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Abstract Several studies across species have linked leaf
functional traits with shade tolerance. Because evolution by
natural selection occurs within populations, in order to
explain those interspecific patterns it is crucial to examine
variation of traits associated with shade tolerance and plant
fitness at an intraspecific scale. In a southern temperate
rainforest, two climbing plant species coexist but differ in
shade tolerance. Whereas Luzuriaga radicans is most
abundant in the shaded understory, L. polyphylla typically
occurs in intermediate light environments. We carried out
an intraspecific approach to test the hypothesis of differ-
ential selection patterns in relation to shade tolerance in
these congeneric species. The probability of showing
reproductive structures increased with specific leaf area
(SLA) in L. polyphylla, and decreased with dark respiration
in L. radicans. When reproductive output of fertile individ-
uals was the fitness variable, we detected positive directional
selection on SLA in L. polyphylla, and negative directional
selection on dark respiration and positive directional selec-
tion on leaf size in L. radicans. Total light radiation differed
between the microsites where the Luzuriaga species were
sampled in the old-growth forest understory. Accordingly,
L. radicans had a lower minimum light requirement and
showed fertile individuals in darker microsites. L. radicans
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showed lower dark respiration, higher chlorophyll content,
and greater leaf size and SLA than L. polyphylla. Results
suggest that in more shade-tolerant species, established in the
darker microsites, selection would favor functional traits
minimizing carbon losses, while in less shade-tolerant spe-
cies, plants displaying leaf traits enhancing light capture
would be selected.
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Introduction

Shade tolerance, broadly understood as the ability of a
given plant species (or population) to tolerate low light
levels, is a major driver of forest structure and dynamics
(Givnish 1988; Valladares and Niinemets 2008). Interspe-
cific variation in shade tolerance has been assessed moni-
toring survival rates in low light (Kitajima 1994; Lusk
2002), comparing the range of light environments occupied
by juveniles (Davies 1998; Lusk and Reich 2000), or
comparing their minimum light requirement, i.e., the lower
part of the distribution of each species in relation to light
availability (Lusk et al. 2008).

Several leaf functional traits, including gas exchange
traits and biomass allocation patterns, have been associated
with shade tolerance (reviewed in Valladares and Niinemets
2008). Most of this evidence has been obtained from
comparative studies across species (Abrams and Kubiske
1990; Kitajima 1994; Walters and Reich 1996; Reich et al.
1998; Lusk 2004; Saldadia et al. 2005, Baltzer and Thomas
2007, Janse-ten Klooster et al. 2007; Poorter 2009). Overall,
these interspecific patterns provide hypotheses about the
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adaptive role of leaf functional traits (Arntz and Delph
2001), but do not provide evidence that particular shade
tolerance strategies at the species level originated (and are
maintained) by natural selection. It has been argued that,
because of their apparent constancy over evolutionary time,
natural selection has kept functional traits in their current
level of expression (Reich et al. 2003), and that these traits
should be under stabilizing selection (Ackerly 2004). Still,
because evolution by natural selection takes place within
populations (Endler 1986), it is crucial to examine variation
of traits associated with shade tolerance and plant fitness at
an intraspecific scale in order to detect the selective pro-
cesses behind the interspecific patterns of shade tolerance.
Phenotypic selection analysis estimates the link between
individual relative fitness (reproduction and/or survival)
and trait values, assessing the strength and direction of
selection on particular phenotypic traits taking into account
character correlations (Lande and Arnold 1983; Brodie
et al. 1995). Surprisingly, to our knowledge, no study has
explicitly addressed selection on functional traits in natural
populations of plant species differing in shade tolerance.
Leaf functional traits influencing shade tolerance have
been extensively studied in both tropical and temperate
ecosystems, but there is a long-standing debate over the
relative importance of traits maximizing net carbon gain
and growth versus those enhancing survival in low light,
the latter being related to the role of biotic and abiotic
agents of foliar damage (Givnish 1988; Kitajima 1994;
Walters and Reich 1999; Lusk 2002; Reich et al. 2003;
Craine and Reich 2005; Baltzer and Thomas 2007;
Valladares and Niinemets 2008). The prevailing view has
been that plants in low light display leaf traits enhancing
light capture or carbon gain per unit biomass invested, e.g.,
increased leaf area ratio, specific leaf area, and chlorophyll
content, and/or minimizing carbon losses, e.g., increased
leaf toughness (via larger cell wall fractions; see Lusk et al.
2010) and decreased photosynthesis and dark respiration
rates (Lusk 2002; Valladares and Niinemets 2008). Whe-
ther these functional patterns at the individual level trans-
late into similar or opposite patterns at the interspecific
level is still a matter of discussion (Lusk 2002; Reich et al.
2003; Lusk et al. 2010). Overall, and considering the
heterogeneity in light availability observed even in mature
forest understories (Bazzaz 1996; Montgomery and
Chazdon 2002), it is expected that, in those plant species
able to establish in the darker microsites, natural selection
should favor individuals with a conservative strategy of
resource use, i.e., minimizing carbon losses, while in those
species distributed in the less-dim microsites, individuals
displaying leaf traits enhancing light capture should be
selected. This hypothesis is based on the assumption that
highly shade-tolerant species, often long-lived plants,
should rely on a long-term, conservative strategy that
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favors endurance over increased resource exploitation,
while less shade-tolerant species, having a better ability to
exploit light availability, should rely on a less conservative
strategy of resource use.

