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Functional variation of leaf succulence in a cold rainforest epiphyte
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Background and aims — Succulence, a common attribute of floras in dry regions and of species living in
microenvironments with transient water shortage, has been typically viewed as an adaptive plant feature
for surviving in (semi-)arid conditions. The existence of leaf succulence in a temperate cold rainforest
challenges the view of its adaptive value. We studied leaf functional variation in Sarmienta repens Ruiz &
Pav. (Gesneriaceae), an epiphyte living in the Valdivian forest of southern Chile.

Material and methods — We measured leaf thickness, absolute leaf water content, specific leaf area and
leaf anatomy (epidermis, palisade parenchyma, and spongy parenchyma) in two distinct light micro-
environments: shaded understory versus border of canopy gaps. We also characterized micro-environmental
conditions in terms of light availability, temperature and water evaporation.

Key results — We show that leaves from sun conditions, the environment with higher water demand, have
lower SLA (specific leaf area), thicker epidermis and store more water due to a thicker spongy parenchyma,
than leaves from shade conditions.

Conclusions — We found high phenotypic variation in S. repens at intraspecific level in response to
contrasting environmental conditions. This variation reflects a two-fold strategy common in epiphytes:
increase water storage and reduce water loss. Furthermore, it suggests that leaf succulence has an adaptive
value even in a temperate cold rainforest. We discuss that the occurrence of succulence on a cold rainforest
might be explained by a combination of ecological, biogeographic and phylogenetic factors.

Key words — Puyehue National Park, functional trait, leaf thickness, Sarmienta repens Ruiz & Pav., SLA,

water storage, water loss.

INTRODUCTION

Plant features commonly observed in ecological communi-
ties are often the result of current selective pressures and
prove their adaptive value when they are associated with
plant success in function, distribution or abundance (Niklas
2007). For instance, deep roots for soil water uptake have
been fairly documented in desert perennial plants (e.g. Cald-
well & Richards 1989). In contrast, apparently adaptive
characters or syndromes that are rare in a community may
be explained by past evolutionary processes that took place
long time before and/or faraway from the current plant en-
vironment, where the selective pressure is no longer operat-
ing (Larson & Losos 1996). For instance, overly long spines
and large fruits with sweet pulps, thought to be suitable for
defence against and dispersion by extinct megafauna, respec-
tively, have been interpreted as evolutionary anachronisms
(Janzen & Martin 1982, Janzen 1986, Bond & Silander 2007,
Zaya & Howe 2009). It is not easy to elucidate whether rare

phenotypic traits are evolutionary anachronisms or actual
adaptive features because a large amount of ecological, bio-
geographic and phylogenetic information is needed (Larson
& Losos 1996). However, there are relatively simple ap-
proaches to current phenotypic variation that may shed light
on this question (Rose & Lauder 1996). If it is shown that (i)
there is field-based evidence of a functional relation between
the observed phenotype and the putative selective factor,
supported by ecophysiological knowledge (e.g. Saldana et al.
2005) and/or (ii) variation in the candidate trait is significant-
ly associated with plant fitness in the field (e.g. Saldafia et al.
2007), then it may be inferred that such a plant feature has an
adaptive value in the current ecological scenario.

Several plant physiological and morphological charac-
teristics are associated with adaptation to life in stressful
environments (Schulze et al. 2005, Valladares & Niinemets
2008). Succulence, which allows water storage for further
use when its availability decreases and when its demand
increases, is one of those plant features typically viewed as
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adaptive to arid environments (Eggli & Nyffeler 2009). In-
deed, there is quantitative evidence of the adaptive value of
leaf succulence in natural populations, as shown by pheno-
typic selection analysis on desert sunflowers (Donovan et al.
2007). This conspicuous feature is present in 60% of plant
orders and has evolved independently over 30 times (Eggli
& Nyffeler 2009). Leaf succulence is common in dry regions
(Willert et al. 1990). It is also common in microenviron-
ments where light/temperature or salinity strongly increase
water demand seasonally such as those occupied by epi-
phytic plants (Benzing 1987) and halophytes (Breckle 2004).
Succulent species are less frequent in cold regions. They are
typically rosette plants with Arctic-alpine distribution; vas-
cular epiphytes are extremely rare (Nieder & Barthlott 2001,
Drennan 2009).

