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Abstract

Key message The main achievement of this work was

an attempt to determine the best association between

five tropical species and light environments, based on

the physiological and morphological characters related

to photosynthesis.

Abstract Information about light tolerance and photo-

synthetic plasticity of indigenous tropical tree species is

still limited, particularly information of first years of

plants’ development. In this study, we evaluated the

adjustments in response to different light environments of

25 leaf traits most commonly assessed in studies on light

acclimation of photosynthesis in current literature. This

evaluation was used to investigate the photosynthetic

plasticity on young plants of five tropical tree species

belonged to different successional groups. All the species

are commonly used in forest restoration programs in

Brazil. Plants were grown for 6 months under different

light conditions simulating environments that could exist

due to variation in naturally occurring canopy openings of

secondary tropical forests. The level of adjustment on leaf

traits to environmental conditions was calculated via a

plasticity index. The relation between leaf trait adjust-

ments and species photosynthetic plasticity was investi-

gated by multivariate Biplot analyses. We selected the

seven most explicative leaf traits of the photosynthetic

plasticity of the studied species in response to different

light environments: dark respiration rate (Rd), Rubisco

carboxylation capacity (Vcmax), total chlorophyll content

(ChlT), contribution of spongy parenchyma (%SP), con-

tribution of leaf collenchyma tissue (%C), chlorophyll

parenchyma thickness (PP/SP) and specific leaf area

(SLA). Based on the selected traits, we identified the traits

most related to high plasticity (Vcmax, PP/SP, %SP, %C

and SLA) and low plasticity (Vcmax, Rd and ChlT) and

grouped species into three different patterns of photosyn-

thetic plasticity. Our plasticity grouping was not correlated

with species successional classification, indicating the

importance of including physiological features related to

light tolerance in species successional classifications. This

work provides complementing information to traditional

species successional groupings and to our current ability to

select species for enrichment planting on restoration

efforts.

Keywords Forest restoration � Phenotypic plasticity �
Light acclimation � Biplot analysis
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Andrade, Pav. Jorge Amado, BR 415, Km 16,

PO box 45662-900, Ilhéus, BA, Brazil
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Introduction

Enrichment planting is a common technique in tropical

forest restoration (Lamb et al. 2005; Kuptz et al. 2010).

This technique relies on planting a mixture of indigenous

species of different successional groups simultaneously in

forest gaps and in remnant fragments which have low

resilience and are unable to regenerate naturally (Rodrigues

et al. 2009; Hall et al. 2011). Mixed plantation with

indigenous species reproduces the high biodiversity found

in tropical forests and accelerates and guides the forest

regeneration process (Carpanezzi 2005). This method is

more effective when seedlings are produced under con-

trolled conditions and selectively introduced in the field

according to their light requirements (Kuptz et al. 2010;

Kenzo et al. 2011). The light range tolerated by species

across environments differs among plant ontogenetic stages

and among successional groups (Rozendaal et al. 2006;

Barros et al. 2012; dosAnjos et al. 2012; Houter and Pons

2012). Many successional classifications have been sug-

gested in literature (Budowsky 1965; Denslow 1987;

Bazzaz and Pickett 1980; Swaine and Whitmore 1988;

Nascimento et al. 1999; Gandolfi 1991, 2003). Each suc-

cessional classification relies on different expert knowl-

edge of species functional traits. The majority of the

available classifications rely on growth and reproductive

traits (germination strategy, dispersal syndromes, life

expectancy, growth biometric parameters and characteris-

tics of wood). Interestingly, none of these classifications

takes into account plant ecophysiological features, such as

the photosynthetic plasticity for light acclimation. The

photosynthetic machinery is not only the plant’s source of

energy and biomass accumulation, but also a site that is

severely damaged during light stress conditions (Ruban

2009). Impairment of the photosynthetic apparatus makes

plants more susceptible to other environmental stresses. As

a consequence, plants have their growth and establishment

impaired (Mittler 2006). Therefore the photosynthetic

plasticity and the light tolerance are factors that should also

be considered when grouping species into functional

groups. The ability to acclimate to different light condi-

tions should be particularly considered when selecting

groups of species for enrichment planting in secondary

forest restoration.

Unfortunately, information about light tolerance and

photosynthetic performance of indigenous tropical tree

species is still limited, particularly during the plants’ first

years of development. In this study, we evaluated the

photosynthetic plasticity in response to different light

conditions of five tropical tree species belonging to dif-

ferent successional groups. All the species are commonly

used in recent forest restoration programs in Brazil

(Barbosa et al. 2006). We grew young individuals for

6 months under different light conditions simulating envi-

ronments that could exist due to variation in naturally

occurring canopy openings of secondary tropical forests.

The species photosynthetic plasticity was evaluated based

on the adjustments of 25 leaf traits most commonly

assessed in studies on light acclimation of photosynthesis

in current literature. The level of adjustment was calculated

via a plasticity index. Considering that photosynthetic

plasticity is a multivariate phenomenon in which different

metabolic processes act at the same time and interact with

one another, the relation between leaf traits and species

plasticity in response to light was investigated by multi-

variate Biplot analyses. We directed our efforts to address

the following issues: (1) What are the main leaf traits that

mostly influence the photosynthetic plasticity of the five

studied species in response to light environments? (2) Do

these species show different patterns of photosynthetic

plasticity? Do these patterns correlate to their successional

groupings? Based on the answers to these questions, this

work intends to provide additional information for the

discussion on the ecophysiology of tropical tree species

and for the improvement of our current ability to select

species for enrichment planting in restoration efforts of

secondary highly biodiverse tropical rainforests.