Climbing plants have been traditionally considered
pioneer-like species preferentially distributed in well-lit
microsites (Putz 1984; Schnitzer and Bongers 2002).
However, significant evidence shows that a number of
climbing plant species are able to thrive along the whole
light gradient (Baars et al. 1998; Mascaro et al. 2004;
Carrasco-Urra and Gianoli 2009; Gianoli et al. 2010). In
fact, not all climbing plants in mature forests reach the
canopy and so several species must survive in the shaded
understory during their early stages (Aide and Zimmerman
1990; Ray 1992; Nabe-Nielsen 2002) or throughout their
entire life cycle (Putz 1984; Valladares et al. 2011a).
Woody vines growing in the mature forest understory show
a shade tolerance syndrome very similar to that of trees
(Valladares et al. 2011a; Gianoli et al. 2012). Likewise, the
classical life history trade-off between juvenile growth and
survival, which has been hypothesized to explain species’
partition of light environments (Wright 2002), is equally
observed for trees and woody climbers (Gilbert et al.
2006).

The temperate evergreen rainforest in southern Chile
exhibits significant abundance of climbing plants (Gentry
1991; Gianoli et al. 2010). Two of the most abundant
climbers in this forest belong to the genus Luzuriaga: L.
polyphylla and L. radicans (Gianoli et al. 2010). These
species are common in the forest understory and use
adhesive roots to climb onto trees, but are almost always
confined to the first 1.5 m of the vertical gradient. Both
species coexist in the old-growth forest understory, but
seemingly differ in their shade tolerance. While L. radicans
shows its greatest abundance in the shaded forest under-
story, L polyphylla is preferentially distributed in inter-
mediate light environments such as forest borders and
secondary forest stands (Gianoli et al. 2010). The two
Luzuriaga species constitute an appropriate study system to
evaluate the hypothesis of differential selection patterns in
relation to species’ shade tolerance because the probability
of occurrence of confounding factors, at least those asso-
ciated with phylogenetic distance, is significantly reduced
(see Harvey et al. 1995; Ackerly et al. 2000; Reich et al.
2003).

