life sciences: a primer on evidence. New York, NY:
Springer Science & Business Media.

Australian Bureau of Meteorology 2017. Climate Data Online. http://www.bom.gov.au/climate (23
November 2017)

Bannister P. 2007. Godley review: A touch of frost? Cold hardiness of plants in the southern
hemisphere. New Zealand Journal of Botany 45: 1-33.

Barton K 2015. MuMIn: Multi-Model Inference. R package version 1.15.1.In.


http://www.bom.gov.au/climate

360

365

370

375

380

385

390

395

Bates D, Maechler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using Ime4. Journal
of Statistical Software 67: 1-48.

Berry J, Bjorkman O. 1980. Photosynthetic response and adaptation to temperature in higher plants.
Annual Review of Plant Physiology 31: 491-543.

Blonder B, Buzzard V, Simova |, Sloat L, Boyle B, Lipson R, Aguilar-Beaucage B, Andrade A, Barber B,
Barnes C, Bushey D, Cartagena P, Chaney M, Contreras K, Cox M, Cueto M, Curtis C, Fisher M,
Furst L, Gallegos J, Hall R, Hauschild A, Jerez A, Jones N, Klucas A, Kono A, Lamb M, Matthai
JDR, Mclntyre C, McKenna J, Mosier N, Navabi M, Ochoa A, Pace L, Plassmann R, Richter R,
Russakoff B, Aubyn HS, Stagg R, Sterner M, Stewart E, Thompson TT, Thornton J, Trujillo PJ,
Volpe TJ, Enquist BJ. 2012. The leaf-area shrinkage effect can bias paleoclimate and ecology
research. American Journal of Botany 99: 1756-1763.

Bootsma A. 1976. Estimating minimum temperature and climatological freeze risk in hilly terrain.
Agricultural Meteorology 16: 425-443.

Cheng L, Zhang L, Wang Y-P, Canadell JG, Chiew FHS, Beringer J, Li L, Miralles DG, Piao S, Zhang Y.
2017. Recent increases in terrestrial carbon uptake at little cost to the water cycle. Nature
Communications 8: 110.

Cramer W, Prentice IC. 1988. Simulation of regional soil moisture deficits on a European scale. Norsk
Geografisk Tidsskrift - Norwegian Journal of Geography 42: 149-151.

di Castri F, Hajek ER. 1976. Bioclimatologia de Chile. Santiago, Chile: Universidad Catolica de Chile.

Dollenz O. 1981. Catalogo de las plantas vasculares de la Reserva Forestal Magallanes. I. Lista preliminar
correspondiente al area del cerro Mirador y rio de Las Minas. Anales del Instituto de la
Patagonia 12: 205-212.

Dong N, Prentice IC, Harrison SP, Song QH, Zhang YP. 2017. Biophysical homoeostasis of leaf
temperature: A neglected process for vegetation and land-surface modelling. Global Ecology
and Biogeography 26: 998-1007.

Drake JE, Tjoelker MG, Aspinwall MJ, Reich PB, Barton CVM, Medlyn BE, Duursma RA. 2016. Does
physiological acclimation to climate warming stabilize the ratio of canopy respiration to
photosynthesis? New Phytologist 211: 850-863.

Falster DS, Westoby M. 2003. Leaf size and angle vary widely across species: what consequences for
light interception? New Phytologist 158: 509-525.

Fischer G, Nachtergaele F, Prieler S, Van Velthuizen H, Verelst L, Wiberg D 2008. Global agro-ecological
zones assessment for agriculture (GAEZ 2008). http://gaez.fao.org/Main.html# (Last accessed 17
Feb 2017)

Gates DM. 1968. Transpiration and leaf temperature. Annual Review of Plant Physiology 19: 211-238.

Griffis T, Black T, Morgenstern K, Barr A, Nesic Z, Drewitt G, Gaumont-Guay D, McCaughey J. 2003.
Ecophysiological controls on the carbon balances of three southern boreal forests. Agricultural
and Forest Meteorology 117: 53-71.

Grubb PJ. 1977. Control of forest growth and distribution on wet tropical mountains: with special
reference to mineral nutrition. Annual Review of Ecology and Systematics 8: 83-107.

Harvey PH, Pagel MD. 1991. The Comparative Method in Evolutionary Biology. Oxford: Oxford University
Press.