The Gesneriaceae family comprises about 3000 species,
largely distributed in the tropics with a few temperate species
(Smith et al. 1997). In the temperate rainforests of southern
South America, Gesneriaceae are represented by three spe-
cies within the tribe Coronanthereae (Salinas et al. 2010),
which includes nine genera and twenty species distributed
in the South Pacific, Australia and Southern South America
(Smith et al. 2006). The three South American species, which
belong to three monotypic genera (Sarmienta, Asteranthera,
and Mitraria), are likely descendants of ancient tropical flo-
ras that arrived to southern South America during the Lower
Tertiary (Villagran & Hinojosa 1997). Sarmienta repens Ruiz
& Pav. is a climbing plant endemic to the southern temperate
rainforest (Gianoli et al. 2010); it is the only holoepiphyte in
Coronanthereae, i.e. it never roots in the ground and spends
its whole life cycle along tree trunks (Salinas et al. 2010),
using adhesive roots as attachment mechanism (Carrasco-
Urra & Gianoli 2009). S. repens (‘Sarmienta’ hereafter) is
the only species in the South American Coronanthereae that
shows leaf succulence, an attribute that is not uncommon in
the tropical Gesneriaceae (Guralnick et al. 1986, Benzing
1987, Medina et al. 1989, Chautems 2002). This is some-
what puzzling, considering that the cold temperate rainforest
where Sarmienta grows is far from being an arid environ-
ment, with a combination of annual precipitations close to
3000 mm, mean annual temperatures around 9°C and poten-
tial evapotranspiration only 1/8 of precipitation rates (Dorsch
2003, Salinas et al. 2010).

Our research question was whether the uniqueness of leaf
succulence exhibited by Sarmienta is a rather fixed trait,
and hence a likely evolutionary anachronism, or it is a plant
trait of current value, showing functional variation with the
prevailing environmental factors that presumably exert lo-
cal selection on plant traits. Specifically, in an old-growth
temperate forest in Southern Chile we evaluated whether
leaf succulence and related traits varied between two distinct
light micro-environments: low-height under close canopy
(shaded understory) vs. mid-height at full sun exposure (bor-
der of canopy gaps). Forest plants under high irradiances
show higher water demand to avoid desiccation and to main-
tain an optimal physiological performance (Bassow & Baz-
zaz 1998, Valladares & Niinemets 2008). Therefore, if leaf
succulence in Sarmienta is currently of functional value, we
expected that leaves under the full sun exposure environment
would store more water.
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MATERIAL AND METHODS

We studied leaf succulence variation in Sarmienta repens
populations from the old-growth temperate rainforest at
Parque Nacional Puyehue (40°39°S 72°11°W; 350 m a.s.l.),
in the western piedmont of the Andes, southern Chile. Broad-
leaved evergreen tree species are the most dominant compo-
nent of the mature forest (Lusk et al. 2003, Saldafia & Lusk
2003) and woody vines are very common (Gianoli et al.
2010). Sarmienta is mainly found growing along the trunk of
old trees, at 0.5 to > 30 m high, behaving as a holoepiphytic
plant that climbs with the aid of adhesive roots (Carrasco-
Urra & Gianoli 2009, Salinas et al. 2010). Opposite, fleshy
leaves are ovate-orbiculate (1-2.5 ¢cm long, 1-1.5 cm wide)
with entire to bidentate margin towards the apex and hairy
petioles 1.5 mm long (Muiloz Schick 1980).

Leaf succulence was estimated as leaf thickness at the
central area, measured with a digital calliper (0.01 mm reso-
lution; Mitutoyo, Kanagawa, Japan). This was recorded in
two contrasting micro-environments in terms of light avail-
ability: low-height (from 0.5 to 1.5 m) in a shaded under-
story and mid-height (from 4 to 7 m) in the border of canopy
gaps. In both micro-sites, one fully expanded leaf per ramet
was sampled in five different ramets growing on the same
tree. This was replicated six times in different forest sites
with the same light conditions (total n = 30 leaves per envi-
ronment). To verify this assumption we characterised light
environmental conditions (direct and diffuse radiation) using
hemispherical photographs taken with a Nikon Coolpix 900
camera and processed with HemiView 2.1 (Delta-T Devices,
Cambridge, U.K). To roughly characterize the covariance
between light availability and water evaporation in these
two light micro-environments, we registered every 30 min
available photosynthetic photon flux density (PPFD) and soil
moisture on the ground litter (low light: forest understory)
and on the litter of a tree hole (high light: gap edge), both
close to several Sarmienta individuals, from October to De-
cember 2008. We could not find any tree hole below 1.5 m
height that would make measurements strictly comparable.
Importantly, these measurements do not reflect precisely
water content available for Sarmienta, as the mechanisms
of water uptake in this species are yet to be studied. Local
air temperature was also recorded with the same frequency
during the same time period with external sensors (Li-Cor,
Lincoln, NB, USA; ThetaProbe sensors (Delta-T Devices,
Cambridge, U.K)) attached to a data logger (HOBO model
HO08-006-04, Onset, Pocasset, MA).