In this study, carried out in the evergreen temperate
rainforest in southern Chile, we tested the following
hypotheses: (1) L. polyphylla and L. radicans will show
distinct distribution in light microsites and different mini-
mum light requirements in the old-growth forest under-
story, (2) leaf functional traits related to light capture and
carbon balance will differ between these species in accor-
dance with their shade tolerance, and (3) phenotypic
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selection in the shaded forest understory will favor leaf
functional traits optimizing light capture in the less shade-
tolerant species (L. polyphylla) and traits minimizing car-
bon losses in the more shade-tolerant species (L. radicans).

Materials and methods
Study species and site

Luzuriaga R. & P. (formerly Luzuriagaceae, currently
Luzuriageae within Alstroemeriaceae; Stevens 2011) is a
small Gondwanean genus with three of its four species
occurring in the temperate rainforests of southern South
America. The two study species, L. radicans R. & P. and L.
polyphylla (Hooker) Macbride, are climbing plants ende-
mic to these forests (Rodriguez and Marticorena 1987).
Both species are self-incompatible (Riveros et al. 1996;
Arroyo and Humana 1999), show an entomophilous polli-
nation syndrome (Smith-Ramirez and Armesto 1994), and
their fleshy fruits are dispersed by birds and mammals
(Armesto et al. 1987; Smith-Ramirez and Armesto 1994).
Plant height is usually between 0.5 and 1 m for the two
species and stem diameter is equally similar. We studied L.
polyphylla and L. radicans populations located in shaded
forest understories in 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 in southern
Chile. The study site (Anticura) has a mean annual pre-
cipitation of 2,800 mm and a mean temperature of 9.8 °C
(Dorsch 2003). The old-growth forest is composed exclu-
sively of broad-leaved evergreen species (Lusk 2002;
Saldana and Lusk 2003) and woody vines are fairly com-
mon (Gianoli et al. 2010). A total of 14 climbing plant
species belonging to 10 families were reported for the
study site, with L. radicans being the second most abun-
dant climber in the shaded understory; L. polyphylla was
more abundant in microsites of intermediate light avail-
ability but co-occurred with L. radicans in the mature
forest understory (Gianoli et al. 2010).

Field data

Plant sampling was carried out in the old-growth forest
where the “El Indio” trail is embedded, within an area of
ca. 8 ha. For the phenotypic selection analysis, 75 indi-
viduals from each Luzuriaga species were chosen and
tagged in the shaded mature forest understory (0.005-0.250
of total light radiation, measured as global site factor; see
below) after random walks into the forest from both sides
of the trail. All plants found were considered for the
analysis unless they were too close to another marked
individual (less than 10 m), had an unhealthy appearance