Materials and methods

Study area, plant material and experimental design

The study was conducted in the Plant Biology Department

of the Universidade Federal de Viçosa (20o45025.6400S and

42o52023.9100W), Brazil. Five tropical tree species of dif-

ferent successional groups from the Brazilian Atlantic Rain

Forest (Table 1) were chosen based on their successful use

in recent forest restoration programs (Barbosa et al. 2006).

Table 1 List of the five studied species with their scientific name,

family and successional group

Species Family Successional

groupa

Schinus terebinthifolius Raddi. Anacardiaceae Early

secondary

Pseudobombax grandiflorum

(Cav.) A. Robyns

Malvaceae Early

secondary

Joannesia princeps Vell. Euphorbiaceae Early

secondary

Lecythis pisonis Camb. Lecythidaceae Late

secondary

Hymenaea courbaril L. var.

stilbocarpa (Hayne) Y. T. Lee

et Langenh

Leguminosae

Caesalpinioideae

Late

secondary

a According to Bazzaz and Pickett (1980)
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The species successional classification was based on the

classification of Bazzaz and Pickett (1980), the advice of

specialists and empirical experiences in the field.

Approximately 2-month-old seedlings were transplanted

to plastic pots containing five liters of substrate, a mixture

of regional red–yellow latosol, sand and humus (1:1:1). Soil

acidity and fertility were corrected accordingly to Ribeiro

(1999). Plants were subjected to three light treatments

according to the total daily photosynthetically active radi-

ation (PAR), simulating different light environments inside

the fragments of secondary tropical forests (Piotto 2011;

dos Santos et al. 2012). The light treatments consisted of

full sun (I100) (100 % of solar radiation, simulating a

clearing area or a situation with more than 35 % of canopy

openness) or artificial shade settings provided by shade

cloths with 50 % (I50) of incident solar radiation (simulating

an understory light environment of 15–35 % of canopy

openness) or 20 % of incident solar radiation (I20) (simu-

lating an understory light environment less than 15 % of

canopy openness). The experimental design was completely

randomized with 15 treatments (three light intensities ver-

sus five species) and with four replications per treatment.

Incident photosynthetic radiation was monitored with a line

quantum sensor (model LI-191, LI-COR Inc., Lincoln,

Nebraska, USA). The environmental conditions under I100,

I50 and I20 are depicted in Table 2. Throughout the exper-

iment, plants were kept well watered and fertilized.

A selection of 25 physiological and morphological leaf

traits was made for the analysis of light acclimation of

photosynthesis. The selection was based on a search in the

most-cited studies on photosynthetic light acclimation. All

measurements began only upon the emergence of at least a

pair of young leaves, fully developed in the experimental

light conditions. This took approximately 4 months of

exposure of plant material to treatments settings. For each

plant, measurements were made on the same leaves from the

distal third of the plant, which were fully expanded, were not

shaded by other leaves, had the most leaf typical angle of the

plant and did not show herbivory or disease symptoms.

Fluorescence of chlorophyll a

The fluorescence of chlorophyll a was measured using

a portable pulse amplitude modulated fluorometer

MINI-PAM (Walz, Effeltrich, Germany) equipped with a

special leaf-clip holder (model 2030-B). Prior to mea-

surements, leaves were kept in dark environment for

30 min. The minimum fluorescence (F0) was obtained by

exciting the sample area using a low intensity

(0.03 lmol m-2 s-1) modulated red light, while the

maximum fluorescence (Fm) was obtained by applying a

saturating actinic light ([6,000 lmol m2 s-1) pulse of

0.8 s duration. The values of F0 and Fm were then used

for calculating the potential quantum yield of photosys-

tem II (Fv/Fm), given by Fv/Fm = (Fm - F0)/Fm

according to Genty et al. (1989).

Leaf gas exchanges

Leaf gas exchange was measured with a portable open gas-

exchange system (LI-6400, LI-COR Biosciences Inc., Lin-

coln, Nebraska, USA) equipped with a blue/red light source

(LI-6400-02B, LI-COR), under CO2 concentration, tem-

perature and H2O vapor of the experimental ambient envi-

ronment. Light response curves were then constructed for

eight levels of irradiance (0, 50, 100, 250, 500, 1,000, 1,500

and 2,000 lmol m-2 s-1), in decreasing order, with a 60-sec

duration at each level. Data were fitted to the equation

A = aPAR ? Amax - [H(a ? Amax)2 - (4aPARkAmax)]/

(2k) - Rd, as given by Prioul and Chartier (1977), where A is

the net assimilation rate (lmol m-2 s-1), a is the apparent

quantum yield of CO2 (mol mol-1), Amax is the maximum

photosynthetic rate (lmol m-2 s-1), PAR is the light level

(lmol m-2 s-1), k is the convexity coefficient (0 \ k \ 1),

and Rd is the dark respiration rate in daytime (lmol m-2

s-1). The light compensation point (LCP) and light satura-

tion point (LSP) were calculated from the light response

curve using Photosyn Assistant Software (Version 1.1,

Dundee Scientific, UK). The A/Ci curves, where Ci is

internal CO2 concentration, showing the relationship

between the net assimilation and CO2 partial pressure, were

obtained with the aid of an injector device of the LI-COR

6400 (6400-01 CO2 injector; LI-COR USA) using 12 g CO2

cartridges under high pressure. The measurements were

carried out for eight CO2 levels (50, 100, 200, 400, 700, 1,000

and 1,500 lmol mol-1) under controlled temperature

(25 �C) and light irradiance (PAR of 1,500 lmol m-2 s-1).

