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Background and aims — Relatively few studies have addressed the sun-shade response of fern species.
Moreover, there is no information on species-specific plasticity patterns of such response, their relationship
with species ecological requirements and the costs of such plasticity. The present study aims at filling these
gaps by analysing the sun-shade plastic response of two Asplenium species that differ in their ecological
requirements.

Methods — We measured 27 leaf morphological, anatomical and physiological parameters using standard
methods for A. ceterach and A. trichomanes in the field. The parameters were combined through Principal
Component Analysis in order to highlight an integrated sun-shade response across species. Linear regression
analysis was carried out to highlight the relationship between the calculated species plasticity patterns and
the structural control on photosynthetic process.

Key results — A significant degree of phenotypic plasticity was found for both species. Moreover, sun and
shade leaves shared a common slope for the morpho-functional relationships reflecting no additional costs
in terms of carbon assimilation. Even if the plastic responses of the two species scaled positively (R’ = 0.68,
P =4.667¢-07), A. trichomanes was characterized by a slightly higher anatomical plasticity (plasticity
index = 0.19), while A. ceterach showed a higher physiological plasticity (0.60).

Conclusion — A remarkable acclimation capacity for the two Asplenium species in response to different
light conditions was highlighted. Nevertheless, A. ceterach seems to be more suited to cope with full
sunlight conditions as compared to 4. trichomanes, according to species ecological requirements.

Keywords — Acclimation capability; ferns; leaf anatomy; leaf mass per area; photosynthesis; plasticity.

INTRODUCTION (Schneider et al. 2004). However, evolutionary competition
with angiosperms resulted in habitat diversification, spe-
cialization, and extension of biological diversity as well as

increasing adaptability of many fern species. According to

Leptosporangiate ferns (Polypodiidae) are the most numer-
ous group of extant spore-bearing vascular plants (Pterido-

phyte Phylogeny Group 2016). Despite their ancient origin,
the vast majority of modern ferns has emerged in the period
of the last 100 million years (Pryer & Schuettpelz 2009) to-
gether with the evolution and spreading of flowering plants

Page (2002), the “low-light photosynthetic ability” is among
the twelve important advantages of pteridophyte biology,
providing a broad framework for exploitation of ecological
habitats.
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Comparison of the main functional traits of ferns and their
adaptive significance with that of seed plants has largely been
made (Choy-Sin & Suan 1974; Ludlow & Wolf 1975; Bauer
et al. 1991; Brach et al. 1993; Karst & Lechowicz 2007). In
general, it was established that some important leaf traits and
physiological characteristics of ferns have values that cor-
respond to the lowest ones reported for seed plants (Karst
& Lechowicz 2007; Tosens et al. 2016). This applies for in-
stance to leaf mass per unit of leaf area (Karst & Lechowicz
2007), hydraulic conductivity of xylem (Brodrib & Holbrook
2004; Watkins et al. 2010), stomatal and mesophyll conduct-
ance (Nishida et al. 2015; Tosens et al. 2016), photosynthetic
capacity (Gago et al. 2013; Tosens et al. 2016) and photo-
synthetic nitrogen use efficiency (Durand & Goldstein 2001;
Stuntz & Zolt 2001; Tosen et al. 2016).

Apart from the differences between ferns and seed plants,
relatively few studies have specifically addressed fern’s
plastic responses to different environment factors as differ-
ent light conditions. Phenotypic plasticity is defined as the
capacity of a given genotype to express different phenotypes
under different environmental conditions (Valladeres et al.
2007) and it is considered to play an adaptive role in survival
of the species in a changing environment. The standard plas-
ticity experiment involves two or more taxa (clones, geno-
types, families, populations, species) that grow in a series of
different environments in the field, or under controlled con-
dition (Schlichting 1986).

Some works dedicated to the sun/shade response between
different fern species (Choy-Sin & Suan 1974; Ludlow &
Wolf 1975; Winter et al. 1986; Brach et al. 1993; Arens 1997;
Nurul Hafiza et al. 2014) highlighted that fern response to
sun/shade agrees with that of seed plants. In fact, ferns grow-
ing in high light condition tend to be characterized by lower
total chlorophyll content and higher chlorophyll a/b ratio,
stomatal density, light compensation and saturation points,
net photosynthetic rates and nitrogen contents per unit leaf
areca. However, there is still lack of information on the mor-
pho-functional response of different fern species to different
light environments. In particular, there is no information on
the range of these differences. That is, how much morpho-
logical, anatomical and physiological plasticity can be ex-
pressed by different fern species in the sun/shade transition.

Changes of photosynthetic rates across leaves with differ-
ent structure and chemistry have been successfully expressed
by the leaf economics spectrum (Wright et al. 2004). Rela-
tionships between leaf structure and function in ferns have
received less attention, with two exceptions: Karst & Lecho-
wicz (2007) analysed the so-called ‘frond economics spec-
trum’ by including 20 understory fern species and, by explor-
ing only area-based correlations, found that the relationships
between foliar traits were in agreement with those of the
leaf economic spectrum. However, the mass-based photo-
synthetic capacity characterizes the biochemical capacity of
single cells and is the key player in the worldwide trade-off
between the physiological and structural characteristics of
leaves (Westoby et al. 2013; Niinemets et al. 2004; Tosens
et al. 2016). Accordingly, Tosens et al. (2016), analysing the
bivariate relationships between leaf traits in 35 ferns grown
under non-stressful conditions found mass-based relation-
ships to be stronger than the area-based ones, in agreement

with Wright et al. (2004) for seed plants, but in contrast with
Karst & Lechowicz (2007). Despite this evidence, at the best
of our knowledge there is no previous study that has ad-
dressed how the sun-shade transition differentially affect the
relationship between leaf structure and function in ferns. As
a result, we do not know how the expected changes in leaf
structure affect changes in mass-based net photosynthesis
in ferns growing in different light environments (i.e. cost in
terms of carbon assimilation). This is of particular concern
since bivariate relationships between leaf structure and func-
tion are useful tool for predicting species-specific adapta-
tions to particular environments (Wright et al. 2004).

Considering these gaps of knowledge, the present study
aimed at analysing the leaf morpho-physiological response
of two Asplenium L. species coexisting under both sun and
shade conditions in the field but characterized by different
ecological preferences. Asplenium ceterach L. is a thermo-
philic species that tends to colonize habitats characterized by
higher radiation levels, while Asplenium trichomanes L. is
more linked to shaded and humid environments (see below).

In particular, we wanted to address: (i) whether leaf mor-
phological trait variations pose a physiological cost in the
sun/shade transition independently of the species and (ii)
whether growing under full sunlight can be achieved through
a common pattern of response across coexisting (and conge-
neric) species.