We transported leaf samples to the laboratory of Uni-
versidad de Concepcion (36°49°S 73°02°W) to make further
measurements. This was done under humid storage in order
to keep field values of leaf thickness constant, which was
verified in the lab. Leaf size (area) was estimated by means
of digital photography and later analysis with Sigma-Scan
Pro5 software (SPSS Inc, Chicago, IL, USA). Afterwards,
leaves were weighed and a leaf slide in their broader part
was carefully cut to measure epidermis (cuticule + upper and
lower epidermis), palisade parenchyma, and spongy paren-
chyma thickness; these measurements were done with a mi-
croscope. Epidermis thickness is functionally associated with
reduced water loss in succulents and epiphytes (Riederer &
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Schreiber 2001, Eggli & Nyffeler 2009, Hao et al. 2010),
and the spongy parenchyma serves for water storage as it has
been previously described in another Gesneriaceae epiphyte
(Kleinfeldt 1978). Accordingly, the spongy parenchyma of
Sarmienta leaves, regardless of its light environment of ori-
gin, consisted of white irregularly-shaped cells full of water
with no signs of photosynthetic activity.

Leaves were oven-dried at 60°C during 3 days and
weighed to calculate absolute leaf water content (aLWC, g),
relative leaf water content (rLWC = 100*(leaf fresh weight —
leaf dry weight)/leaf fresh weight) and their specific leaf area
(SLA = leaf area / leaf dry mass). Differences in leaf traits
and environmental conditions between sites were evaluated
with a one-way ANOVA, using Statistica 6.1 (StatSoft, Tul-
sa, OK, USA).

RESULTS

Significant differences in leaf succulence and associated
traits were found in Sarmienta between shade and sun mi-
crosites. Leaf thickness and aLWC were greater on plants
exposed to sun conditions (fig. 1). Although the three ana-
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Figure 1 — Leaf thickness and leaf water content of Sarmienta
repens in ramets growing at shade and sun conditions. Upper graph
shows differential contribution of the epidermis (cuticule + upper
and lower epidermis), the palisade parenchyma, and the spongy
parenchyma to leaf thickness. Bars indicate mean = SE (n=30 leaves
per environmental condition). Significant differences between traits
were observed for leaf thickness, epidermis, palisade parenchyma,
spongy parenchyma and leaf water content (F, = 50.4; 15.23; 47.1;
47.8; and 12.7 respectively). In all cases, p < 0.001.

Table 1 — Mean + standard deviation values of relative leaf water
content and associated leaf traits of Sarmienta repens.

One-way ANOVA revealed significant differences between plants
from the forest understory (shade) and borders of canopy gaps (sun).
For each analysis, F-values are shown (df = 58). *** p < 0.001, ns
non-significant.

Relative leaf

water content Leaf azrea SLZA
%) (cm?) (cm%/g)
Shade 95+1 2.79+0.18 361.32+26.86
Sun 94+1 2.38+0.18 152.79 £26.86
F-value 1.3 ns 2.56 ns 30.1%**

tomical layers studied were significantly thicker at sun con-
ditions, the spongy parenchyma contributed the most to the
observed leaf succulence patterns (fig. 1). In contrast, ILWC
was similar in both environments (table 1). Leaf area did not
differ between shade and sun environments but specific leaf
area (SLA) was greater in leaves developed in the shaded un-
derstory (table 1).

As expected, the shade and sun sites differed in environ-
mental variables. Light availability (photosynthetic photon
flux density (PPFD) and direct radiation) and substrate mois-
ture were higher in the gap border (table 2). No differences
between sites in diffuse radiation and mean temperature were
found (table 2). Micro-environmental differences on direct
radiation, but not on diffuse radiation, suggest that Sarmienta
leaf variation was not only due to differences in light avail-
ability but also to differences in water demand (i.e. lower
moisture under the sun exposure conditions, table 2).

DISCUSSION

We found that leaf succulence in Sarmienta in the cold rain-
forest of southern Chile was greater at the border of canopy
gaps, compared to the shaded understory. Considering that
leaf succulence is a water-saving attribute to offset water de-
mand under high irradiances, this pattern suggests that it is
a plant trait of current value. Thus, leaf succulence in Sar-
mienta shows functional variation with the prevailing en-
vironmental factors that presumably exert selection in this
forest: light availability, in the first place, and the associated
environmental moisture. The agreement of plant phenotypic
variation in contrasting environments with predictions from
ecophysiological knowledge likely indicates the occurrence
of adaptive processes (Sultan 1995, Saldafia et al. 2005).
Likewise, because we did not find that leaf succulence in
Sarmienta is a fixed trait, whose expression does not vary
with the environment, we consider unlikely that it is an evo-
lutionary anachronism.

Since a detachment from the ground usually entails
an abrupt change in the syndrome of attributes conferring
drought tolerance, epiphytic growth form and water-saving
attributes are two characteristics closely linked (Hao et al.
2010). Compared to their non-epiphytic relatives, epiphytes
and hemi-epiphytes show higher SLA, thicker epidermis,
tighter stomatal control, lower stomatal conductance, and
lower leaf water flux rates (Patifio et al. 1995, Hao et al.
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Table 2 — Mean + standard deviation values of environmental conditions from contrasting micro-sites where Sarmienta repens occurs.
One-way ANOVA reveals significant differences between forest understory (shade) and borders of canopy gaps (sun). For each analysis,

F-values are shown (df >1000). *** p < 0.001, ns non-significant.