The maximum Rubisco carboxylation velocity (Vcmax) and

Table 2 Daily average of global light radiation (GLR, W m-2),

integrated photosynthetically active light radiation (PAR, mol m-2

day-1), air temperature (T, �C) and relative humidity (RH, %), with

minimum and maximum values, under three light conditions I100

(full sun), I50 (50 % of full sun) and I20 (20 % of full sun)

Treatments GLR PAR T RH

I100 200.0 (161–228) 30.0 (24.6–40.3) 25.5 (24.4-26.3) 72.8 (71.0–75.5)

I50 83.0 (49.5–100) 12.7 (11.1–17.2) 24.8 (23.8–25.3) 75.8 (73.7–76.9)

I20 37.6 (27.4–42.4) 5.4 (4.3–8.0) 24.2 (23.1–24.8) 76.8 (72.9–79.0)
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the electron transport rate associated with the regeneration of

RuBP (j) were calculated according to Sharkey et al. (2007).

Chlorophyll and carotenoid contents

The chlorophyll and carotenoid contents were obtained

according to Hiscox and Israelstam (1979). Leaf disks of

known area (0.785 cm2) were collected, weighed using a

precision scale, and immediately immersed in 5 mL of

dimethyl sulfoxide (DMSO). The tubes were kept in

darkness under room temperature for 48 h. The sample

absorbances were measured at 480, 649 and 670 nm using

a Hitachi U-2000 (Hitachi Instruments Inc., Danbury, CT)

double beam spectrophotometer. The chlorophyll and

carotenoid contents, expressed in mg per g of fresh weight,

were estimated according to Wellburn (1994) from which

the total chlorophyll (ChlT) content, and the chlorophyll

a to chlorophyll b (Chla/b) and the total chlorophyll to

carotenoid (ChlT/Carot) ratios were calculated.

Nitrogen content

The nitrogen content was estimated according to Kjeldahl

method. The leaf samples were mineralized, then digested

and subsequently heated using sulfuric acid, sodium sul-

fate, copper sulfate and sodium selenite solutions. The

nitrogen was distilled in an alkaline medium with boric

acid as receptor and its content estimated by titration in

0.05 N hydrochloric acid. The total leaf nitrogen content

(N) was then expressed per unit of leaf dry weight in g g-1.

Leaf quantitative anatomy

Harvested leaves were fixed in FAA50 % for 48 h and later

stored in 70 % alcohol according to Johansen (1940). From

each leaf, a 25 mm2 sample taken from the median region

and comprising the midrib was enclosed in methacrylate

(Leica Historesin). Cross section thicknesses (5 lm) of the

plant material were obtained using an automatic advance

rotary microtome RM-2155 (Leica Microsystems Inc.,

Deerfield, Illinois, USA). The sections were flushed with

toluidine blue (O’Brien et al. 1964). To analyze the leaf

surface, the technique of printing the epidermis with instant

adhesive (methacrylate ester/Super-Bonder�) was used.

The material was then photographed in a photomicroscope

AX-70 TRF (Olympus Optical, Tokyo, Japan) equipped

with a Photo system, and the digitized images analyzed

with the use of the Image Pro-Plus 4,5 (Media Cybernetics,

Inc., Rockville, Maryland, USA) software. Along the cross

section of the interveinal region, we measured the thickness

of the abaxial and adaxial epidermis, the thickness of the

hypoderm when present, the thickness of the palisade and

spongy parenchymas and the total leaf lamina thickness

(LT). The chlorophyll parenchyma thickness (PP/SP) and

the contributions (in percentage) of the palisade (%PP) and

spongy (%SP) parenchymas were then calculated for the

total leaf blade thickness. Along the cross section of the

midrib, were measured the total area of the midrib (MA)

and calculated the contributions (in percentage) of the

sclerenchyma (%S) and collenchyma (%C) tissues for the

total midrib area. We measured and estimated the average

area of the vessel lumen (AEV) and the average number

and diameter of the xylem element vessels (NoEV). On the

leaf surface, we counted the number of stomata within ten

fields of observation and calculated the stomatal density

(SD) from the average number of stomata divided by the

area of the field observed.

Leaf area, dry weight and specific leaf area

The leaf area (LA) was estimated using an electronic leaf

area meter (MK2, Burwell, Cambridge, UK). To obtain the

leaf dry weight (DW), leaves or leaflets were first dehy-

drated in an oven at 75 �C for 72 h and then weighed. The

specific leaf area (SLA) was then calculated from the ratio

between LA and DW.