13


http://gaez.fao.org/Main.html

400

405

410

415

420

425

430

435

Herbario Virtual Austral Americano 2016. Herbario Virtual Austral Americano.
http//:herbariovaa.org/index.php (Last accessed 20th Nov 2016)

Hijmans RJ, Cameron SE, Parra LJ, Jones PG, Jarvis A. 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of Climatology 25 1965-1978.

Hobbs RJ, Valentine LE, Standish RJ, Jackson ST. 2018. Movers and Stayers: Novel Assemblages in
Changing Environments. Trends in Ecology & Evolution 33: 116-128.

Jordan D, Smith W. 1995. Radiation frost susceptibility and the association between sky exposure and
leaf size. Oecologia 103: 43-48.

Kalma JD, Laughlin GP, Caprio JM, Hamer PJ. 2012. The Bioclimatology of Frost: Its Occurrence, Impact
and Protection. Berlin: Springer Science & Business Media.

Kelly D. 1987. Slow recovery of Beilschmiedia tawa after severe frosts in inland Taranaki. New Zealand
Journal of Botany 10: 137-140.

Korner C, Cochrane P. 1983. Influence of plant physiognomy on leaf temperature on clear midsummer
days in the Snowy Mountains, south-eastern Australia. Acta Oecologia/Oecologia Plantarum 4:
117-124.

Kraft NJB, Valencia R, Ackerly DD. 2008. Functional traits and niche-based tree community assembly in
an Amazonian forest. science 322: 580-582.

Leigh A, Sevanto S, Close J, Nicotra A. 2017. The influence of leaf size and shape on leaf thermal
dynamics: does theory hold up under natural conditions? Plant, Cell & Environment 40: 237-248.

Leuning R. 1988. Leaf temperatures during radiation frost part Il. A steady state theory. Agricultural and
Forest Meteorology 42: 135-155.

Leuning R, Cremer K. 1988. Leaf temperatures during radiation frost Part I. Observations. Agricultural
and Forest Meteorology 42: 121-133.

Lusk CH. 2014. Divaricate plants resist ungulate browsing in a forest remnant on the North Island of New
Zealand. New Zealand Natural Sciences 39: 1-9.

Lusk CH, Laughlin DC. 2017. Regeneration patterns, environmental filtering and tree species coexistence
in a temperate forest. New Phytologist 213 657-668.

Lusk CH, McGlone MS, Overton JM. 2016. Climate predicts the proportion of divaricate plant species in
New Zealand arborescent assemblages. Journal of Biogeography 43: 1881-1892.

Lusk CH, Pérez-Millaqueo MM, Saldaiia A, Burns BR, Laughlin DC, Falster DS. 2012. Seedlings of
temperate rainforest conifer and angiosperm trees differ in leaf area display. Annals of Botany
110: 177-188.

McGlone MS, Buitenwerf R, Richardson SJ. 2016. The formation of the oceanic temperate forests of
New Zealand. New Zealand Journal of Botany 54: 128-155.

Monteith J, Unsworth M. 2007. Principles of Environmental Physics. Cambridge, MA: Academic Press.

New Zealand Meteorological Service 1983. Summaries of climatological observations to 1980.In.
Miscellaneous publications 175. Wellington: Government Printer. 172.

New Zealand Plant Conservation Network 2016. Plant distribution database.
http://www.nzpcn.org.nz/page.aspx?flora distribution (13th January 2017)

14


http://www.nzpcn.org.nz/page.aspx?flora_distribution

440

445

450

455

460

465

470

475

Parkhurst DF, Loucks OL. 1972. Optimal leaf size in relation to environment. Journal of Ecology 60: 505-
537.

Peppe DJ, Royer DL, Cariglino B, Oliver SY, Newman S, Leight E, Enikolopov G, Fernandez-Burgos M,
Herrera F, Adams JM, Correa E, Currano ED, Erickson JM, Hinojosa LF, Hoganson JW, Iglesias A,
Jaramillo CA, Johnson KR, Jordan GJ, Kraft NJB, Lovelock EC, Lusk CH, Niinemets U, Pefiuelas J,
Rapson G, Wing SL, Wright lJ. 2011. Sensitivity of leaf size and shape to climate: global patterns
and paleoclimatic applications. New Phytologist 190: 724-739.