We hypothesized that: (i) sun leaves may be characterized
by a greater cost in terms of carbon assimilation, as high-
lighted by a steeper slope for the relationships involving mass
based net photosynthesis and leaf structural traits, due to a
greater structural investment in leaves; (ii) even if a common
pattern of response (in terms of mean values) could be high-
lighted, we still expected that the selected species could differ
in plasticity of key traits (i.e. high range of variability) that
could reflect their different ecological requirements.

MATERIALS AND METHODS

Abbreviations

Aa — Net photosynthetic rate (umol CO, m™ s™"); AC — Asp-
lenium ceterach; Am — Mass based net photosynthesis (nmol
CO, g™' s7"); AT — Asplenium trichomanes; DM — Leaf dry
mass (g); DSt — Stomatal density (number mm2); E — Tran-
spiration rate (mmol H,O m™ s™); gs — Stomatal conductance
(mol H,O m™ s7"); iWUE — Intrinsic water-use efficiency
(umol CO, mol H/O™); LA — Leaf area (cm?); LMA — Leaf
mass per unit of leaf area (g m); LT — Total leaf thickness
(um); LTD — Leaf tissue density (mg cm?); PI — Phenotypic
plasticity index; PPFD — Photosynthetic photon flux density
(umol photon m~2s™!); WUE —Water-use efficiency (umol
CO, mmol H,0™).

Plant material

Two largely distributed Asplenium L. species were selected.
Both species are perennials with overwintering leaves that
persist 12—18 months in the study area. Previous studies have
demonstrated that longer-term leaf traits versus light rela-
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tionships are stable during most of the growing season (Nii-
nemets et al. 2004; Hallik et al. 2012).

Asplenium trichomanes L. grows in a range of habitats
from open to shaded rocky ones, but prefers calcareous rocks
(such as limestone and dolomite) or mortared walls. It some-
times occurs in terrestrial habitats. It is widespread in tem-
perate and subarctic areas of northern hemisphere and also
occurs in mountainous regions in the tropics extending to
Australia and western regions of South America. In Italy, it
occurs up to 2910 m a.s.l. (Pignatti 1982; Marchetti 2001;
Soster 2001; Preston et al. 2002; Tutin et al. 2010).

Asplenium ceterach L. (Ceterach officinarum Willd.)
occurs mainly on exposed and sunny cliffs, cracks in stone,
scree slopes of basic rocks, especially limestone. It is wide-
spread in Mediterranean region, with general distribution in
Europe, North Africa and Southwestern Asia. In Italy, it at-
tains altitudes up to 2000 m a.s.l (Pignatti 1982; Marchetti
2001; Soster 2001; Preston et al. 2002; Tutin et al. 2010).
Asplenium ceterach is a desiccation-tolerant fern (Proctor &
Tuba 2002).

Despite the fact that both species often prefer rocky out-
crops and can grow together, A. trichomanes has much wider
ecological amplitude and geographical range. According to
Didukh’s (2011) approach for the estimation of ecological
scales, both species have similar requirements to damping
(o = 0.05-0.25), soil aeration (Ae = 50-95), and salt regime
(30200 mg/l). Asplenium trichomanes grows in a wide
range of soil humidity (Wnp = 55-250 mm), light condition
(from scyophytes to heliophytes), and thermal climate (25—
85 kcal cm? year™!). On the other hand, ecological require-
ments of 4. ceterach are shifted to warmer (Wnp = 25-75
mm) and higher insolation condition (it belongs to the group
of sub-heliophytes or heliophytes).

For both species nine representative plants were random-
ly chosen along two transects in open and shade areas along
the calcareous slopes. The length of the transects reached
200 m for the open area and about 150 m for the shade area.
All selected plants were fertile with leaves of adult form ap-
proaching maximum size and complexity inherent in mature
individuals. The number of leaves per rhizome was 7—13 for
open area and up to 20 for shade area.

Study area and climate

The research was carried out in Central Apennine Moun-
tains at Lucretili Mountains (Parco Naturale Regionale dei
Monti Lucretili, Rome, Italy) in May 2017. The open area
(“sun plants”, 42°4'44.57"N, 12°53'28.13"E; 475 m a.s.l.)
was characterized by a mean photosynthetic photon flux
density (PPFD, pumol photon m? s') of 1895+175, mean
temperature (Tm, °C) of 24.9+1.3, red far red ratio (R/FR)
of 2.02. The shade area was situated in the understory of
Fraxinus ornus L., Acer monspessulanum L. and Carpinus
betulus L. (“shade plants”, 42°4'45.02"N, 12°53'29.82"E,
475 m a.s.l.; PPFD = 15£1; Tm = 17.5+0.9, R/FR = 0.60).
The area is characterized by a Mediterranean climate. The
mean minimum air temperature (Tmin) of the coldest months
(January and February) is 2.0+1.6°C, the mean maximum air
temperature (Tmax) of the hottest months (July and August)
is 33.0 £ 1.7°C and the mean yearly air temperature (Tm)

428

is 14.1£1.5°C. The dry period begins in June and ends in
August (35.5+23.5 mm total rainfall). Total annual rainfall
is 1177.99 mm, most of which occurs in autumn and win-
ter (data from the Meteorological Station of Licenza — loc.
Colle Franco, Rome, 460 m a.s.l., ARSIAL — Lazio Regional
Agency for Development and Agricultural Innovation, for
the years 2007-2017).

Morphological leaf traits

Morphological measurements were carried out on fully ex-
panded fertile leaves from each selected plant (n = 9). Meas-
urements included leaf area (LA, cm?), leaf length (cm) and
leaf width (cm) measured by an Image Analysis System
(Delta—T Devices, UK) and leaf dry mass (DM, g), measured
after desiccation at 80°C to constant mass. LA and DM of the
whole lamina without rachis (for A. trichomanes) and mas-
sive midrib (for 4. ceterach) were considered. Leaf width
was measured at the midpoint of the leaf.

Leaf mass per unit of leaf area (LMA, g m?) was calcu-
lated by the ratio between DM and LA and leaf tissue den-
sity (LTD, mg cm™) by the ratio between LMA and total leaf
thickness (LT, pm) (Wright et al. 2004).

Anatomical leaf traits

Anatomical measurements were carried out on pinnae (AT)
or lateral lobes (AC) from the central part of the fully ex-
panded fresh leaves (n = 9) and analysed by light microscopy
(Zeiss Axiocam MRc 5 digital camera (Carl Zeiss) using an
Image Analysis System (Axiovision AC software). The fol-
lowing parameters were determined in transverse sections:
total leaf thickness (pum), abaxial and adaxial cuticle with cell
wall thickness (um), abaxial and adaxial epidermis thickness
(um), mesophyll tissue thickness (um).