Plasticity index

The quantitative estimation of the phenotypic change

induced by light environment was assessed based on the

phenotypic distances between individuals of a species, for a

given leaf trait, exposed to the three different light envi-

ronments, summarized in a relative distance plasticity

index (RDPI) according to Valladares et al.(2006). The

RDPI index ranges from 0 to 1 and it is obtained from the

equation RDPI = R (dij ? i’j0/(xi0j0 ? xij))/n, where i is

the number of light treatments, j, the number of repetitions

and n, the population size. dij ? i0j0 is the relative distance

between treatments with repetition values taken in pairs

with i = i0, and absolute value obtained as the difference

(xi0j0 - xij). Hence, the relative distance, dij ? i0j0, is

defined as dij ? i0j0/(xi0j0 ? xij) for all pairs of treatment

replications associated with different irradiance levels.

Statistical analysis

Since the photosynthetic plasticity is a result of multiple

and correlated variables, we analyzed the phenomenon

using a multivariate analytical method. We used the Prin-

cipal Component Analysis (PCA) and Biplot graphics

(Gabriel 1971; Kroonenberg 1997) by using ‘‘Biplot and

Singular Value Decomposition Macros for Excel�’’ (Lip-

kovich and Smith 2002). Multicollinearity issue was

overcome on the Biplot analysis by: (1) comparisons of the

physiological meaning of each leaf trait; and (2)

250 Trees (2015) 29:247–258

123

Author's personal copy



verification of eigenvalues close to zero in the PCA (Car-

rascal et al. 2009). The PCA analysis was calculated by

means of a matrix with five species and the plasticity

indexes (RDPIs). The relevance of variables was judged

according to the direction, orientation and magnitude of

their vectors. For a better comprehension of Biplot

graphics, a review can be found in Kroonenberg (1997).

The data matrix was applied to test the relationships

between (1) leaf traits; (2) species; (3) species and leaf

traits, and to select the most important traits. First, we

selected the leaf traits that were significant for species vs.

light level interaction, using ANOVA by GLM Procedure/

SAS. Several Biplot analyses were performed to select the

most explanatory and relevant leaf traits to obtain a better

picture of species plasticity in response to light.

Results

The RDPIs calculated for the five species and the 25 leaf

traits are presented in supplementary material. To have a

parsimonious analysis, we previously divided all RDPIs in

two matrices: a first matrix containing the RDPI values

from the leaf traits derived from light to CO2 regression

curves (Table 3); and a second matrix containing the RDPI

values from other leaf traits. First, we selected seven leaf

traits (ChlT, SLA, SD, %PP, %SP, PP/SP, %C) that were

significant for the species vs. light condition interaction by

using ANOVA (Table 4). Subsequently, we performed a

series (rounds) of Biplot analyses for the first matrix con-

taining the RDPIs of the five species and the seven

parameters derived from the light and CO2 model curves. At

this point, the aim was to evaluate the correlations among

variables (parameters derived from the light and CO2 model

curves), among species and among variables and species.

Since double-centering transformation is useful for con-

structing Biplots for multiplicative interaction diagnostics

in two-way tables, we corrected the effects of species and

variables to zero. The first two principal components (PC)

of the analysis explained 89.2 % of the multivariate vari-

ability of this group of variables. Four leaf traits explained

90.5 % of the variability associated with the first two PC: Rd

(26.9 %), LCP (38.5 %), LSP (10.8 %) and Vcmax (14.3 %),

[other variables (9.5 %)]. Next, a second round of Biplot

analyses was performed for a matrix containing the four leaf

traits selected from light to CO2 regression curves and the

seven leaf traits selected by ANOVA (11 variables in total).

In this analysis, the first two PC explained 81.6 % of total

multivariate variability. Seven variables explained 91.2 %

of that variability: Rd (25.5 %), Vcmax (9.6 %), ChlT

(8.3 %), SLA (12.2 %), %SP (8.3 %), PP/SP (16.7 %)

and %C (10.6 %), [other variables (8.8 %)].

Therefore and for practical reasons, we generated

another Biplot graph with those seven selected and most

relevant variables (Rd, Vcmax, ChlT, SLA, %SP, PP/SP

and %C), with no loss of relevant information (supple-

mentary material). To evaluate the correlations among

variables, we developed Biplots for multiplicative inter-

action diagnostics and corrected the effects of species and

variables to zero. The first two components of the analysis

explained 93.7 % of the total multivariate variability. In

this analysis, the variables SLA, %SP and PP/SP showed

high and positive correlations among them (C0.89), as well

as high and negative correlation with Rd (B-0.57). The

variables Vcmax and PP/SP were negatively correlated

(-0.22). Finally, to evaluate the importance of each

selected variable on the plasticity of each species in

response to light environments, a last Biplot analysis was

performed (Fig. 1). In this analysis only the effects of

variables were corrected to zero. The system explained

83.6 % of total variability and provided a clear picture of

the effects of variables over species and precise informa-

tion for species grouping. In this Biplot graph, the origin

represents the average response of all species. The larger

the magnitude (length) of the vector of a species towards

the origin the greater the influence of that species on the

average performance of all species, due to the species

effect plus the interaction effect between traits and species.