Raunkiaer C. 1934. The life forms of plants and statistical plant geography; being the collected papers of
C. Raunkiaer. Oxford: Clarendon Press.

Reichgelt T, Lee WG, Lusk CH, Kennedy EM. 2017. Changes in leaf physiognomy of New Zealand woody
assemblages in response to Neogene environmental cooling. Journal of Biogeography 44: 1160-
1171.

Ruschel AR, Guerra MP, Moerschbacher BM, Nodari RO. 2005. Valuation and characterization of the
timber species in remnants of the Alto Uruguay River ecosystem, southern Brazil. Forest Ecology
and Management 217: 103-116.

Sakschewski B, von Bloh W, Boit A, Rammig A, Kattge J, Poorter L, Pefiuelas J, Thonicke K. 2015. Leaf
and stem economics spectra drive diversity of functional plant traits in a dynamic global
vegetation model. Global Change Biology 21: 2711-2725.

San Martin C, Montenegro D, Pérez Y. 2014. Vegetacion y flora lefiosa de la comuna de Tortel (Regién
de Aisén, Chile): una clave de determinacién de especies. Agro sur 42: 15-29.

Scheiter S, Langan L, Higgins SI. 2013. Next-generation dynamic global vegetation models: learning from
community ecology. New Phytologist 198: 957-969.

Schimper AFW, Balfour IB, Fisher WR, Groom P. 1903. Plant-geography upon a physiological basis.
Oxford: Clarendon Press.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25 years of image analysis. Nat
Meth 9: 671-675.

Sitch S, Smith B, Prentice IC, Arneth A, Bondeau A, Cramer W, Kaplan JO, Levis S, Lucht W, Sykes MT,
Thonicke K, Venevsky S. 2003. Evaluation of ecosystem dynamics, plant geography and
terrestrial carbon cycling in the LPJ dynamic global vegetation model. Global Change Biology 9:
161-185.

Valladares F 1999. Architecture, ecology and evolution of plant crowns. In: Pugnaire F, Valladares F eds.
Handbook of Functional Plant Ecology. New York: Marcel Dekker, 121-194.

Wardle P. 1977. Plant communities of Westland National Park (New Zealand) and neighbouring lowland
and coastal areas. New Zealand Journal of Botany 15: 323-398.

Webb LJ. 1968. Environmental relationships of the structural types of Australian rainforest vegetation.
Ecology 49: 296-311.

Wright 1J, Dong N, Maire V, Prentice IC, Westoby M, Diaz S, Gallagher RV, Jacobs BF, Kooyman R, Law
EA, Leishman MR, Niinemets U, Reich PB, Sack L, Villar R, Wang H, Wilf P. 2017. Global climatic
drivers of leaf size. science 357: 917-921.

Wright 1), Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers F, Cavender-Bares J, Chapin T,
Cornelissen JHC, Diemer M, Flexas J, Garnier E, Groom PK, Gulias J, Hikosaka K, Lamont BB, Lee

15



T, Lee W, Lusk C, Midgley JJ, Navas ML, Niinemets U, Oleksyn J, Osada N, Poorter H, Poot P,
Prior L, Pyankov VI, Roumet C, Thomas SC, Tjoelker MG, Veneklaas EJ, Villar R. 2004. The
worldwide leaf economics spectrum. nature 428: 821-827.

480  Yates MJ, Anthony Verboom G, Rebelo AG, Cramer MD. 2010. Ecophysiological significance of |leaf size
variation in Proteaceae from the Cape Floristic Region. Functional Ecology 24: 485-492.

Zanne AE, Tank DC, Cornwell WK, Eastman JM, Smith SA, FitzJohn RG, McGlinn DJ, O'Meara BC, Moles
AT, Reich PB, Royer DL, Soltis DE, Stevens PF, Westoby M, Wright lJ, Aarssen L, Bertin R,
Calaminus A, Govaerts R, Hemmings F, Leishman MR, Oleksyn J, Soltis PS, Swenson NG,
485 Warman L, Beaulieu JM. 2014. Three keys to the radiation of angiosperms into freezing
environments. nature 506: 89-92.

Supporting Information

490  Table S1. Sampling regimes in the various source datasets on leaf size in tree and shrub assemblages.
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Table I. Species used in frost experiment, showing mean width of leaves used for temperature measurements, height at which measurements

were made, and temperature characterization of sites naturally occupied by each species (New Zealand Plant Conservation Network, 2016).