Epidermal features were determined from nail varnish
impressions (n = 9) of the adaxial and abaxial surfaces of
the lamina, according to Sack et al. (2003). The following
parameters were measured: adaxial epidermal cell length
(um), adaxial epidermal cell width (um), abaxial epidermal
cell length (um), abaxial epidermal cell width (um), stomatal
cell length and width (um), stomatal density (number mm 2).

Gas exchange measurements

Measurements of gas exchange were carried out using the in-
frared gas analysers ADC LCPro+ (UK) equipped with a leaf
chamber (PLC, Parkinson Leaf Chamber). Measurements
were made on three leaves per each sun and shade plants (n
=9). Net photosynthetic rate (Aa, pmol CO, m™ s™), photo-
synthetic photon flux density (PPFD, pmol photon m™2s™!),
stomatal conductance (gs, mol H/O m™ s7') and transpira-
tion rate (E, mmol H/O m™ s7'), were measured. Measure-
ments were carried out under natural conditions, on cloud-
free days at saturating PPFD (> 1,500 umol photon m™2s™ in
sun conditions), in the morning from 8:00 am to 12:00 am.
CO, concentration in the leaf chamber was set at 400 umol
CO, mol™air, and relative air humidity of the incoming air
ranged between 40% and 60%. The intrinsic water-use effi-
ciency (iWUE, umol CO, mol H,O0™") was calculated as the
ratio between Aa and gs. Water-use efficiency (WUE, umol
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CO, mmol H,0™) was calculated as the ratio between Aa and
E. Mass based net photosynthesis (Am, nmol CO, g''s™") was
calculated as the ratio between Aa and LMA (Wright et al.
2004).

Data analysis

Standardized major axis regression (SMA, Warton et al.
2006) was used to analyse the relationships LMA-LT, LMA-
LTD, LTD-LT and between Am and LMA, LT and LTD with
Light as the main factor. The differences in terms of slopes
and intercepts were tested by the Likelihood Ratio and Wald
statistic, respectively. All analyses were run with the R li-
brary SMATR (Warton et al. 2012) on log-transformed data.

To test if species shared a common pattern of response
in the sun-shade transition, a Principal Component Analy-
sis (PCA) by including all the considered traits grouped by
SpeciesxLight environment was carried out. Then, a Two-
way ANOVA was performed in order to test the effect of
factors Species, Light and their interaction (Species xLight)
on the extracted principal components (i.e. PC1 and PC2).

Multiple comparisons were analysed by a Tukey test. Such
approach was used in order to reduce multiple testing, con-
sidering that the use of emerging collective properties (ex-
pressed by PCs) as primary variables allows for an equally
robust approach (Giuliani 2017).

The phenotypic plasticity index (PI, Valladares et al.
2000) was calculated for each species (hereafter PI, . and
PI,) in order to quantify the degree of phenotypic plastic-
ity for each of the considered traits in response to different
light environments. PI was calculated as the difference be-
tween the minimum and the maximum mean value divided
by the maximum mean value per each trait. Then, PI, was
regressed against PI, . via linear regression analysis (n = 25).

RESULTS

Traits variability and bivariate relationships

The results highlighted an overall difference in the consid-
ered leaf traits of sun and shade leaves for the two consid-
ered species (fig. 1, table 1).

Figure 1 — Sun and shade leaves and their cross sections. A, B, E, F. Asplenium ceterach. C, D, G, H. Asplenium trichomanes. A, C, E, G.
Sun leaves. B, D, F, H. Shade leaves.

429



PIL Ecol. Evol. 152 (3), 2019

430

Table 1 — Morphological, anatomical and physiological parameters of Asplenium ceterach and Asplenium

trichomanes (mean value * standard deviation).

* Mesophyll is not differentiated.

Parameters Asplenium ceterach Asplenium trichomanes
Shade Sun Shade Sun
Morphological parameters
Petiole length, cm 4.64 £2.35 1.70 £ 0.61 4.57+£1.56 1.38 £ 1.15
Lamina length, cm 16.79 +3.37 10.00 £2.52 22.76 £ 4.68 13.12+£3.13
Lamina width, cm 3.08+0.48 1.74 £0.15 1.96 £ 0.24 1.17+0.17
Leaf dry mass, g 0.17+0.05 0.10+£0.03 0.10+0.01 0.05+0.02
Leaf area, cm? 23.87 £6.29 8.42+2.13 24.04 £2.96 7.52+£2.30
Leaf mass per unit of area, g m?> 73.04+0.57 123.04 +1.91 40.37+0.28 70.24 +1.08
Leaf tissue density, mg cm™ 258.85+21.14 310.09 +20.55 221.47 £ 17.18 305.62 £ 41.55
Water content, % 64.02 + 1.88 58.34+2.91 62.78 +2.06 58.08 +£2.29

Anatomical parameters

Tissue thickness
Total leaf, pm
Adaxial cuticle, pm

Adaxial epidermis, pm
Palisade, um
Spongy, pm

294.62 + 18.85
3.89 +0.58

26.35+2.73

104.07 £ 11.91
131.08 + 16.24

388.21 £27.70
4.45+0.53

29.39+3.14

182.36 £22.38
152.31 +17.25

164.53 +23.78
3.50 +£0.49
30.95 +6.68

103.99 +25.22*

216.31 +27.85
4.81+£0.95
43.12+9.91

141.41 +24.63*

Abaxial epidermis, pm 23.33+4.90 23.33£6.09 2422 +3.22 2591 +4.52
Abaxial cuticle, pm 2.78 £0.46 2.62 +0.31 2.02+£0.23 2.76 £ 0.64
Epidermal features

Adaxial cell length (um) 88.20 +9.25 70.90 + 10.62 79.53 +9.63 71.06 + 10.74
Adaxial cell width (um) 54.10+5.16 4775+ 837 39.93+5.73 40.43 + 6.03
Abaxial cell length (um) 89.47 + 10.65 75.70 £9.71 108.63 + 17.23 81.32+11.28
Abaxial cell width (pum) 47,92+ 6.50 42.82 +6.29 48.94 + 6.83 40.45+4.12
Stomatal parameters

Length (um) 38.03 £3.01 37.17+221 4738 +2.50 46.94 % 3.69
Width (um) 28.46 +2.64 29.1942.07 31.30+2.45 29.87 4 1.69
Density (n mm?) 108.60 + 16.88 167.49 + 18.17 35.10+ 12.76 115.51 + 47.99
Physiological parameters

Area based net photosynthesis 2214038 5.04+ 138 2.73+0.51 6.22+2.67
(umol CO, m™s™)

Mass based net photosynthesis 30.43 + 6.30 41.95 + 14.64 67.85 + 13.32 88.14 + 38.32
(nmol CO, g™ s7™)

(Séf;ﬁ‘_fgcg_‘f;{c,;ance 0.03 £0.01 0.11 +0.02 0.02 £ 0.00 0.05 £ 0.02
(Téigffl’i;itg’;fﬁ‘t;) 0.60 + 0.23 434+0.58 0.48 +0.03 2.06+0.76
;ﬁ“r;glsl&‘)t afﬁ;“ﬁigf%demy 85.56 + 46.83 44.80 +11.39 126.61 + 48.61 139.44 + 49.57
Water-use efficiency 436+2.14 1.16 +0.26 570+ 0.93 2.99+0.61

(umol CO, mmol H,O™)
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Table 2 — Common slope, intercept, R’ and P of the Standardized major Axis Regression for the log--log relationships.