(massive pathogen infection or substantial herbivory), or
were outliers in terms of height of leaf display (above
2 m).We only sampled plants that were actually attached to
the trunk of host trees because support availability influ-
ences climber fitness (Putz 1984; Gianoli 2002). In each
individual plant, we selected for morphological and phys-
iological measurements a section of the shoot including
three complete internodes and avoiding both distal and
basal parts. The following leaf functional traits were
measured in situ in all tagged individuals at the beginning
of the study: area-based dark respiration rate (R,), leaf size,
specific leaf area (SLA), and relative chlorophyll content.
All sampled leaves were mature leaves. We carried out gas
exchange measurements between January and March 2008
using a CIRAS II portable infrared gas analyser and leaf
chamber (PP Systems, Hitchin, UK). Dark respiration was
measured at PAR 0 pmol m~?2 s_l, between 9:00 a.m. and
3:00 p.m. Cuvette temperatures were at 18-20 °C. Dark
respiration is considered as one of the most reliable pre-
dictors of plant performance in shade, based on the long-
held notion that shade tolerance is closely and inversely
related to tissue respiratory costs (Grime and Jeffery 1965;
Givnish 1988; Baltzer and Thomas 2007; Valladares and
Niinemets 2008). Leaf size (cm?) was estimated by means
of digital photography and later analysis with Sigma-Scan
Pro5 software (SPSS, Chicago, IL, USA). Leaves were
then oven-dried at 70 °C for 48 h and weighed. SLA
(cm? g_l) was determined for each sample. The above-
mentioned traits were measured in three leaves per plant
and the average of these measurements was used as an
individual value. The relative chlorophyll content was
estimated with a hand-held chlorophyll meter (CCM-200,
ADC; Opti-Sciences, Hudson, NH, USA). The CCM-200
calculates an index in ‘CCI units’ based on absorbance at
650 and 940 nm. This non-destructive optical method
provides reliable estimates of relative leaf chlorophyll
content (Richardson et al. 2002). In this case, five separate
measurements on one completely full-expanded leaf of
each individual were performed and later averaged. One
year after the functional traits were measured, fecundity
was estimated in each individual as the number of repro-
ductive structures displayed (flowers plus fruits). This
aimed at assessing the relationship between plant traits and
reproductive fitness (phenotypic selection, see below).
Reproductive output was estimated counting fruits and
flowers per m” of climbing plant cover in the host trunk.
Since not all tagged individuals displayed reproductive
structures, plants were classified as ‘fertile’ and ‘non-fer-
tile’. This allowed an additional analysis of the relationship
between leaf traits and plant fitness, this time considering
the probability of reproduction as the response variable
(see below). We measured the stem diameter of the
climbing plants to assess possible age differences between
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fertile and non-fertile individuals. A total of 12 L. poly-
phylla plants and 10 L. radicans plants lost their number
tags during the study and hence were omitted from the
analyses.

Light availability over each plant was quantified by
hemispherical photography, which is considered an accu-
rate method for the description of understory light avail-
ability (Bellow and Nair 2003). Photographs were taken
using a horizontally-leveled digital camera (CoolPix 995;
Nikon, Tokio, Japan) mounted on a tripod and aimed at the
zenith, using a fish-eye lens of 180° field of view (FCES;
Nikon). Photographs were analyzed for canopy openness
using Hemiview canopy analysis software (version 2.1,
1999; Delta-T Devices, UK), which is based on the
CANOPY program (Rich 1990). Photographs were taken
under homogenous sky conditions (overcast). Hemispher-
ical photographs were taken in each individual plant over
the part of the crown where leaf functional traits and
fecundity were measured. The global site factor (GSF, the
fraction of total radiation expected to reach the spot where
the photograph was taken) was computed by Hemiview,
considering the geographic features associated with the
coordinates of the study site. A total of 160 sky sectors
were considered resulting from 8 azimuth x 20 zenith
divisions. The light environment in this forest is
described in detail by Lusk et al. (2006) and Valladares
et al. (2011b).

Data analysis

We compared means of light availability (GSF), leaf
functional traits, stem diameter, and fecundity between the
two Luzuriaga species using ¢ tests. We also compared the
minimum light requirement (MLR), estimated as the 10th
percentile of the distribution of each species in relation to
light availability (GSF), and used this field-based param-
eter as an approximation of the lowest light levels tolerated
by each species (Lusk et al. 2008). The relationship
between the reproductive status (fertile/non-fertile) and
stem diameter was estimated for each species using logistic
regressions.

To test adaptive hypotheses, for each Luzuriaga species
we calculated phenotypic selection gradients (Lande and
Arnold 1983), which assessed the relationship between
plant relative fitness (reproductive output and reproduction
probability) and the standardized leaf functional traits
(mean = 0; SD = 1) using multiple regression analyses.
Phenotypic selection gradients estimate the selection acting
directly upon the focal trait, independent of selection on
correlated traits that have also been included in the anal-
ysis. In particular, linear selection gradients (f5) assess the
magnitude of directional selection and non-linear selection
gradients () assess the form (curvature) of the selection

