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Does the touch of cold make evergreen leaves tougher?
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Leaf structure under frost: getting thicker
in preparation for winter

Winter conditions in seasonal environments constitute a highly
stressful environment for plant life due to low temperatures and
other interacting stresses. Even chilling temperatures between
0 and 10 °C strongly reduce foliage photosynthetic activity (e.g.,
Huner et al. 1998, Venema et al. 2000, Allen and Ort 2001),
especially on bright days that can lead to temporal and chronic
photoinhibition (C)quist and Huner 1993, Huner et al. 1998,
Ivanov et al. 2001). Frost stress further exacerbates reduction
in leaf physiological activity due to freezing of plant tissues with
potential cellular damage (e.g., Gray et al. 1997, Lamontagne
et al. 1998). Furthermore, freezing of water in soil and xylem,
and xylem embolism stop water delivery to foliage and can lead
to major desiccation stress once the leaves thaw during warmer
periods or upon exposure to bright sunlight. In addition, abrasive
damage due to wind, snow and ice can strongly enhance foliage
cuticular conductance, thereby further enhancing potential des-
iccation stress (Larcher 1985, Herrick and Friedland 1991,
Koppel and Heinsoo 1994).

A plethora of structural and physiological adjustments occur
in plants growing under low temperatures. Classical studies have
demonstrated increases in leaf thickness in species growing at
higher elevations and exposed to lower temperatures compared
with lowland species (Woodward 1979, Kérner et al. 1986).
The temperature-dependent changes in thickness have been
associated with a greater number of cell layers and increased
thickness of individual cell layers, overall resulting in greater
water content per unit leaf area (Woodward 1979, Kdrner et al.
1989, Atkin et al. 1996). Due to the high heat capacitance of
water, such increases in leaf thickness and water content reduce
the rate of leaf freezing (Ball et al. 2002), contributing to the

reduction of physiological damage due to ice formation under
relatively short and moderate freezing conditions alternating
with periods of warmer temperatures, e.g., early morning freez-
ing followed by leaf warm-up upon exposure to solar radiation
(Ball et al. 2002, Poorter et al. 2009). Although a greater heat
capacitance provides extra time until the leaves freeze, once
fully frozen, the apparent benefits of being thick are less clear. In
frozen leaves, greater water content per leaf area could contrib-
ute to reduced rate of thaw upon leaf exposure to sunlight and
thereby result in reduced cellular damage (Steffen et al. 1989,
Nilsen 1990, Fall et al. 2001). Thus, having a greater heat
capacity could be especially beneficial for leaves exposed to
multiple freeze-thaw cycles during the winter.

So far, much fewer data are available for within-species struc-
tural modifications as driven by variation in minimum tempera-
ture and frost period length across habitats. In herbaceous
species, there is evidence of enhanced thickness of cold-acclimated
leaves (Boese and Huner 1990, Stefanowska et al. 1999). In this
issue of Tree Physiology, the study of Gonzalez-Zurdo et al.
(2016) investigated leaf structure, chemistry and photosynthetic
traits in five Mediterranean species over a complex environmen-
tal gradient characterized by variations in annual average, mini-
mum and maximum temperatures, precipitation and solar
radiation. They found that both leaf dry mass per unit area (M,)
and leaf thickness were most strongly associated with minimum
temperature, with both traits increasing with decreasing mini-
mum winter temperature and with increasing number of frost
days in three Mediterranean evergreen species, but not in the
deciduous species (Figure 1a; Gonzalez-Zurdo et al. 2016).
Given that soil drought has been traditionally considered as a
key limitation in these environments (Zavala et al. 2000,
Reichstein et al. 2002, David et al. 2007), this result is
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Figure 1. Leaf dry mass per unit area in relation to the number of frost
days (a), and correlations of leaf nitrogen (b) and phosphorus (c) con-
tent per dry mass with leaf dry mass per unit area in two deciduous
(Quercus faginea Lam. and Q. pyrenaica Willd.) and three evergreen
(Q. suber L., Q. ilex L. and Pinus pinaster Aiton) Mediterranean species
(data from Gonzélez-Zurdo et al. 2016 in this issue of Tree Physiology).
Data were fitted by linear regressions and solid lines correspond to sta-
tistically significant and punctuated lines to nonsignificant relationships
(see Gonzélez-Zurdo et al. 2016 for details). In evergreen species Q. ilex
and P, pinaster, open symbols correspond to current-year leaves and
filled symbols to 1-year-old leaves. Ellipses in (b) emphasize that within
the broad nitrogen content vs leaf dry mass per unit area relationship
observed across the species, there is a within-species economics spec-
trum driven by acclimation to cold temperatures (a). In the case of phos-
phorus content vs leaf dry mass per unit area relationship, significant
within-species relationships are observed, while the broad trend col-
lapses (c).

surprising and suggests that future research should focus more
on the effects of low temperature on foliage differentiation.