The angle between vectors of the species provides infor-

mation about the degree of similarity of responses among

the species. Therefore, Schinus terebinthifolius and Lecy-

this pisonis presented the largest distances from the origin

(larger vectors), indicating that they were the species that

mostly contributed to the variability of the system and

presented the most different physiological behaviors. The

species S. terebinthifolius and L. pisonis showed vectors in

opposite directions and orientation, which means they had

opposite physiological behavior. The variables Vcmax and

Table 3 Average estimates of RDPI values for the parameters

described from light to CO2 response curves

Parameter Light response curve CO2 response

curve

Amax Rd a LCP LSP Vcmax J

S. terebinthifolius 0.17 0.24 0.09 0.20 0.15 0.12 0.19

P. grandiflorum 0.11 0.17 0.09 0.11 0.11 0.12 0.08

J. princeps 0.10 0.44 0.11 0.48 0.16 0.20 0.08

H. courbaril 0.16 0.20 0.13 0.19 0.24 0.31 0.10

L. pisonis 0.15 0.48 0.23 0.16 0.09 0.31 0.19

Amax maximum photosynthetic rate (lmol CO2 m-2 s-1), Rd mito-

chondrial dark respiration rate (lmol CO2 m-2 s-1), a apparent

quantum yield of CO2 (mol mol-1), LCP light compensation point

(lmol m-2 s-1), LSP light saturation Point (lmol m-2 s-1), Vcmax

maximum Rubisco carboxylation velocity, J electron transport rate

associated with the regeneration of RuBP
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PP/SP were most responsible for the divergent plasticity on

those species. The photosynthetic plasticity response of S.

terebinthifolius was mostly explained by the highest

influence of the traits Vcmax, PP/SP, %C, %SP and SLA.

The plasticity of L. pisonis was strongly and positively

influenced by Rd, ChlT and Vcmax, as well as negatively

influenced by PP/SP. The positive influence of PP/SP,

%SP and %C on S. terebinthifolius and the negative

influence of PP/SP on L. pisonis were visually confirmed

on the microscopy images of leaf and midrib cross sections

(Fig. 2). The species Pseudobombax grandiflorum, Hyme-

naea courbaril and Joannesia princeps in particular were

the species closest to the origin. It means they were the

species closest to the average response of all species and

had moderate plasticity, indicating an intermediate

response group.

Hence, we conclude that the first principal component

of the analysis was important to set the plasticity contrast

and clearly separate S. terebinthifolius (high plasticity) and

L. pisonis (low plasticity) from the other species. The

second principal component of the analysis set the med-

ium–low plasticity contrast and was especially important

to separate J. princeps and H. courbaril (medium–low

plasticity) from P. grandiflorum (medium plasticity). Since

J. princeps, H. courbaril and P. grandiflorum were too

similar to be separated, we established three patterns or

groups of photosynthetic plasticity: (1) high plasticity—

composed of the early secondary species S. terebinthifo-

lius; (2) medium plasticity—composed of the early sec-

ondary species P. grandiflorum and J. princeps and of the

late secondary species H. courbaril; and (3) low plastic-

ity—composed of the late secondary species L. pisonis.

Species belonging to the same successional position were

clearly clustered into different plasticity groups and, thus,

species successional groups were not correlated with

plasticity grouping.

Table 4 ANOVA with the effect of species (n = 5), light condition (n = 3; I100 = 100 % of solar radiation, I50 = 50 % of incident solar

radiation, I20 = 20 % of solar radiation) and interactions (n = 15)

Parameter Species Light Interaction R2 Total Model SST

F P R2 SS F P R2 SS F P R2 SS SS R2

Fv/Fm 19.23 *** 0.77 0.06 3.45 * 0.07 0.01 1.99 ns 0.16 0.01 0.00 0.08 0.69 0.11

ChlTa 17.49 *** 0.62 0.61 6.45 ** 0.11 0.11 3.67 ** 0.26 0.26 0.01 0.98 0.71 1.37

Chla/b 8.02 *** 0.55 0.01 8.09 *** 0.27 0.01 1.33 ns 0.18 0.00 0.00 0.03 0.57 0.05

ChlT/Carot 3.59 * 0.42 0.16 6.35 * 0.37 0.14 0.88 ns 0.21 0.08 0.01 0.38 0.43 0.89

N 4.91 ** 0.59 0.29 2.46 ns 0.15 0.07 1.10 ns 0.26 0.13 0.01 0.49 0.43 1.16

LA 5.48 *** 0.40 0.30 8.37 *** 0.31 0.23 1.94 ns 0.29 0.21 0.01 0.75 0.55 1.37

DW 3.93 ** 0.50 0.39 1.50 ns 0.10 0.07 1.58 ns 0.40 0.32 0.03 0.78 0.41 1.91

SLAa 11.03 *** 0.48 0.49 6.59 ** 0.07 0.07 4.27 *** 0.05 0.05 0.01 1.02 0.67 1.52

SDa 7.83 *** 0.09 0.03 10.80 *** 0.12 0.04 4.57 *** 0.05 0.02 0.00 0.37 0.67 0.55

LT 3.92 ** 0.60 0.07 1.80 ns 0.14 0.02 0.83 ns 0.26 0.03 0.00 0.11 0.37 0.31

%PPa 5.21 *** 0.39 0.08 7.70 *** 0.29 0.06 2.13 * 0.32 0.07 0.00 0.20 0.54 0.37

%SPa 26.29 *** 0.51 0.33 11.64 *** 0.11 0.07 9.57 *** 0.37 0.24 0.00 0.65 0.82 0.79

PP/SPa 10.88 *** 0.45 0.52 8.11 *** 0.17 0.20 4.71 *** 0.39 0.45 0.01 1.17 0.68 1.71