@ Springer

function (Lande and Arnold 1983; Brodie et al. 1995).
Directional and stabilizing/disruptive selection gradients
were obtained from linear and quadratic coefficients of the
regressions between reproductive output and functional
traits, respectively (GLM; Statistica 6.0; StatSoft, Tulsa,
OK, USA). We estimated selection gradients for R,, leaf
size, SLA, and Chl. Because the probability of reproduc-
tion is a dichotomous variable (fertile/non-fertile) and may
violate parametric assumptions of normality, we used
multivariate nonparametric logistic regressions (Janzen and
Stern 1998) to evaluate whether leaf traits were related to
reproduction probability. We estimated coefficients of
phenotypic correlations among traits obtained from Pear-
son correlation matrix to rule out collinearity between
traits.

Results

The average total light radiation (GSF) differed between the
microsites where the two Luzuriaga species were sampled,
with light availability being greater for L. polyphylla than for
L. radicans (Table 1; Fig. 1). Accordingly, L. radicans had
a lower minimum light requirement (MLR) than that of
L. polyphylla (Fig. 1), and showed fertile individuals in
darker microsites (Fig. 2). The four leaf functional traits
measured showed significant differences between the study
species (Table 1). L. radicans individuals showed lower dark
respiration rate, higher chlorophyll content and greater leaf
size and SLA than L. polyphylla individuals (Table 1).
For both species, the average GSF differed between the
microsites where fertile and non-fertile individuals occur-
red (L. polyphylla, Fi¢ = 8.66, P <0.01; L. radicans,
Fi 63 = 4.04, P < 0.05), with fewer plants showing repro-
ductive structures in the darkest sites (Fig. 2). Logistic
regressions showed that in L. polyphylla fertile individuals
had thicker stems (y* = 6.23; R?>=0.07; P = 0.013;
n = 63), while in L. radicans there was no significant rela-
tionship between reproductive status and stem diameter
(x> = 0.12; R* = 0.01; P = 0.73; n = 65).

Regarding directional selection patterns, the multivari-
ate logistic analysis showed that in L. polyphylla the
probability of showing reproductive structures was greater
for plants having leaves with greater specific area (SLA), a
functional trait related to enhanced light capture. In con-
trast, the display of reproductive structures in L. radicans
was associated with lower dark respiration rate, a func-
tional trait minimizing carbon losses (Table 2). The overall
model for each climbing plant species was significant
(L. polyphylla: y* = 3220, P <0.001, n = 63; L. radi-
cans: y* = 31.68, P < 0.001, n = 65). When the pheno-
typic selection analysis was focused on fertile individuals
only, taking reproductive output as the fitness variable, we
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Table 1 Mean values (£SE) of total light radiation (GSF), leaf
functional traits, and proportion of fertile individuals (those display-
ing reproductive structures: flowers or fruits) of Luzuriaga polyphylla
(n = 63) and L. radicans (n = 65) in forest understory

L. polyphylla L. radicans

Global site factor (GSF) 0.077 £ 0.005  0.039 % 0.004**
Dark respiration 0.26 £ 0.02 0.20 £ 0.02%*
(umol CO,m? s™1)
Leaf size (cm?) 1.36 £ 0.13 491 £ 0.13%%*
Specific leaf area (cm® g=')  55.30 & 7.49 168.01 £ 7.37%**
Relative chlorophyll content  18.61 £ 1.02 24.21 £ 1.00%**
(ccn
Proportion of fertile 0.62 0.75
individuals