The log—log relationships between leaf dry mass per unit leaf area (LMA) and net photosynthetic rate per unit of leaf dry mass (Am), leaf
thickness (LT) and Am, leaf tissue density (LTD) and Am, LTD and LMA, LT and LMA and LTD and LT for sun and shade leaves. P in bold
indicates significance at <0.05.

Log LMA

Log Am

3.6 38 40 42 44 46 48 5.0

4.5 5.0

4.0

3.5

Log-Log Relationship ~ Light condition =~ Common Slope  Intercept R’ P
sun —1.48 10.73 0.41 0.004
Am-LMA
shade 9.70 0.84 8.36E-08
sun —-1.48 12.45 0.55 0.0004
Am-LT
shade 11.79 0.79 8.57E-07
sun —4.41 29.27 0.04 0.42
Am-LTD
shade 27.93 0.39 0.005
sun 2.94 -12.10 0.18 0.08
LMA-LTD
shade —12.31 0.53 0.0006
sun 0.99 -1.35 0.87 1.18E-08
LMA-LT
shade -1.10 0.59 0.0002
sun 0.34 3.80 0.0005 0.93
LTD-LT
shade 3.64 0.42 0.003
. o [}
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Figure 2 — Log—log relationships between: A, leaf tissue density (LTD) and leaf dry mass per unit area (LMA); B, total leaf thickness (LT)
and LMA; C, LTD and LT; D, LMA and net photosynthetic rate per unit of leaf dry mass (Am); E, LT and Am; F, LTD and Am for sun (grey
dots) and shade (black dots) leaves. Data were pooled across species per light condition. The estimated common slopes, intercepts, R’ and P

are shown in table 2. (Standardized major Axis Regression, n = 27). n.s. = not significant; *** = P <0.01.
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Table 3 — Results of the two-way ANOVA (F and P values)
for the first and second principal component (PC1 and PC2,
respectively) extracted.

The main effects of Species, Light and the first order interaction
(Species xLight) are shown. The factor effect was considered
significant at P < 0.05.

Response Degrees of

variable Factors frocdom F-value P-value
Species 1.32 775.426  <2E-16

PC1 Light 1.32 1368.73  <2E-16
Species xLight 1.32 0.214 0.647
Species 1.32 150.854 1.19E-13

PC2 Light 1.32 85.568  1.47E-10
Species xLight 1.32 3.807 0.0598

Changes in LMA were due to changes in both LTD (R?=
0.53; P =0.0006) and LT (R’= 0.59; P = 0.0002) for shade
leaves while in sun leaves only the relationship LMA-LT
(R>= 0.87; P = 1.18E-08) was significant (fig. 2A—C, table
2). LT and LTD were in turn significantly and positively re-
lated only in shade leaves (R?= 0.42; P = 0.003). Moreover,
LMA and LT scaled negatively (P < 0.05) with Am in both
sun and shade leaves while the relationship Am—LTD was
only significant in shade leaves (R°= 0.39; P = 0.005) (fig.
2D-F, table 2). Significant differences between slopes for the
considered bivariate relationships were not found. However,
intercepts were always found to significantly differ between

sun and shade leaves (fig. 2A—F) except for the relationship
LMA-LTD.

Patterns of phenotypic plasticity: convergences and
divergences between species

The PCA returned two axes of variation with percentage of
explained variance of 38 % and 21 % for PC1 and PC2, re-
spectively (fig. 3; supplementary file 1). PC1 was significant-
ly and positively related to gs, E, LMA, LTD, LT, mesophyll
thickness and stomatal density while negatively with WUE,
leaf length and abaxial epidermal cell length. PC2 was signif-
icantly and positively related to Aa, Am and adaxial cuticle
thickness while negatively with adaxial epidermal cell width,
iWUE, LP, water content and stomatal cell length showed
the same magnitude of correlation with both of the PCs.

The Two-way ANOVA showed that the factors Species
and Light were significant for both the PCs while the interac-
tion terms were not significant in both of the analyses (ta-
ble 3). Overall, as expected, Light accounted for most of the
variance for PC1 while the factor Species for PC2.

The phenotypic plasticity patterns obtained for the two
considered species in response to light were significantly re-
lated (R?=0.68; P =4.667¢—07; fig. 4). However, on average,
A. trichomanes was characterized by a slightly higher ana-
tomical plasticity as compared to 4. ceterach (0.19 and 0.14,
respectively), while the latter showed a greater physiological
plasticity (0.60 and 0.46 in A. ceterach and A. trichomanes,
respectively). The two species roughly converged in terms of
the magnitude of morphological plasticity (0.35 and 0.38 in
A. ceterach and A. trichomanes, respectively).

AT_Shade

AC_Shade

PC1

Figure 3 — Principal Component Analysis (PCA) on a correlation matrix including all the 25 morphological, anatomical and physiological
leaf traits (see supplementary file 1) for sun and shade leaves of Asplenium trichomanes (AT) and Asplenium ceterach (AC). The % of
explained variance for each PC and the correlation of each variables with both PC1 and PC2 are shown in supplementary file 1.
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DISCUSSION

Plant responses to reduced light environment have been in-
vestigated in several ecological and eco-physiological stud-
ies (see Valladares & Niinemets 2008 for a review) but ferns
have often been disregarded. In the present study, the re-
sponse of two congeneric fern species coexisting under sun
and shade conditions in the field was analysed.