Species Family Mean leaf width, Height above Average MAT Average July 5% percentile of
mm (range) ground, mm (range) (°Q) min. T (°C) July min. T (°C)
Coprosma rhamnoides Rubiaceae 5.3 (4-7) 506 (410-580) 9.8 0.7 2.3
Elaeocarpus hookerianus Elaeocarpaceae 5.8 (4-7) 596 (530-670) 9.7 0.7 -1.9
Mpyrsine divaricata Primulaceae 5.8 (5-7) 591 (530-640) 8.5 .03 2.6
Fuscospora cliffortioides Nothofagaceae 7.5 (7-8) 561 (430-635) 7.1 20 -4.3
Melicytus micranthus Violaceae 7.9 (7-9) 493 (400-590) 1.3 1.8 -2.6
Lophozonia menziesii Nothofagaceae 10.8 (8-14) 555 (405-685) 85 0.1 28
Myrsine sdlicina Primulaceae 15.8 (14-18) 550 (420-690) 10.1 2.0 0.5
Elaeocarpus dentatus Elaeocarpaceae 19.5 (18-21) 553 (440-620) 12.2 2.6 0.6
Beilschmiedia tawa Lauraceae 22.5 (20-27) 611 (490-670) 12.2 2.7 0.9
Knightia excelsa Proteaceae 24.5 (22-26) 580 (510-695) 12.7 4. 2.1
Melicytus ramiflorus Violaceae 27.8 (26-32) 575 (485-610) 10.7 2.1 0.1
Litsea calicaris Lauraceae 39.5 (34-44) 631 (535-680) 14.2 6.1 3.5
Coprosma grandifolia Rubiaceae 59.3 (47-65) 630 (505-720) 1.5 2.8 0.2
Corynocarpus laevigatus Corynocarpaceae 62.0 (56-72) 469 (450-500) 12.7 43 1.4
Beilschmiedia tarairi Lauraceae 63.3 (52-76) 581 (470-680) 14.0 7.0 5.9
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Table 2. Summary of model selection criteria for all models as predictors of evergreen leaf size across
165 forest assemblages throughout Asia, Oceania and the Americas. The table shows variation explained
by the fixed effects alone (R%,), and by fixed and random effects combined (R2). Models are ranked

from lowest to highest AIC.

Climatic predictor AIC A R2,, Rz,
MAT 8845.0 0 0.33 0.89
Frost-free period 8862.5 17.5 0.18 0.88
Mean minimum temperature of coldest month 8878.2 33.2 0.27 0.90
Mean maximum temperature of warmest month 8888.6 43.6 0.21 0.89
Isothermality 8904.4 59.4 0.26 091
Mean annual precipitation 8939.3 94.3 0.06 091
Diurnal temperature range 8941.1 96.1 0.0l 0.92
Cramer-Prentice moisture index* 8941.1 96.1 0.02 0.92

* = Actual evapotranspiration / potential evapotranspiration (Cramer & Prentice, 1988)



515 Figure Legends

Fig. |. Temperature traces from thermocouples attached to two Coprosma rhamnoides leaves and two
C. grandifolia leaves, as well as two exposed to free air at the same height above ground. Data shown are

from sunset on 7 August till sunrise on 8 August 2016.
520

Fig. 2. Relationship of leaf - air temperature differentials with leaf width of |15 New Zealand tree and
shrub species exposed to clear night skies. Graph shows mean and range of measurements on one leaf

of each of four plants per species. Wind speeds during measurements ranged from 0.00 to 1.03 m s-I.

525  Fig. 3. Relationships of leaf size of tree and shrub species in forest assemblages with frost-free period
and mean annual temperature. Panels A-B show evergreen species; C-D show deciduous species. The
estimated slopes were drawn from the Generalized Linear Mixed Models that accounted for random

region, site, and species effects.

530  Fig. 4. Distribution of average leaf size in forest assemblages: (a) Evergreens, (b) Deciduous, (c)All.
Colours show size classes (sensu Webb, 1968) occupied by mean leaf areas of eudicot and magnoliid
tree/ shrub assemblages: blue = nanophyll (<2.25 cm?), green = microphyll (2.25 - 20.25 cm?), orange =
notophyll (20.25 - 45.0 cm?) red = mesophyll (= 45.0 cm?).
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