Significant differences between species: * P < 0.05, ** P < 0.01,
*##% P <(0.001 (¢r test); non-significant differences (xz =2.71;
P =0.10)
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Fig. 1 Box plots of the distribution of individuals in relation to light
availability (Global Site Factor) for Luzuriaga polyphylla and L.
radicans populations. Error bar below box 10th percentile; lower
limit of box 25th percentile; dotted line within box mean; solid line
within box median; upper limit of box 75th percentile; error bar above
box 90th percentile. Thus, the MLR (minimum light requirement of
species = 10th percentile, following Lusk et al. 2008) was 0.033 and
0.014 for L. polyphylla and L. radicans, respectively

also detected positive and significant directional selection
on SLA in L. polyphylla (Table 2). In the case of L. radi-
cans, there was negative directional selection on dark
respiration rate, as found above, and also positive direc-
tional selection on leaf size (Table 2). The overall model
for each plant species was significant (L. polyphylia:
R*=0.89, P <0.001, n =39; L. radicans: R’ = 0.62,
P < 0.001, n = 49). We calculated both linear (f) and
quadratic (y) coefficients of the regression to estimate
directional and stabilizing/disruptive selection gradients,
respectively. However, quadratic coefficients are not
shown because none of them were statistically significant,

(a) L. radicans

25 -

Abundance (# individuals)

5_
30

i (b) L. polyphyila
25 -

20
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N ogh P A9 N gD WD P %)
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Total light radiation (GSF)

Fig. 2 Frequency distribution of Luzuriaga plants across the light
gradient within an old-growth forest understory in a southern
temperate rainforest. The hatched sections of bars correspond to
fertile individuals (those showing flowers or fruits); n = 63 and 65 for
L. polyphylla and L. radicans, respectively

i.e., there was no evidence of stabilizing or disruptive
selection.

The phenotypic correlations among traits showed that
dark respiration was negatively correlated to leaf size in
both species, and that leaf size was positively correlated to
SLA in L. radicans (Table 3). Because the correlation
coefficients were, in any case, lower than 0.50 (Table 3),
we ruled out the occurrence of collinearity (i.e., correlation
coefficients >0.80) and hence all traits were included in
the phenotypic selection analyses reported above. Stem
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Table 2 Partial coefficients of multiple logistic regressions of the
probability of showing reproductive structures against leaf functional
traits (b), and linear standardized selection gradients (ff = SE) of leaf

functional traits for reproductive output, in Luzuriaga polyphylla and
L. radicans populations in a forest understory

Trait L. polyphylla L. radicans
b p £ SE b p £ SE

Dark respiration rate 0.77 —0.26 + 0.12 —2.66%*%* —1.31 £ 0.22%%%*
Leaf size 0.27 —0.04 + 0.08 0.01 0.48 £ 0.16%*
Specific leaf area 2.27%% 1.87 £ 0.12%%* -0.17 —0.25 £ 0.15
Relative chlorophyll content 0.19 —0.23 £ 0.08 —0.11 —-0.21 £ 0.14
** P <0.01, ¥**¥* P < 0.001
Table 3 Phenotypic correlations among traits of the study species in a shaded forest understory

Dark respiration Leaf size Specific leaf area Chl Stem diameter
Dark respiration - —0.11%* 0.03 —0.05 —0.01
Leaf size —0.11%* - 0.01 —-0.02 <—0.01
Specific leaf area —0.04 0.45%*% - 0.01 <0.01
Chl —0.01 0.01 —0.03 - 0.02
Stem diameter <—0.01 <0.01 <—0.01 0.12%#% -

The Pearson coefficients of correlation are shown for Luzuriaga polyphylla (above the diagonal) and L. radicans (below the diagonal)

* P <0.05, ** P <0.01, *** P <0.001

diameter, our proxy for plant age, was not correlated to any
of the functional traits shown to be under selection.

Discussion

The multivariate regression approach to phenotypic selec-
tion of Lande and Arnold (1983) was early questioned
because the selection gradient estimates may be biased due
to the probable covariation between fitness and individual
traits driven by microenvironmental differences (Mitchell-
Olds and Shaw 1987; Rausher 1992). In view of our results,
such a bias is very unlikely. Plants in darker microsites
tended to show lower fitness, while those traits under
selection showed the opposite variation. Thus, we found
that individual plants with high SLA and low Rd had
greater fitness, but plants in brighter microsites tend to
show low SLA and high Rd due to the ecophysiological
adjustment to resource exploitation (Valladares and
Niinemets 2008). In other words, from a biologically
meaningful perspective, any environmental covariance
between traits and fitness would have led to selection on
decreased SLA and increased Rd, which is opposite to what
we found.