MA 1.53 ns 0.41 0.10 0.31 ns 0.04 0.01 1.03 ns 0.55 0.13 0.02 0.24 0.25 0.98

%Ca 10.51 *** 0.61 0.75 2.79 ns 0.08 0.10 2.65 * 0.31 0.38 0.02 1.23 0.60 2.04

%S 18.05 *** 0.82 0.82 2.81 ns 0.06 0.06 1.29 ns 0.12 0.12 0.01 1.00 0.66 1.51

NoEV 2.05 ns 0.57 0.13 1.58 ns 0.22 0.05 0.36 ns 0.20 0.05 0.02 0.23 0.24 0.94

AEV 2.44 ns 0.44 0.14 0.92 * 0.08 0.03 1.30 ns 0.47 0.15 0.01 0.31 0.33 0.94

ns Variable not relevant, Fv/Fm potential quantum yield of photosystem II, ChlT total chlorophyll content (mg g-1), Chla/b chlorophyll a to

chlorophyll b ratio, ChlT/Carot total chlorophyll to carotenoid ratio, N (mg g-1) nitrogen content (mg g-1), LA leaf surface (cm2), DW leaf dry

weight (g), SLA specific leaf area (cm2 g-1), SD stomatal density (no mm2), LT leaf lamina thickness (lm), %PP percentage of palisade

parenchyma, %SP percentage of spongy parenchyma, PP/SP palisade to spongy parenchyma ratio, MA midrib area (lm2), %C percentage of

collenchyma, %S percentage of sclerenchyma, NoEV number of xylem element vessels (no mm2), AEV average area of the xylem element vessels

(lm2)

F values, Sum of Square (SS), level of significance (P) and R2 are indicated for species, light, interaction and for the model (* P \ 0�05,

** P \ 0�01, *** P \ 0�001)
a Variables selected by ANOVA and used on the Biplot analysis

252 Trees (2015) 29:247–258

123

Author's personal copy



Discussion

Leaf traits explicative of species photosynthetic

plasticity in response to different light environments

In this study, we analyzed the adjustment in response to

different light environments of 25 most commonly evalu-

ated leaf traits in studies on light acclimation of photo-

synthesis in current literature. This group of traits included

(1) physiological characters evaluated via infrared gas

exchange under different light intensities and different CO2

concentrations and via fluorescence of chlorophyll a; (2)

biochemical characters assessed via quantification of pho-

tosynthetic pigments and leaf nitrogen; (3) morphological

characters assessed via growth variables; and (4) anatom-

ical characters evaluated via quantitative optical micros-

copy. We understand photosynthetic plasticity as a

response resulted from many correlated variables and, thus,

a multivariate response. Therefore, we analyzed the vari-

ability on photosynthetic plasticity in response to different

light environments among five species as a multivariate

phenomenon and concluded that this multivariate vari-

ability could be explained by seven key non-collinear leaf

traits: Rd, Vcmax, ChlT, %SP, PP/SP, %C and SLA. That

means in this particular case study, we can explain the

differences on photosynthetic plasticity among the five

studied species only by measuring those seven leaf traits.

Unfortunately, we did not find any other similar work to

compare our finding and further studies are required to test

if those same leaf traits would be sufficient to differentiate

photosynthetic plasticity patterns among other groups of

species. We believe that the identification of key leaf traits

can facilitate the description of photosynthetic plasticity

and help the comparison of responses among different

species and the meta-analyses of published data. Therefore,

the method proposed in this study is a guideline for future

studies to provide more precise and scientific information

in predicting specieś light tolerance and to support the

choice of species most suitable for forest enrichment

plantings.

The leaf trait selection we made in this work corrobo-

rates other studies on photosynthetic light acclimation. The

importance of Vcmax for photosynthetic plasticity, for

example, has been verified by other authors (Niinemet et al.

2007; Cavanagh and Kubien 2014). According to Farquhar

et al. (1980), the capacity for carboxylation of RuBP by

Rubisco (Vcmax) is one of the main processes that model the

CO2 assimilation in C3 plants. Saturating light intensities

and increasing temperatures decrease the ratio CO2/O2 in

solution, for a given pCO2/pO2. This environmental con-

dition causes stomata closure and further reduction on CO2

levels at the site of Rubisco. Under this situation, Rubisco’s

kinectic phenotype has to be adjusted to improve plant

photosynthetic performance. Studies have shown that the

relative specificity of Rubisco for CO2 vs. O2 (Galmes et al.

2005), the Rubisco’s Kc (von Caemmerer and Quick 2000)

and the regulation of Rubisco expression (Yamori et al.

2006) varies with growth environment and life habit.

Therefore, the capacity of adjustments in Vcmax is an

important trait for predicting plant photosynthetic ability to

light acclimate. Nonetheless, the competence of a plant to

keep a high photosynthetic performance depends not only

on the carbon gain capacity but also on the respiratory costs

for maintaining a light compensation point in accordance to

the availability of light in the environment, particularly

under low light intensities (Givnish 1988). The importance

Fig. 1 Biplot analysis with the seven most relevant and non-collinear

variables selected for the five indigenous tree species of the Brazilian

Atlantic Rain Forest. Only effects of variables were corrected to zero.

