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Tree size and light availability increase photochemical instead 
of non-photochemical capacities of Nothofagus nitida trees 
growing in an evergreen temperate rain forest
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Nothofagus nitida (Phil.) Krasser (Nothofagaceae) regenerates under the canopy in microsites protected from high light. 
Nonetheless, it is common to find older saplings in clear areas and adults as emergent trees of the Chilean evergreen forest. 
We hypothesized that this shade to sun transition in N. nitida is supported by an increase in photochemical and 
 non- photochemical energy dissipation capacities of both photosystems in parallel with the increase in plant size and light 
availability. To dissect the relative contribution of light environment and plant developmental stage to these physiological 
responses, the photosynthetic performance of both photosystems was studied from the morpho-anatomical to the biochemi-
cal level in current-year leaves of N. nitida plants of different heights (ranging from 0.1 to 7 m) growing under contrasting 
light environments (integrated quantum flux (IQF) 5–40 mol m−2 day−1). Tree height (TH) and light environment (IQF) indepen-
dently increased the saturated electron transport rates of both photosystems, as well as leaf and palisade thickness, but 
non-photochemical energy flux, photoinhibition susceptibility, state transition capacity, and the contents of D1 and PsbS 
proteins were not affected by IQF and TH. Spongy mesophyll thickness and palisade cell diameter decreased with IQF and 
TH. Amax, light compensation and saturation points, Rubisco and nitrogen content (area basis) only increased with light envi-
ronment (IQF), whereas dark respiration (Rd) decreased slightly and relative chlorophyll content was higher in taller trees. 
Overall, the independent effects of more illuminated environment and tree height mainly increased the photochemical instead 
of the non-photochemical energy flux. Regardless of the photochemical increase with TH, carbon assimilation only signifi-
cantly improved with higher IQF. Therefore it seems that mainly acclimation to the light environment supports the phenotypic 
transition of N. nitida from shade to sun.

Keywords: NPQ components, ontogeny, PSII and PSI light energy partitioning, state transitions.

Introduction

Shade-tolerant and semi-tolerant tree species experience 
diverse light conditions during their lifetime, starting as germi-
nants on the extreme shaded forest floor but often gaining 

access to the well-lit canopy layer at maturity (Poorter et al. 
2005, Coopman et al. 2008). In tropical rain forests, there is a 
well-defined vertical gradient of light availability, where trees 
find brighter light conditions as they increase in height (Poorter 
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et al. 2005). However, in several forests the formation and 
 closure of canopy openings of different dimensions determine 
spatial and temporal heterogeneous light environments 
(Chazdon and Fetcher 1984). Strong early environmental 
requirements in combination with high mortality rates deter-
mine when, where and under what conditions tree seedlings 
are found (Grubb 1977, Kozlowski 2002). Besides, several for-
est tree species change their light requirements in different 
developmental stages (Poorter et al. 2005, Lusk et al. 2008, 
Coopman et al. 2008, 2010, Alberdi et al. 2009, Reyez-Díaz 
et al. 2009). Therefore the light stress level experienced by 
forest trees depends on two factors that vary at a specific tree 
ontogenetic stage: light availability and light requirements.

As has been commonly reported, leaf morphology, among 
other factors, is determined by the daily amount of light received 
during growth and foliar development. Thus, typical structural 
and biochemical leaf features of sun plants relative to shade 
plants are lower leaf area, specific leaf area (SLA) and chloro-
phyll/dry weight ratio, and higher biomass, nitrogen content and 
Rubisco (ribulose 1,2 biphosphate carboxylase-oxygenase) con-
tent (Givnish 1988, Evans 1989, Lawlor 2001, Meziane and 
Shipley 2001, Larcher 2003, Wright et al. 2004). However, sev-
eral studies reported that physiology can differ with tree size or 
age. Specifically, early ontogenetic increases in photosynthetic 
capacity and related traits have been reported in relatively shade-
tolerant deciduous tree species, which peaked approximately at 
the size of reproductive onset (Thomas 2010). Ishida et al. 
(2005) reported that photosynthetic capacity was higher in sap-
lings than in seedlings of the pioneer tree Macaranga gigantea, 
and this ontogenetic change was not related to light availability. In 
agreement, Kenzo et al. (2006) found that the photosynthetic 
capacity of dipterocarp trees depends on tree height, and sug-
gested, like other authors, that tree species have different photo-
synthetic capacities according to their growth stage, to the light 
conditions or to both factors, as a result of differences in leaf 
structure and biochemistry (Björkman 1981, Lambers et al. 
2008). Therefore, efficient light utilization depends on how plants 
are able to handle the absorbed energy in a safe manner, avoid-
ing photoinhibition and maximizing photochemical light utilization 
in carbon gain. This can only be reached if light capture, light 
partitioning and photoprotection are finely tuned at molecular 
(Pascal et al. 2005), physiological (Ensminger et al. 2006) and 
morpho-anatomical (Ishida et al. 2005) levels with the use of 
available resources during plant ontogeny.