Traits variability and bivariate relationships

Overall, the results highlight significant divergence between
leaves developed under full sunlight and shade conditions
(mean PPFD = 1895£175 and 1541, respectively) in terms
of mean values of the considered traits. In particular, as ex-
pected, we found an increase in Aa and gs for sun leaves, and
the values are in the range of that reported for fern species
(Aa generally < 10 and gs between 0.017 and 0.177, Tos-
ens et al. 2016). In our study, LMA and LT ranged between
40.67-123.04 g m? and 164-388 um, respectively. Interest-
ingly, such values were slightly outside the ranges reported
for these traits in the literature (Tosens et al. 2016; Vasheka
et al. 2016) suggesting that sun-shade transition represents a
strong driver of LMA and LT variations in ferns. According-
ly, we found that both LMA and LT scaled negatively with
photosynthetic rate on a mass basis (Am) and that LT was
the main determinant of LMA changes in both sun and shade
leaves. Moreover, the scaling relationships differ in terms of
intercepts, reflecting species acclimation to different light
conditions. It is in fact well known that different environmen-
tal conditions may determine different proportional changes
of the parameters on the x- and y-axis, with the result that
intercepts significantly differ (Wright et al. 2001; Atkinson
et al. 2010), as observed here. However, an eventual cost in
terms of Am due to changes in LMA and LT would be out-

1.0 L
Asplenium s
trichomanes L
0.8 A T o
DSt L -
o © g
0.6 4 o-°"
= I - 098
n_.( Morphology S Y O WUE
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270 Asplenium
O iWUE ceterach
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Figure 4 — Relationship between the phenotypic plasticity index
measured in response to light for Asplenium trichomanes (P1,,) and
Asplenium ceterach (P1,;) for the 25 morphological, anatomical
and physiological leaf traits considered (see table 3). Values of PI
calculated per each parameter and species were used as experimental
units (n = 25). R>=0.68; P =4.667¢-07. The 1:1 line, mean values
for each trait pool (black dots) and the parameters that mainly drive
mean differences are also shown: stomatal density (DSt), stomatal
conductance (gs), water use efficiency (WUE), intrinsic water use
efficiency (iWUE).

lined by differences in slopes between sun and shade leaves,
but we did not observe any difference in slopes. Moreover,
we want to stress that the slope we found for the relationship
Am-LMA (—1.48) was identical to that found by Tosens et
al. (2016) by including data for 35 fern species (—1.47).

We argue that the common slope shared by sun and shade
leaves for the relationship Am—LMA and Am-LT, together
with differences in intercepts, reflects the ability of the con-
sidered species to adapt morphological and anatomical leaf
traits in response to light with no further costs in terms of
carbon assimilation. Additionally, there was a general lack
of relationship between LTD and the rest of the considered
parameters only for sun leaves, possibly highlighting a ten-
dency of the considered species to better modulate LT under
full sunlight conditions, supported by the lack of relation-
ship LTD-LT. A similar result was obtained by Puglielli et
al. (2017) for a shrub species growing in different light en-
vironments. Moreover, LTD is a costly trait (de la Riva et
al. 2016; Puglielli & Varone 2018), as also attested by the
greatest slope of the relationship LTD—Am (—4.41) as com-
pared to Am—LMA and Am-LT (mean slope = —1.48). There-
fore, such response can allow sun leaves to avoid excessive
costs in terms of Am by preferably modulating LT in order to
avoid a longer pay-back time for leaf construction costs (i.e.
longer leaf life-span). On the contrary, this may happen in
shade conditions even if this aspect needs further investiga-
tion.

Concerning the anatomical traits, few comparisons with
other studies could be made even if the measured values are
in agreement with Vasheka et al. (2016).

Patterns of phenotypic plasticity: convergences and
divergences between species

The ANOVA carried out on the two PCs extracted was deci-
sive to determine if species shared a common pattern of re-
sponse in the shade-sun transition. The analysis highlighted
a greater effect of Light than Species on PC1 as compared to
PC2. Such result can be easily interpreted. In fact, for math-
ematical construction the PC1 captures the highest variance
within the data, so it is reasonable to expect greater differ-
ences in terms of Light than Species along this axis. On the
contrary, PC2 should also include species-specific differ-
ences for the considered traits, thus resulting in a greater ef-
fect of Species than Light, as observed. Moreover, the lack of
significance for the interaction term (Species X Light) for both
PC1 and PC2 demonstrates that such response patterns are
independent of species-specific differences in trait values. If
so, a convergence in terms of phenotypic plasticity patterns
for the considered species could be expected. Accordingly,
the plastic responses of the two species scaled positively
(R> = 0.68, P = 4.667 ¢ —07) with most of the points fall-
ing tightly around the 1:1 line in fig. 4. Mean plasticity val-
ues plotted in the same graph showed that 4. trichomanes
tends to be characterized by a slightly higher anatomical
plasticity (mean value falling above the 1:1 line) while A.
ceterach is characterized by a higher physiological plastic-
ity (mean value falling below the 1:1 line). Such a discrep-
ancy mainly comes from different plastic behaviour in few
parameters. In fact, 4. ceterach is characterized by a greater
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plasticity in gs, iWUE and WUE which drives the mean be-
low the 1:1 line, while the higher anatomical plasticity in
A. trichomanes is driven by a greater plasticity of stomatal
density. Concerning A. ceterach, its response is due to less
stomatal closure under full sunlight conditions resulting in a
lower iWUE and WUE as compared to shade leaves. On the
other hand, 4. trichomanes tends to have a more conserva-
tive water use strategy. For this species increasing stomatal
density under full sunlight condition expands opportunity to
better control stomatal conductance in relation to photosyn-
thesis (i.e. iWUE) (Heterington & Woodward 2003; Puglielli
et al. 2017). However, this is not enough to increase iWUE
to a great extent in sun as compared to shade leaves, possi-
bly reflecting hydraulic limitations to photosynthesis. Strong
hydraulic limitation of photosynthesis in ferns is generally
reported (Zhang et al. 2014; Tosens et al. 2015), and it seems
to be due to the fact that water and CO, share a significant
fraction of the outside-xylem pathways in photosynthetic or-
gans (Flexas et al. 2013). While this hypothesis is valid for
A. trichomanes, A. ceterach seems to display no hydraulic
limitation of photosynthesis or, at least, to a lesser extent.
These differences can be also reflected by the different struc-
ture of mesophyll tissues between the species (fig. 1). The
mesophyll of 4. ceterach is well differentiated on palisade
and spongy tissues whereas A. trichomanes has undifferenti-
ated mesophyll which can further justify different water use
and carbon fixation strategy in A. ceterach as compared to A4.
trichomanes. Additionally, A. ceterach belongs to the group
of desiccation-tolerant ferns (Proctor & Tuba 2002; Hietz
2010) and has some additional adaptations for control of
water loss such as leaf curling and densely covered abaxial
leaf surface by peltate scales, the effect of which on water
uptake and loss of the desiccation-tolerant epiphytic fern was
recently established (John & Hasenstein 2017).