(solid square) species; (solid circle) leaf traits. Rd mitochondrial dark

respiration rate, Vcmax maximum Rubisco carboxylation velocity,

ChLT total chlorophyll content, PP/SP palisade to spongy paren-

chyma ratio, %SP percentage of spongy parenchyma, %C percent-

age of collenchyma, SLA specific leaf area, S.t. Schinus

terebinthifolius, P.g. Pseudobombax grandiflorum, J.p. Joannesia

princeps, H.c. Hymenaea courbaril; L.p. Lecythis pisonis
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of adjustments in Rd has been verified by Walter and Reich

(2000), and Baltzer and Thomas (2007) studying seedlings

of species of different light tolerances, and by Gianoli et al.

(2012) studying the phenotypic plasticity in ecophysio-

logical traits of tropical wood climbing plants across light

environments. Under low light leaves may also present the

ability to increase the efficiency of light capture through

high chlorophyll content in combination with a high spe-

cific leaf area (SLA) (Evans and Poorter 2001; Rozeendal

et al. 2006; Shao et al. 2014).

Morphological adjustments play great impact on pho-

tosynthetic activity (Hanba et al. 2002; Ivancich et al.

2014). Since the mesophyll is the main site of photosyn-

thesis, adjustments on %SP and on the ratio PP/SP are

associated with regulation on the surface for diffusing light

and CO2 and on adjustments of the number and volume of

cells performing photosynthetic activity, as well as on the

content of chloroplasts and proteins involved in the pho-

tosynthetic process (Terashima et al. 2001; Oguchi et al.

2006). The association between PP/SP and the photosyn-

thetic performance in response to different light environ-

ments was also observed by Niinemets (2001) on different

trees and shrubs, and by other authors (Wyka et al. 2007;

Pereira et al. 2009; Mattos et al. 2009). In Nothofagus

pumilio Patagonian seedlings, palisade parenchyma was

the most sensitive tissue to irradiance and it was associated

with greater foliar photosynthetic rates per unit area at

medium and high irradiance levels (Ivancich et al. 2014).

In this study PP/SP showed a negative correlation with

Vcmax. We suggest that, for the studied species in this work,

the velocity of reaction of Rubisco might compensate for a

higher content of enzymes contained in a higher number/

volume of palisade cells. Also, PP/SP showed a positive

correlation with %C. This result suggests that plants which

Fig. 2 Cross sections of leaf blade (a–f) and of leaf midrib (g–l) of

indigenous tree species of the Brazilian Atlantic Rain Forest, under

three light conditions, I100 (full sun), I50 (50 % of full sun) and I20

(20 % of full sun). a–c S. terebinthifolius, d–f L. pisonis, g–i S.

terebinthifolius, j–l H. courbaril, a, d, g, j, m I100. b, e, h, k, n I50. c,

f, i, l I20. a–f Scale Bar = 150 lm. Ad Adaxial epiderme, Ab Abaxial

epiderme, Hp Hypodermis, PP Palisade parenchyma, SP Spongy

parenchyma, SCe Secretory cell. G–L: Scale Bar = 400 lm. Xy

Xylem, Ph Phloem, Co Collenchyma, Sc Sclerenchyma, RC Resin

canal, SCe Secretory cell, LC Laticifer cell, SCa Secretory cavity
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are capable to enhance the carboxylation rate in response to

an increase in environmental light irradiance may also be

capable of developing strategies to overcome water deficit,

by investing on collenchyma tissue to increase structural

support and water storage. Leaf collenchyma tissue is a

dynamic mechanical tissue and in terms of %C it plays an

important role by helping on the maintenance of water

balance in situations of high transpiration rates, such as that

undergone in high light and higher temperatures (Villar-

Salvador et al. 1997; Leroux 2012).

Species photosynthetic plasticity grouping based

on selected leaf traits

Based on our analysis of the relationship among leaf traitś

adjustments and species’ photosynthetic performances, we

could distinguish three different groups (or patterns) of

photosynthetic plasticity. The most plastic of all species in

our study was S. terebinthifolius (High-plasticity group).

That means this species was the most capable of functional

adjustments for stress tolerance and carbon acquisition to

cope with changes in light environment. This capacity was

mainly attributed to the greater ability for anatomical

adjustments on the chlorophyll parenchyma thickness, a

feature also verified by Sabbi et al. (2010), and on the

percentage of leaf collenchyma. Other leaf traits that did

not appear to be important in this study, but can also help to

confirm the high photosynthetic plasticity in S. tere-

binthifolius are the high light compensation and saturating

points and the higher capacity to regulate xylem hydraulics

(number and size of element vessels). These results provide

a basis to justify high photosynthetic plasticity as an

adaptive edge for S. terebinthifolius that confers to this

species the capacity to colonize areas of high environ-

mental instability, as it is evident by its frequent occurrence

in Brazilian early secondary forests (Ewe and Sternberg

2003) and its competitive and aggressive behavior as

invasive species (Ewe and Sternberg 2005; Stratton and

Goldstein 2001). Similarly, high photosynthetic capacity

was also attributed to the success of other invasive species,

such as the Bischofia javanica in Bonin Islands (Yamashita

et al. 2000) and the Sphaeropteris cooperi in Hawaii

(Durand et al. 2001).