The debate on the phenotypic basis of plant adaptation
to shade (see Lusk 2002; Valladares and Niinemets 2008)
started with Givnish’s early assertion that natural selection
should favor plants whose form and physiology tend to

@ Springer

maximize their net rate of energy capture (Givnish 1988).
Surprisingly, although several studies have documented the
selective value of plant traits related to carbon economy
(Farris and Lechowicz 1990; Dudley 1996; Ackerly et al.
2000; Arntz and Delph 2001; Geber and Griffen 2003;
Heschel et al. 2004; Saldafa et al. 2007; Agrawal et al.
2008), to our knowledge this is the first study addressing
phenotypic selection on plant functional traits in the field in
the context of comparisons of shade tolerance between
species.

In our study system, two congeneric climbing plants
coexisted in the dark understory of an old-growth forest
stand located in the evergreen temperate rainforest of
southern Chile, where light availability can be lower than
0.5 % of full sunlight (Gianoli, unpublished data). The two
species, however, showed different levels of both shade
tolerance, estimated from their light microsite distribution,
and minimum light requirements for the occurrence and
display of reproductive structures. Thus, Luzuriaga radi-
cans was more shade-tolerant than L. polyphylla. Results
are in accordance with patterns of distribution and abun-
dance across the entire light gradient reported earlier for
these climbers, where L. radicans showed its greatest
abundance in the shaded forest understory, while L. poly-
phylla was preferentially distributed in intermediate light
environments (Gianoli et al. 2010). In both species, fertile
individuals were less likely to be found in darker microsites
of the forest understory, which may suggest resource
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limitation for reproduction. In the case of L. polyphylla, the
probability of reproduction was positively associated with
plant age (as estimated by stem diameter). Thus, in the less
shade-tolerant species, the reproductive stage would only
be attained by long-lived individuals, and provided that
they are located in relatively lit forest spots.

When plant functional traits were compared between the
study species, individuals from the more shade-tolerant
species, L. radicans, showed lower dark respiration rate,
higher chlorophyll content and greater leaf size and specific
leaf area than L. polyphylla plants. Whereas the decreased
metabolic rate supports the idea of conservative use of
resources for shade species, the increased expression of
leaf size, SLA and chlorophyll content instead agrees with
an energy capture strategy (see Valladares and Niinemets
2008), and is also congruent with typical phenotypic
responses of plants to shading at the within-species level
(Salgado-Luarte and Gianoli 2011, 2012, and references
therein). Overall, results support a shade tolerance strategy
relying on the maximization of light capture and use in
photosynthesis together with the minimization of respira-
tion costs for maintenance (Givnish 1988). These climbing
plants, therefore, match with the classic shade tolerance
syndrome described for tree saplings (Valladares and
Niinemets 2008), as has been shown by a study carried out
in the same forest and with several woody vine species
(Valladares et al. 2011a). These results somewhat chal-
lenge the view of climbers as light-demanding species
(Schnitzer and Bongers 2002). Importantly, in order to
determine the processes that generated and/or maintain the
observed characteristics of leaf trait expression in Luzuri-
aga species, it is essential to examine the patterns of nat-
ural selection acting on leaf traits associated with shade
tolerance. Consequently, the association between leaf
functional traits and plant fitness must be evaluated at the
intraspecific scale.