Most studies have investigated phenotypic plasticity of
leaf traits in angiosperms and values between 0.20 and 0.60
are generally reported (as reviewed by Gratani 2014 and
Chelli et al. 2019). On the other hand, gymnosperms display
much lower phenotypic plasticity, with PI ranging between
0.09 and 0.12 for anatomical and 0.14 and 0.32 for physi-
ological traits (Wyka et al. 2007). Our results show that the
investigated Asplenium species display PI values compara-
ble to those of seed plants and that further comparisons are
needed in order to place phenotypic plasticity of ferns in an
evolutionary context.

CONCLUSIONS

On the whole, the present work highlights a significant de-
gree of phenotypic plasticity for the considered species in
response to different light conditions reflecting a remarkable
acclimation capacity. This is supported by the lack of costs in
terms of carbon assimilation possibly due to the species abil-
ity to modulate leaf thickness under full sunlight conditions.
This allows reducing the leaf construction costs thus result-
ing in the same slopes for the considered bivariate relation-
ships between sun and shade leaves.

Moreover, the study provides the first evidence of a com-
mon pattern of response to different light conditions in two
fern species. Despite the similarities in the response to sun-

434

shade transition we found that A. ceterach and A. tricho-
manes diverge in terms of water use strategies which reflect
a different tolerance to full sunlight conditions. In particular,
A ceterach seems to be more suited to cope with full sunlight
conditions than A. trichomanes, according to the ecological
requirements of the species. In fact, while both species pre-
fer substrates with little water storage capacity such as rocks,
cliffs, cracks in stone and scree slopes, A. trichomanes oc-
curs, however, in more shady places or locations with con-
tinuous water supply.

This work contributes to the so far overlooked response
of ferns to different light conditions which can further eluci-
date the ecological success of this group of vascular plants.
Moreover, we identified a set of traits and provide data analy-
sis procedure that can be used to test integrated sun-shade
patterns of response in other species of ferns.

SUPPLEMENTARY FILE

One supplementary file is associated to this paper:

Factor loadings and SpeciesxLight coordinates for the princi-
pal component analysis (PCA) carried out on the considered
traits:
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ACKNOWLEDGEMENTS

We would like to thank the two anonymous reviewers for
their appropriate comments that improved the manuscript.

REFERENCES

Arens N.C. (1997) Responses of leaf anatomy to light environment
in the tree fern Cyathea caracasana (Cyatheaceae) and its ap-
plication to some ancient seed ferns. Palaios 12: 84-94. https://
doi.org/10.2307/3515296

Atkinson L.J., Campbell C.D., Zaragoza-Castells J., Hurry V.,
Atkin O.K. (2010) Impact of growth temperature on scaling
relationships linking photosynthetic metabolism to leaf func-
tional traits. Functional Ecology 24: 1181-1191. https://doi.
org/10.1111/j.1365-2435.2010.01758.x

Bauer H., Gallmetzer Ch., Sato T. (1991) Phenology and photo-
synthetic activity in sterile and fertile sporophytes of Dryopt-
eris filix-mas (L.) Schott. Oecologia 86: 159-162. https://doi.
org/10.1007/BF00317526

Brach A.R., McNaughton S.J., Raynal D.J. (1993) Photosyn-
thetic adaptability of two fern species of a Northern Hard-
wood forest. American Fern Journal 83: 47-53. https://doi.
org/10.2307/1547566

Brodribb T.J., Holbrook N.M. (2004) Stomatal protection against
hydraulic failure: a comparison of coexisting ferns and angio-
sperms. New Phytologist 162: 663—670. https://doi.org/10.1111/
j-1469-8137.2004.01060.x

Chelli S., Marignani M., Barni E., Petraglia A., Puglielli G., Well-
stein C., Acosta A.T.R., Bolpagni R., Bragazza L., Campetella
G., Chiarucci A., Conti L., Nascimbene J., Orsenigo S., Pierce
S., Ricotta C., Tardella F.M., Abeli T., Aronne G., Bacaro G.,
Bagella S., Benesperi R., Bernareggi G., Bonanomi G., Bricca
A., Brusa G., Buffa G., Burrascano S., Caccianiga M., Cala-
brese V., Canullo R., Carbognani M., Carboni M., Carranza
M.L., Catorci A., Ciccarelli D., Citterio S., Cutini M., Dalle


https://doi.org/10.5091/plecevo.2019.1525.1891
https://doi.org/10.2307/3515296
https://doi.org/10.2307/3515296
https://doi.org/10.1111/j.1365-2435.2010.01758.x
https://doi.org/10.1111/j.1365-2435.2010.01758.x
https://doi.org/10.1007/BF00317526
https://doi.org/10.1007/BF00317526
https://doi.org/10.2307/1547566
https://doi.org/10.2307/1547566
https://doi.org/10.1111/j.1469-8137.2004.01060.x
https://doi.org/10.1111/j.1469-8137.2004.01060.x

Vasheka, Gratani & Puglielli, Physiological and structural plasticity of two Asplenium species

Fratte M., De Micco V., Del Vecchio S., Di Martino L., Di Mus-
ciano M., Fantinato E., Filigheddu R., Frattaroli A.R., Gentili
R., Gerdol R., Giarrizzo E., Giordani P., Gratani L., Incerti G.,
Lussu M., Mazzoleni S., Mondoni A., Montagnani C., Montag-
noli A., Paura B., Petruzzellis F., Pisanu S., Rossi G., Sgarbi
E., Simonetti E., Siniscalco C., Slaviero A., Stanisci A., Stinca
A., Tomaselli M., Cerabolini B.E.L. (2019) Plant-environment
interactions through a functional traits perspective: a review of
Italian studies. Plant Biosystems. https://doi.org/10.1080/11263
504.2018.1559250

Choy-Sin Y., Suan W.Y. (1974) Photosynthesis and respiration of
ferns in relation to their habit. American Fern Journal 64: 40—
48. https://doi.org/10.2307/1546761

de la Riva E.G., Olmo M., Poorter H., Ubera J.L., Villar R. (2016)
Leaf mass per area (LMA) and its relationship with leaf struc-
ture and anatomy in 34 Mediterranean woody species along a
water availability gradient. PLoS ONE 11(2): e0148788. https://
doi.org/10.1371/journal.pone.0148788

Didukh Ya.P. (2011) The ecological scales for the species of Ukrain-
ian flora and their use in synphytoindication. Kyiv, Phytosocio-
centre.