In contrast to S. terebinthifolius, L. pisonis was the least

plastic species (Low-plasticity group), i.e., the light envi-

ronment that favors one species disfavors another. Although

the level of adjustments showed by L. pisonis was the

second highest of all species (S. terebinthifolius and L.

pisonis explained 82.4 % of total multivariate variability),

those adjustments must not be mistaken for an adaptive

advantage, as for S. terebinthifolius. Instead, those adjust-

ments should be interpreted as a reflection of lack of

adaptation. The great variation in Vcmax and in ChlT

presented by L. pisonis reflects, first and foremost, the

occurrence of chronic photooxidative damages in its car-

bon-fixing enzymatic complex and its pigments content,

other than the ability to adjust these features as a function of

changes in light environment. Another leaf trait that was not

considered important in our analysis, but can be used to

confirm the hypothesis of photoinhibition in L. pisonis is the

decrease in the fluorescence parameter Fv/Fm, a phenome-

non also observed by dosAnjos et al. (2012) and in other late

secondary species such as Fagus sylvatica (Einhorn et al.

2004), Cariniana legalis (Ribeiro et al. 2005) and Chryso-

phyllum sanguinolentum (Santos et al. 2006). L. pisonis was

the most shade-tolerant. Under low irradiance, this species

showed higher plasticity for reducing the respiration rate

and for increasing the efficiency of carboxylation and the

chlorophyll content of light-harvesting antennas. Based on

the strong association of L. pisonis with Vcmax, Rd and on the

association of S. terebinthifolius with Vcmax, PP/SP, %SP,

%C and SLA, we could conclude that the indicator leaf

traits of low species plasticity in response to light envi-

ronmental changes in this study are Vcmax, Rd and ChlT and

the indicators leaf traits of high species plasticity are Vcmax,

PP/SP, %C, %SP and SLA. This result supports the

hypothesis of genetic restrictions in morphological plas-

ticity for late secondary species (Valladares et al. 2000;

Rozendaal et al. 2006), which states that shade-tolerant

species would exhibit less morphological plasticity due to

the longer leaf longevity influencing the speed of tracking

environmental changes.

The late secondary species H. courbaril and the early

secondary species P. grandiflorum and J. princeps were

clustered in a Medium-plasticity group. These species

showed decreases in Vcmax and ChlT under high irradi-

ances. Nonetheless, the oxidative stress suffered by these

species was not associated with long-term photoinhibition,

as it was in L. pisonis, and they were all capable to over-

come the light stress and maintain high photosynthetic

capacity under high irradiance. Finally, species belonging

to the same successional position were clearly clustered

into different plasticity patterns. Thus, we conclude that

species successional classification was not correlated with

our photosynthetic plasticity grouping. This result shows

the importance of including in successional classifications

ecophysiological information of species’ light tolerance

before making decisions about each species and each place

they should be planted in enrichment planting efforts.

Recommendations for enrichment plantings based

on species photosynthetic plasticity

Our results based on the photosynthetic plasticity suggest

that young plants of the five species analyzed in this study

should not be planted all together in the same conditions, as
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it is usually done in restoration practices. S. terebinthifo-

lius, for example, should be suitable for planting in large

canopy gaps of secondary forests, over 20 % of sunlight.

Otherwise, seedlings would be under suboptimal condi-

tions to achieve high photosynthetic rates and their survival

could be reduced on the first years after transplantations, as

it happened to seedlings of the Brazilian native golden

trumpet tree Tabebuia chrysotricha planted under more

than 50 % shading (Endres et al. 2010) and to the Brazilian

native palm Euterpe edulis under more than 80 % shading

(dos Santos et al. 2012). L. pisonis is suitable for planting

in low light conditions, i.e., small canopy gaps of less than

20 % of full sunlight. If not, seedling would undergo

photoinhibition and have their early growth compromised

as verified on seedlings of the Brazilian native rubber tree

Hevea brasiliensis planted under full sunlight (Sene-

virathna et al. 2003). H. courbaril, J. princeps and P.

grandiflorum could be recommended for planting under

different light conditions, avoiding high light intensities

such as large gaps and degraded areas with no vegetation

cover. We emphasize, however, that these recommenda-

tions are speculative and that care should be taken in pre-

dicting success to maturity of those species, as our

investigation was limited to light in artificial conditions, to

a small group of species and to the early phase of estab-

lishment of plants. In short, all the species studied in this

work have potential to be used in enrichment planting for

forest restoration, since they are planted in suitable light

conditions according to their light tolerance. This work

represents an attempt to select key physiological traits for

species grouping according to their light tolerance. We

believe this method complements the current knowledge on

species successional groups and will help guiding species

selection for enrichment plantings in tropical secondary

forests restoration.

Conclusions

In this study, we analyzed the association of the adjust-

ments on 25 leaf traits and the photosynthetic plasticity of

five species of different successional classes. We found that

seven leaf traits can be used in this study to distinguish

species photosynthetic plasticity patterns and predict spe-

cies light tolerance. The results of this study show that

phenotypic plasticity indices of leaf ecophysiological traits

provide different and complementing information to tra-

ditional successional grouping and that this information

can help to improve our current ability to select species for

enrichment planting.
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residual na área do Aeroporto Internacional de São Paulo,

municı́pio de Guarulhos, SP. Campinas: UNICAMP, 1991.

232 p. Dissertação Mestrado (Ciências Biológicas)—Universid-

ade Estadual de Campinas

Gandolfi S. (2003). Regimes de luz em florestas estacionais semide-

ciduais e suas possı́veis conseqüências. In: Claudino-Sales, V.
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