Beating cold by being tough

Apart from changes in leaf thickness, frost-adapted species
characteristically also have thicker cell walls, especially thicker
epidermal cell walls (Kérner et al. 1989). There is evidence that
within species, frost acclimation leads to increases in cell wall
thickness and cell wall rigidity (Weiser et al. 1990, Rajashekar
and Burke 1996, Rajashekar and Lafta 1996, Stefanowska et al.
1999, Solecka et al. 2008, Scholz et al. 2012). Given that
freezing and potential desiccation stress lead to excessively low
cellular water potentials, increased cell wall rigidity is an impor-
tant acclimation feature, avoiding collapse of cell walls as a
result of associated damage at membrane level (Rajashekar and
Burke 1996, Rajashekar and Lafta 1996). High cell wall rigidity
also implies that for any given change in cellular water potential,
intracellular water content changes less than when the cells had
more elastic walls (Rajashekar and Burke 1996, Niinemets
2001). Thus, upon freezing, less water migrates from cells to
extracellular space where it freezes, while the water inside the
cells remains supercooled at lower temperatures (Rajashekar
and Burke 1996, Burr et al. 2001).

How increases in cell wall rigidity are achieved is not fully
understood, but studies suggest that this primarily reflects
increases in the pectin fraction of cell walls and stronger cross-
linking of polymers in the pectin fraction (Solecka et al. 2008,
Domon et al. 2013, Baldwin et al. 2014). However, pectins
alone do not explain the increase in cell wall mass in cold-accli-
mated plants (Solecka et al. 2008), and there is also evidence
of increases in other cell wall constituents including hemicellu-
lose and cellulose and cell wall proteins such as expansins
(Weiser et al. 1990, Le Gall et al. 2015). Although the classical
Van Soest method for cell wall fiber measurement used by
Gonzélez-Zurdo et al. (2016) does not measure pectins (Van
Soest 1994), important increases in leaf cellulose and hemicel-
lulose contents with decreasing minimum temperature were
observed in three evergreen species in their study (Gonzalez-Zurdo
etal. 2016). This evidence indicates that both increases in over-
all leaf thickness and investment in cell wall material constitute
the key structural modifications to cold environments in Mediter-
ranean evergreens.

Is being tough sufficient to survive winter
periods?

Across Mediterranean Quercus species, greater freezing resistance
was observed in species with greater M, and leaf thickness
(Cavender-Bares et al. 2005), and Gonzalez-Zurdo et al. (2016)
have further highlighted an important within-species variability in
structural traits as driven by site minimum temperature. However,
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the overall foliage freezing resistance of Mediterranean evergreen
Quercus species is relatively moderate. The leaf freezing resistance
of Q. ilex subsp. ilex L. growing at the northern limit of Q. ilex dis-
tribution is ca —12 °C (Larcher and Mair 1969). In the case of the
two evergreen Quercus species studied by Gonzélez-Zurdo et al.
(2016), Q. ilex subsp. ballota (Desf.) Samp., which grows at more
continental sites and at the altitudinal limit of Q. ilex, and Q. suber,
which has a less continental range, the freezing resistance is ca
—17 °C for the former and ca —10 °C for the latter species
(Gonzélez-Zurdo et al. 2016). Yet, several evergreen broad-leaved
species can tolerate exceptional freezing temperatures as low as
—35 to —40 °C (Nilsen 1991, Rajashekar and Lafta 1996), and
the question is how general is the relationship between leaf tough-
ness and freezing resistance. Paradoxically, in temperate Rhodo-
dendron species, tougher-leaved species with more rigid cell walls
and lower osmotic potentials indeed had lower leaf freezing points
and supercooling temperatures, but nevertheless, their leaves had
lower frost resistance than in species with less tough leaves (Nilsen
1991), suggesting that extension of frost resistance from ca =10
to —20 °C to lower temperatures relies on traits other than those
determining leaf toughness.

In fact, in Rhododendron species, leaf freezing resistance was
strongly correlated with the avoidance of winter photoinhibition
damage (Bao and Nilsen 1988, Nilsen 1990, Russell et al.
2009). The degree of damage scaled negatively with the capac-
ity for thermonastic leaf moment, including changes in leaf angle
and leaf curling (Nilsen 1991, Nilsen and Tolbert 1993). Spe-
cies with more elastic cell walls and thinner epidermis had
greater capacities for changing leaf angle and for leaf curling,
and were effectively exposed to lower levels of solar radiation
than nonthermonastic species (Nilsen and Tolbert 1993, Wang
et al. 2008). Reduction of the exposed leaf area due to curling
has also been associated with the decreases in leaf water loss
and reduced rate of leaf thawing upon exposure to light (Nilsen
1990). Although the evergreen Rhododendron species have the
most iconic changes in leaf shape upon exposure to low tem-
peratures, similar modifications also occur in many other species
including Aucuba japonica Thunb., Buxus sempervirens L. and
Camellia japonica L., which all have relatively elastic cell walls.