Durand L.Z., Goldstein G. (2001) Photosynthesis, photoinhibition,
and nitrogen use efficiency in native and invasive tree ferns
in Hawaii. Oecologia 126: 345-354. https://doi.org/10.1007/
s004420000535

Flexas J., Scoffoni C., Gago J., Sack L. (2013) Leaf mesophyll con-
ductance and leaf hydraulic conductance: an introduction to
their measurement and coordination. Journal of Experimental
Botany 64: 3965-3981. https://doi.org/10.1093/jxb/ert319

Gago J., Coopman R.E., Cabrera H.M., Hermida C., Molins A.,
Conesa M.A., Galmés J., Ribas-Carbé M., Flexas J. (2013)
Photosynthesis limitations in three fern species. Physiologia
Plantarum 149: 599-611. https://doi.org/10.1111/ppl.12073

Giuliani A. (2017) The application of principal component analysis
to drug discovery and biomedical data. Drug Discovery Today
22:1069-1076. https://doi.org/10.1016/j.drudis.2017.01.005

Gratani L. (2014) Plant phenotypic plasticity in response to envi-
ronmental factors. Advances in Botany 2014: 208747. https://
doi.org/10.1155/2014/208747

Hallik L., Niinemets U., Kull O. (2012) Photosynthetic acclimation
to light in woody and herbaceous species: a comparison of leaf
structure, pigment content and chlorophyll fluorescence charac-
teristics measured in the field. Plant Biology 14: 88-99. https://
doi.org/10.1111/j.1438-8677.2011.00472.x

Hetherington A.M., Woodward F.I. (2003) The role of stomata in
sensing and driving environmental change. Nature 424: 901—
908. https://doi.org/10.1038/nature01843

Hietz P. (2010) Fern adaptations to xeric environments. In: Mehltre-
ter K., Walker L.R., Sharpe J.M. (eds) Fern ecology: 140-176.
New York, Cambridge University Press.

John S.P., Hasenstein K.H. (2017) The role of peltate scales in
desiccation tolerance of Pleopeltis polypodioides. Planta 245:
207-220. https://doi.org/10.1007/s00425-016-2631-2

Karst A.L., Lechowicz M.J. (2007) Are correlations among foliar
traits in ferns consistent with those in the seed plants? New
Phytologist  173: 306-312. https://doi.org/10.1111/j.1469-
8137.2006.01914.x

Ludlow C.J., Wolf ET. (1975) Photosynthesis and respiration
rates of ferns. American Fern Journal 65: 43-48. https://doi.
org/10.2307/1546309

Marchetti D. (2001) Pteridophite d’Italia. Annali del Museo Civico
di Rovereto 19: 71-231.

Nishida K., Kodama N., Yonemura S., Hanba Y.T. (2015) Rapid
response of leaf photosynthesis in two fern species Pteridium
aquilinum and Thelypteris dentata to changes in CO, meas-
ured by tunable diode laser absorption spectroscopy. Journal of
Plant Research 128: 777-789. https://doi.org/10.1007/s10265-
015-0736-5

Niinemets U., Kull O., Tenhunen J.D. (2004) Within-canopy vari-
ation in the rate of development of photosynthetic capacity is
proportional to integrated quantum flux density in temperate de-
ciduous trees. Plant, Cell & Environment 27: 293-313. https://
doi.org/10.1111/j.1365-3040.2003.01143.x

Nurul Hafiza M.R., Yong K.T., Osman N., Nasrulhag-Boyce A.
(2014) Leaf photosynthetic characteristics in eight shaded Ma-
laysian filmy ferns. Phyton 83: 353-361.

Page C.N. (2002) Ecological strategies in fern evolution: a neop-
teridological overview. Review of Palaeobotany and Palynol-
ogy 119: 1-33. https://doi.org/10.1016/S0034-6667(01)00127-0

Pignatti S (1982) Flora d’ Italia, Vol. 1. Bologna, Edagricole.

Preston C.D., Pearman D.A., Dines T.D. (2002) New Atlas of the
British and Irish Flora. Oxford, Oxford University Press.

Proctor M.C.F., Tuba Z. (2002) Poikilohydry and homoihydry: an-
tithesis or spectrum of possibilities? New Phytologist 156: 327—
349. https://doi.org/10.1046/j.1469-8137.2002.00526.x

Pryer K.M., Schuettpelz E. (2009) Ferns (Monilophyta). In: Hedges
S.B., Kumar S. (eds) The timetree of life: 153—156. Oxford,
Oxford University Press.

Pteridophyte Phylogeny Group (PPG 1) (2016) A community-de-
rived classification for extant lycophytes and ferns. Journal of
Systematics and Evolution 54: 563—603. https://doi.org/10.1111/
jse.12229

Puglielli G., Varone L. (2018) Inherent variation of functional traits
in winter and summer leaves of Mediterranean seasonal dimor-
phic species: evidence of a ‘within leaf cohort” spectrum. AoB
Plants 10(3): ply027. https://doi.org/10.1093/aobpla/ply027

Puglielli G., Varone L., Gratani L., Catoni R. (2017) Specific leaf
area variations drive acclimation of Cistus salvifolius in differ-
ent light environments. Photosynthetica 55: 31-40. https://doi.
org/10.1007/s11099-016-0235-5

Sack L., Grubb P.J., Maranon T. (2003) The functional morphology
of juvenile plants tolerant of strong summer drought in shaded
forest understories in southern Spain. Plant Ecology 168: 139—
163. https://doi.org/10.1023/A:1024423820136

Schlichting C.D. (1986) The evolution of phenotypic plasticity in
plants. Annual Review of Ecology and Systematics 17: 667-693.
https://doi.org/10.1146/annurev.es.17.110186.003315

Schneider H., Schuettpelz E., Pryer K.M., Cranfill R., Magallon S.,
Lupia R. (2004) Ferns diversified in the shadow of angiosperms.
Nature 428: 553-557. https://doi.org/10.1038/nature02361

Soster M. (2001) Identikit delle Felci d’Italia. Guida al riconosci-
mento delle Pteridofite italiane. Valsesia Editrice.

Stuntz S., Zotz G. (2001) Photosynthesis in vascular epiphytes: a
survey of 27 species of diverse taxonomic origin. Flora 196:
132-141. https://doi.org/10.1016/S0367-2530(17)30028-2

Tosens T., Nishida K., Gago J., Coopman R.E., Cabrera H.M., Car-
riqui M., Laanisto L., Morales L., Nadal M., Rojas R., Talts
E., Tomas M., Hanba Y., Niinemets U., Flexas J. (2016) The
photosynthetic capacity in 35 ferns and fern allies: mesophyll
CO, diffusion as a key trait. New Phytologyst 209: 1576-1590.
https://doi.org/10.1111/nph.13719

Tutin T.G., Burges N.A., Chater A.O., Edmondson J.R., Heywood
V.H., Moore D.M., Valentine D.H., Walters S.M., Webb D.A.