The two Luzuriaga species constitute an appropriate
study system to evaluate the hypothesis of differential
selection patterns in relation to species’ shade tolerance
because the occurrence of confounding factors associated
with phylogenetic distance is unlikely (see Harvey et al.
1995; Ackerly et al. 2000; Reich et al. 2003). In general,
the phenotypic selection analyses, based either on the
probability of display of reproductive structures or on their
number, rendered similar patterns. Thus, we found evi-
dence of natural selection promoting reduced dark respi-
ration in L. radicans and increased specific leaf area in L.
polyphylla. Therefore, results support the hypothesis that in
the more shade-tolerant species, established in the darker
microsites, selection would favor functional traits mini-
mizing carbon losses, while in the less shade-tolerant
species, established in the lighter microsites of the forest
understory, plants displaying leaf traits enhancing light

capture would be selected. Both dark respiration rate and
specific leaf area (SLA) are key traits for plant performance
in low light. Field studies have shown that dark respiration
is the best predictor of shade tolerance, estimated as the
whole-plant light compensation point (Baltzer and Thomas
2007) or as the minimum light requirement of species
(Lusk and Reich 2000). It has been reported that increased
SLA is associated with enhanced carbon gain, particularly
in low light environments (Evans and Poorter 2001; Sims
et al. 1994). Interestingly, despite being closely related
species with similar phenotypes and the same growth habit
(Rodriguez and Marticorena 1987), the two Luzuriaga
species, when coexisting in the dark forest understory, are
subject to different selection pressures by the light envi-
ronment: reduced dark respiration versus increased SLA. In
other words, it is not the case that the less shade-tolerant L.
polyphylla tends to follow the evolutionary path of eco-
physiological adjustment of the more shade-tolerant L.
radicans by minimizing metabolic losses, i.e., reducing
dark respiration. It would be of interest to discern the rel-
ative importance of intrinsic constraints (the dark respira-
tion rate cannot be lowered) and competitive interactions
(L. radicans dominates the darkest microsites) in explain-
ing the selective patterns for L. polyphylla.

Field-based measurements of plant traits and fitness do
not allow the distinction between selection on mean trait
values and on their phenotypic plasticity (Pigliucci 2001).
Although phenotypic plasticity may evolve independently
of the mean trait value (Matesanz et al. 2010 and cited
references), the ultimate target of selection is the pheno-
typic value displayed in the field, regardless of the extent to
which it is due to plastic responses (Gianoli and Valladares
2012). Phenotypic plasticity is a major mechanism of plant
adaptation to changing environmental conditions (Pigliucci
2001; Valladares et al. 2007; Matesanz et al. 2010; Gianoli
and Valladares 2012), but its occurrence does not challenge
the conclusions of a phenotypic selection experiment.
Further experiments under controlled conditions would
allow the estimation of the relative contribution of plastic
responses to the observed adaptive patterns in the field
(e.g., Weinig 2000; Gonzélez-Teuber and Gianoli 2008).
Interestingly, both Luzuriaga species show similar patterns
of variation in the expression of leaf functional traits when
growing in different light environments in this forest
(canopy gaps vs. mature forest): little change in leaf size,
SLA, and photosynthetic rate, and significant differences in
dark respiration rate (Gianoli et al. 2012).

A recent study with the seven most important climbers
in this temperate rainforest, including the two Luzuriaga
species, reported that SLA was not associated with species’
abundance in the shaded understory (Valladares et al.
2011a). We found that there was positive directional
selection on SLA for L. polyphylla. The apparent
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contradiction between intraspecific and interspecific pat-
terns of variation in functional traits related to light use has
been amply discussed (Lusk 2002; Reich et al. 2003; Lusk
et al. 2010), and no consensus has yet been reached. We
stress that the appropriate scale at which to test adaptive
explanations for a given phenotypic pattern, at least from a
Darwinian approach, is the within-population level. Evo-
lution by natural selection occurs—or not—in populations
in which individuals show differential survival or repro-
duction associated with their phenotypes (Endler 1986).
We think that evidence of natural selection on plant
functional traits in contrasting light environments is much
needed to enrich the discussion on the relationship between
intraspecific and interspecific patterns of trait variation
with light availability.
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