Analogous correlations of chilling and freezing resistance with
photoinhibitory damage have also been observed in other spe-
cies that do not necessarily change leaf shape upon freezing
(Boese and Huner 1990, Cavender-Bares et al. 1999,
Cavender-Bares 2007, Kurtz et al. 2013), including Mediterra-
nean Quercus species (Cavender-Bares et al. 2005). Obviously,
being thicker, especially having a thicker epidermal layer, reduces
the average intensity of light reaching the interior of the leaf,
thereby reducing the probability for photodamage. Thus,
increases in leaf thickness with decreasing site minimum tem-
perature as observed by Gonzalez-Zurdo et al. (2016) can also
underscore the role of thickness in avoidance of photoinhibition.
Of course, in addition to thickness per se, leaf surface optical
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characteristics and accumulation of antioxidants and photopro-
tective pigments can play a role in photoinhibition resistance
(Streb et al. 1998, Garcia-Plazaola and Becerril 2000, Cescatti
and Niinemets 2004). So far, there are limited data available for
site temperature effects on antioxidants, protective pigments
and leaf surface characteristics in Q. ilex (Camarero et al. 2012).
In the three sites studied by Camarero et al. (2012), the mini-
mum temperature influence on pigments and leaf optics was not
clear-cut, calling for more work on the role of photoinhibition
resistance in freezing tolerance in Mediterranean evergreen spe-
cies over a larger number of sites.

Tolerance of different stresses through leaf life
span: frost vs drought

Mediterranean evergreens are exposed to harsh winters and hot
and dry summers in their altitudinal and continental limits of
dispersal. Traditionally, the sclerophyllous leaf habit of these
species has been associated with tolerance of drought periods
(Mooney and Dunn 1970, Kummerow 1973, Oertli et al. 1990).
In particular, thick rigid cell walls corresponding to high leaf bulk
elastic modulus have been associated with a greater capacity to
extract water from drying soil at a given change in leaf symplas-
tic water content (Niinemets 2001). Contrary to this expecta-
tion, precipitation had a weaker effect on leaf traits than minimum
temperature in the evergreens studied by Gonzalez-Zurdo et al.
(2016), suggesting that modifications in leaf robustness primar-
ily reflected adaptation to winter conditions in these species. In
a similar manner, species differences in the bulk leaf elastic
modulus were primarily associated with freezing tolerance rather
than with drought tolerance in Patagonian steppe species
(Scholz et al. 2012).

However, across Rhododendron species, there was a trade-off
between drought and frost tolerance; nonthermonastic species
with thicker epidermis and less elastic cell walls (e.g., R. ponticum
L.) were more drought tolerant and less frost tolerant than ther-
monastic species with more elastic cell walls (e.g., R. cataw-
biense Michx.) (Nilsen 1991, Nilsen and Tolbert 1993, Wang
et al. 2008). This apparent contradiction among broad-leaved
evergreens from mesic habitats vs drought-prone habitats might
reflect the overall greater constitutive level of cell wall adapta-
tions to cope with drought stress in species from drought-
stressed habitats.

What currently remains unclear is to what extent the strong
effect of minimum site temperature on leaf traits in the study of
Gonzaélez-Zurdo et al. (2016) is driven by ecotypic (genetic)
and plastic components of phenotypic variance. Common gar-
den studies have demonstrated that altitudinal variation in leaf
traits is driven by both components of variance, whereas the
importance of the ecotypic and plastic sources of variation is
different for different traits and can vary among species
(Kitayama et al. 1997, Cordell et al. 1998, Bresson et al. 2011,
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Thomas 201 1). The other question is to what extent the capac-
ity for plastic modifications varies for different ecotypes within
the species climatic range. There is evidence that it is primarily
the plastic response rather than the genotypic differentiation that
is responsible for frost and drought tolerance of Q. ilex at its
specific growth locations (Gimeno et al. 2009). Nevertheless,
across the whole area of dispersal of Q. ilex, leaf traits were
driven by precipitation and temperature in a complex manner,
with the minimum temperature not always being a significant
predictor of leaf structural and/or photosynthetic characteristics
(Niinemets 2015).

Does enhanced leaf cost in cold climates limit
canopy formation?