435


https://doi.org/10.1080/11263504.2018.1559250
https://doi.org/10.1080/11263504.2018.1559250
https://doi.org/10.2307/1546761
https://doi.org/10.1371/journal.pone.0148788
https://doi.org/10.1371/journal.pone.0148788
https://doi.org/10.1007/s004420000535
https://doi.org/10.1007/s004420000535
https://doi.org/10.1093/jxb/ert319
https://doi.org/10.1111/ppl.12073
https://doi.org/10.1016/j.drudis.2017.01.005
https://doi.org/10.1155/2014/208747
https://doi.org/10.1155/2014/208747
https://doi.org/10.1111/j.1438-8677.2011.00472.x
https://doi.org/10.1111/j.1438-8677.2011.00472.x
https://doi.org/10.1038/nature01843
https://doi.org/10.1007/s00425-016-2631-2
https://doi.org/10.1111/j.1469-8137.2006.01914.x
https://doi.org/10.1111/j.1469-8137.2006.01914.x
https://doi.org/10.2307/1546309
https://doi.org/10.2307/1546309
https://doi.org/10.1007/s10265-015-0736-5
https://doi.org/10.1007/s10265-015-0736-5
https://doi.org/10.1111/j.1365-3040.2003.01143.x
https://doi.org/10.1111/j.1365-3040.2003.01143.x
https://doi.org/10.1016/S0034-6667(01)00127-0
https://doi.org/10.1046/j.1469-8137.2002.00526.x
https://doi.org/10.1111/jse.12229
https://doi.org/10.1111/jse.12229
https://doi.org/10.1093/aobpla/ply027
https://doi.org/10.1007/s11099-016-0235-5
https://doi.org/10.1007/s11099-016-0235-5
https://doi.org/10.1023/A:1024423820136
https://doi.org/10.1146/annurev.es.17.110186.003315
https://doi.org/10.1038/nature02361
https://doi.org/10.1016/S0367-2530(17)30028-2
https://doi.org/10.1111/nph.13719

PIL Ecol. Evol. 152 (3), 2019

(2010) Flora Europaea, vol. 1: Psilotaceae to Platanaceae. Cam-
bridge, Cambridge University Press.

Valladares F., Niinemets U. (2008) Shade tolerance, a key plant
feature of complex nature and consequences. Annual Review
of Ecology, Evolution and Systematics 39: 237-257. https://doi.
org/10.1146/annurev.ecolsys.39.110707.173506

Valladares F., Wright S.J., Lasso E., Kitajima K., Pearcy R.W.
(2000) Plastic phenotypic response to light of 16 congeneric
shrubs from Panamanian rainforest. Ecology 8: 1925-1936.

Valladares F., Gianoli E., Gomez J.M. (2007) Ecological limits to
plant phenotypic plasticity. New Phytologist 176: 749-763. htt-
ps://doi.org/10.1111/j.1469-8137.2007.02275.x

Vasheka O., Puglielli G., Crescente M.F., Varone L., Gratani L.
(2016) Anatomical and morphological leaf traits of three ev-
ergreen ferns (Polystichum setiferum, Polypodium interjectum
and Asplenium scolopendrium). American Fern Journal 106:
258-268. https://doi.org/10.1640/0002-8444-106.4.258

Warton D.I., Duursma R.A., Falster D.S., Taskinen S. (2012)
smatr3— an R package for estimation and inference about al-
lometric lines. Methods in Ecology and Evolution 3: 257-259.
https://doi.org/10.1111/1.2041-210X.2011.00153.x

Warton D.I., Wright L.J., Falster D.S., Westoby M. (2006) Bivari-
ate line-fitting methods for allometry. Biological Reviews 81:
259-291. https://doi.org/10.1017/S1464793106007007

Watkins J.E., Holbrook N.M., Zwieniecki M.A. (2010) Hydraulic
properties of fern sporophytes: consequences for ecological and
evolutionary diversification. American Journal of Botany 97:
2007-2019. https://doi.org/10.3732/ajb.1000124

Westoby M., Reich P.B., Wright I.J. (2013) Understanding ecologi-
cal variation across species: area-based vs mass-based expres-
sion of leaf traits. New Phytologist 199: 322-323. https://doi.
org/10.1111/nph.12345

436

Winter K., Osmond C.B., Hubick K.T. (1986) Crassulacean acid
metabolism in the shade. Studies on an epiphytic fern, Pyrrosia
longifolia, and other rainforest species from Australia. Oecolo-
gia 68: 224-230. https://doi.org/10.1007/BF00384791

Wright L.J., Reich P.B., Westoby M. (2001) Strategy shifts in leaf
physiology, structure and nutrient content between species of
high- and low-rainfall and high and low-nutrient habitats. Func-
tional Ecology 15: 423-434. https://doi.org/10.1046/1.0269-
8463.2001.00542.x

Wright 1.J., Reich P.B., Westoby M., Ackerly D.D., Baruch Z.,
Bongers F., Cavender-Bares J., Chapin T., Cornelissen J.H.C.,
Diemer M., Flexas J., Garnier E., Groom P.K., Gulias J., Hiko-
saka K., Lamont B.B., Lee T., Lee W., Lusk C., Midgley J.J.,
Navas M.L., Niinemets U., Oleksyn J., Osada N., Poorter
H., Poot P, Prior L., Pyankov V.I., Roumet C., Thomas S.C.,
Tjoelker M.G., Veneklaas E.J., Villar R. (2004) The worldwide
leaf economics spectrum. Nature 428: 821-827. https://doi.
org/10.1038/nature02403

Wyka T., Robakowski P., Zytkowiak R. (2007) Acclimation of
leaves to contrasting irradiance in juvenile trees differing in
shade tolerance. Tree Physiology 27: 1293-1306. https://doi.
org/10.1093/treephys/27.9.129

Zhang S.-B., Sun M., Cao K.-F., Hu H., Zhang J.-L. (2014) Leaf
photosynthetic rate of tropical ferns is evolutionarily linked
to water transport capacity. PLoS One 9: e84682. https://doi.
org/10.1371/journal.pone.0084682

Communicating Editor: Olivier Chabrerie
Submission date: 23 Jun. 2018

Acceptance date:1 Apr. 2019
Publication date: 28 Nov. 2019


https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1111/j.1469-8137.2007.02275.x
https://doi.org/10.1111/j.1469-8137.2007.02275.x
https://doi.org/10.1640/0002-8444-106.4.258
https://doi.org/10.1111/j.2041-210X.2011.00153.x
https://doi.org/10.1017/S1464793106007007
https://doi.org/10.3732/ajb.1000124
https://doi.org/10.1111/nph.12345
https://doi.org/10.1111/nph.12345
https://doi.org/10.1007/BF00384791
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1046/j.0269-8463.2001.00542.x
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1093/treephys/27.9.129
https://doi.org/10.1093/treephys/27.9.129
https://doi.org/10.1371/journal.pone.0084682
https://doi.org/10.1371/journal.pone.0084682