Daily photosynthetic photon Temperature Moisture Proportion of direct Proportion of
flux density (mol m?2day') (°C) (% relative water content) radiation diffuse radiation
Shade 9+1 11.4+3.5 78 £0.6 0.15+0.01 0.22+0.01
Sun 17 £2 103+34 65+0.7 0.28 +£0.01 0.23+0.01
F-value 42 8*** 3.68 ns 40.1%** 36.3%** 3.62 ns

2010). Changes in leaf size and leaf succulence, stomatal
conductance, and water tank storage have been interpreted
as niche differentiation to different pulses of fog and pre-
cipitation in epiphytic bromeliads (Reyes-Garcia et al. 2011).
Likewise, we found high phenotypic variation linked to mi-
croenvironmental differences in epiphytes at the intraspecific
level. Thus, responses to differences in light exposure, likely
mediating differences in water demand (Valladares & Ni-
inemets 2008), resulted in Sarmienta plants that in the sun
exhibited 148% thicker leaves that accumulated 70% more
water, had 53% thicker epidermis and 130% smaller SLAs
than plants in the shade.

Although our sampling was limited to 7 m height, Sar-
mienta may reach the canopy of exceptionally large, emer-
gent trees (Diaz et al. 2010), where irradiation, temperature
and evapotranspiration should be higher than those recorded
here (Lorenzo et al. 2010). Therefore, we expect that those
canopy Sarmienta plants should show even greater leaf suc-
culence, unless a selective factor, other than the abiotic en-
vironment, counteracts the expected trend. It has been found
in this forest that SLA — which is closely associated with
succulence — may be selected by the light environment and
invertebrate herbivores, in the case of a small tree (Salgado-
Luarte & Gianoli 2012), and by the abiotic environment, in
the case of woody vines (Gianoli & Saldafia 2013). Ideally,
further research should address the relationship between leaf
succulence and reproductive fitness in Sarmienta. However,
the logistic challenges to undertake such a task are consid-
erable, including enough sampling of canopies (see Diaz et
al. 2010) and the rampant vegetative reproduction of these
climbing plants that may prevent the distinction between true
genets (see Gianoli et al. 2010).

A previous study, conducted at a similar site (old-growth
forest), found that Sarmienta is one of the most common epi-
phytes in the Valdivian forest (Diaz et al. 2010). This result
agrees with the positive relationship between epiphyte abun-
dance and succulence found for montane forests in Bolivia
(Kromer et al. 2007). It is likely that the unique capacity of
Sarmienta to develop such a high degree of leaf succulence
has promoted the exploitation of the trunk of tall trees. If
leaf succulence in Sarmienta has an adaptive value, and this
feature may be further related to its relative abundance, the
question of why succulence is extremely rare in cold tem-
perate rainforests still remains. Two complementary expla-
nations seem plausible. First, Sarmienta may be part of the
species pool arrived to southern regions presumably due to
the lack of strong biogeographic barriers between tropical
and temperate regions in ancient South America (Villagran
& Hinojosa 1997, Diaz et al. 2010). This hypothesis is some-
what supported by the lack of succulent epiphytes in cold
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forests of western North America and New Zealand where
geographical barriers made migration impossible (Diaz et al.
2010 and references therein). Second, Sarmienta might be
among the few epiphyte species with the ability to cope with
the general trade-off between leaf succulence and cold toler-
ance. With low temperatures, succulent organs are sensitive
to freezing as their large cell sizes and high water content
increase the potential for intracellular freezing and cell rup-
ture (Nobel 2005). Moreover, in succulent epiphytes with C,-
CAM metabolism, as we presume is the case for Sarmienta,
water flow occurs at night when temperatures are lower and
vessels are more prone to cavitation and embolism (Liittge
2008). Further research should address cold tolerance in
Sarmienta and its physiological basis.

CONCLUSION

We have reported that leaf succulence in epiphytes, an ex-
tremely rare feature in cold rainforests, occurs in the ever-
green temperate rainforest of southern South America, and
probably has an adaptive value for Sarmienta plants. Specifi-
cally, Sarmienta developed thicker spongy parenchyma and
thicker epidermis under high irradiance, a common plant re-
sponse to augment water storage and reduce water loss when
evaporative demands are greater. This report is a first ap-
proximation to Sarmienta’s singularity, which may be used
as a model system for further research addressing the trade-
off between cold tolerance and succulence in epiphytes, and
its implications for epiphytes’ distribution patterns.
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