Classical studies have suggested that extension of leaf life span
allows for amortization of leaf cost over a longer time period and
thus, for construction of a more extensive canopy for light inter-
ception (Schulze etal. 1977, 1986, Kikuzawa 1995). In a com-
petitive situation, greater leaf area provides an important means
for shading out neighbors and capturing more environmental
resources (Givnish 1978, Schieving and Poorter 1999, Anten
2002). Although increases in leaf thickness and M, are typically
associated with increased leaf longevity, leaf longevity did not
change with decreasing minimum temperatures in the study of
Gonzalez-Zurdo et al. (2016). This contrasts the observed and
theoretically predicted worldwide trends in M, and leaf longevity
relationships that become steeper with decreasing temperature,
i.e., greater longevity at given M, in colder environments
(Kikuzawa et al. 2013). However, these global predictions do
not consider other potentially interacting stresses in tougher
environments, e.g., increases in abrasive wind damage at higher
elevation sites that could limit the extension of leaf longevity.

Furthermore, there was evidence of reduction of foliage pho-
tosynthetic activity in colder sites, reflecting reduced nitrogen
investment in the components of photosynthetic machinery
(Gonzalez-Zurdo et al. 2016). In addition to constrained invest-
ment of nitrogen in photosynthetic machinery that can result
from greater fractions of nitrogen associated with cell walls
(Hikosaka and Shigeno 2009), tougher leaves are generally
characterized by greater restriction of photosynthesis due to
stomatal and mesophyll diffusion constraints than more meso-
phytic leaves (Hikosaka and Shigeno 2009, Niinemets et al.
2011). This evidence collectively indicates that in the ever-
greens studied by Gonzalez-Zurdo et al. (2016), leaves became
increasingly costly at colder sites without associated longevity
benefits, altogether implying longer leaf payback times that
could ultimately lead to reduced carbon availability for foliage
construction. In fact, Ogaya and Pefiuelas (2007) demonstrated
that leaf area index (LAl) of Q. ilex canopies decreased with
decreasing minimum temperature, indicating that plants in colder
sites indeed support lower leaf areas.

In general, very few species can simultaneously tolerate frost,
drought and shade (Laanisto and Niinemets 2015). Becoming
tougher and gaining an improved capacity to cope with frost and
drought, but losing the capacity to support extensive leaf area
indices, might ultimately limit evergreen species dispersal in com-
petitive situations where shading by deciduous neighbors with
higher LAl can curb the carbon availability for leaf construction in
evergreens.

Species-specific leaf economics spectra within
the universal worldwide economics spectrum

The worldwide leaf economics spectrum characterizes coordi-
nated changes in suites of leaf traits through resource-limited to
resource-rich environments (Wright et al. 2004). Species grow-
ing in resource-limited environments typically have high leaf lon-
gevity, low photosynthetic capacity and nitrogen content per dry
mass (N,,), and high M,, while species in resource-rich habitats
have the opposite combination of these traits (Wright et al.
2004). However, the universal leaf trait spectrum consists of
within-species trait spectra that are shaped by plastic and eco-
typic sources of trait variation (Niinemets 2015). As the study
of Gonzalez-Zurdo et al. (2016) shows, localized adjustment to
given environmental pressures can produce within-species trait
combinations that apparently contradict the trends within the
universal trait spectrum, including low and high M, vs invariant
N,, and leaf life span, high M, and high phosphorus content per
dry mass (P, Figure 1).

Previously, it has been demonstrated that shade is a low
resource environment that can result in trait variations that are
opposite to those predicted by the worldwide economics spectrum
(Lusk et al. 2008, Hallik et al. 2009). The results of Gonzalez-Zurdo
etal. (2016) and the evidence outlined above indicate that adjust-
ment to frost can differently shape various functional traits with
potential implications for broad trait scaling. While the invariance of
N, across habitats with varying temperature had a minor effect on
the broad scaling of N, with M, (Figure 1b), the strong positive
scaling of both M, and P,, with minimum temperature resulted in
significant intraspecific correlations, but the general trend across
species collapsed (Figure 1c). Whether the scaling of P, with the
freezing period length reflects nutritional changes across the sites
(e.g., Maire et al. 2015) or physiological acclimation responses
such as accumulation of phospholipids to enhance cryotolerance of
membranes (Siminovitch et al. 1975, Willemot 1975) is not clear.
Nevertheless, this discrepancy among within-species vs across-
species leaf trait relationships provides important evidence of how
environmental factors can reshape the trait correlation networks.
Given the contrasting strategies of structural adjustment to frost in
evergreen species with elastic (e.g., rhododendrons and allies) and
nonelastic cell walls (e.g., Mediterranean evergreens), further stud-
ies are called for to gain insight into the effects of such divergent
responses on leaf trait relationships in evergreens.
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