Nothofagus nitida (Phil.) Krasser is a canopy emergent species 
of the Chilean evergreen forest. It often regenerates successfully 
under the canopy at low light availabilities, behaving similarly to 
very shade-tolerant species, such as Podocarpus nubigena and 
Laureliopsis philippianan (Lusk et al. 2006). It is also found in 
gaps or forest edges where the regeneration begins in shady 
microsites. For this reason, it is commonly found among shrubs, 
ferns and other small vegetation, tree stumps, exposed root 

 systems, and fallen trees located near the forest floor. In these 
 locations, as plants grow and cross the first canopy cover, they 
are progressively exposed to more light (Kira and Yoda 1989, 
Coopman et al. 2010). Hence, older seedlings (around 1 m tall) 
may grow in more light-exposed sites with Drimys winteri and 
Eucryphia cordifolia, two sun species (Donoso 1993, Veblen et al. 
1996). This suggests that as N. nitida develops, it acquires the 
capacity to grow in more illuminated environments. In this way, 
N. nitida changes from an obligate umbrophyllous species at the 
recruiting phase to a facultative umbrophyllous species during its 
juvenile growth phase (Coopman et al. 2008, 2010). Research in 
size-dependent changes in forest plants is a relatively recent 
issue (Bond 2000, Reich 2001, Coopman et al. 2008, 2010, 
Lusk et al. 2008). Therefore, research that deals with photopro-
tective mechanism variations with tree size is even scarcer (Ishida 
et al. 2005, Coopman et al. 2008, 2010, Reyes-Díaz et al. 
2009). In a previous work, we have demonstrated that the 
 partitioning of absorbed energy to photochemical and non- 
photochemical paths in N. nitida seedlings up to 0.4 m tall was 
primarily affected by light environment; in contrast, the light 
absorption capacity depends on both seedling developmental 
stage and environment (Coopman et al. 2010). In this work we 
expanded the ontogenetic range previously considered focusing 
on the seedling–sapling transition in N. nitida plants from 0.1 to 
7 m growing in their natural heterogeneous light environment. 
Our main objective was to clarify the relative contribution of light 
 environment and plant size to light energy partitioning 
 (photochemical processes versus non-photochemical energy 
dissipation), CO2 assimilation and susceptibility to photoinhibition 
during this transition.

We postulate that the photosynthetic capacity and non- 
photochemical photoprotective mechanisms increase with plant 
size and light availability. In order to test this hypothesis and with 
the aim of distinguishing between the effects of ontogeny and 
light environment on the functioning of photosynthetic apparatus, 
we have used a hierarchical partitioning procedure to study the 
photosynthetic performance and photoprotection in both photo-
systems of N. nitida leaves from plants of different heights 
(0.1–7 m) growing within a range of light availabilities (integrated 
quantum flux (IQF) 5–40 mol m−2 day−1). Additionally, we 
explored several leaf attributes associated with their photosyn-
thetic performance such as changes in leaf morpho-anatomy, 
nitrogen content and photosynthetic proteins (thylakoid polypep-
tides and Rubisco contents) in order to explain potential func-
tional changes observed with plant size and light availability.

Materials and methods

Study site

The study was carried out at the beginning of January 2008 at 
Katalapi Park, which is located in Pichiquillaipe, Xth Region, in 
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South Central Chile (41°31′07.5″ S, 72°45′2.2″ W). This area 
experiences a temperate maritime climate, where the annual 
mean precipitation is around 2000 mm, without dry months. 
The lowest air temperature reached −5 °C in June, but subzero 
temperatures also occurred during autumn and at the begin-
ning of spring. The mean maximum air temperature ranged 
between 10 and 22 °C in July and January, respectively. Annual 
maximum photosynthetic photon flux densities (PPFDs) of 
~2150 µmol m−2 s−1 occurred in December. Climatic details for 
the study area are shown in Coopman et al. (2010).

Forest structure and light environments

The study site was a 5-ha secondary forest stand with some 
remnant N. nitida seed trees. The site has been protected from 
anthropogenic alterations for ~25 years. At present, the regen-
eration is heterogeneously distributed in the area and domi-
nated by a variety of sun species like D. winteri, Embothrium 
coccineum, E. cordifolia and N. nitida, where the taller individuals 
reach up to 10 m. The previous situation creates a high variation 
in light availability that supports seedlings and saplings of mixed 
species growth. Light availability at the apex of each plant was 
quantified by hemispherical photography, using a Coolpix 4500 
digital camera (Nikon Co., Japan) with an FCE8 fish-eye lens of 
182° field of view (Nikon Co., Japan). Photographs were taken 
under homogeneous diffuse sky light conditions. The resulting 
photographs were analysed for daily integrated quantum flux 
transmitted through the canopy (IQF = direct + diffuse quantum 
fluxes) with the Gap Canopy Analyzer 2.0 software (Frazer 
et al. 1999). A total of 120 N. nitida plant heights and light envi-
ronments were initially  measured. From this sample, in order to 
explore the effects of entire plant heights and light availability 
ranges, 35 plants of different heights (0.1–6.5 cm, correspond-
ing to a range of 1–16-year-old plants) growing at different IQF 
availabilities (5–40 mol m−2 day−1) were selected and marked 
(Figure 1). Physiological, morpho-anatomical (structural) and 
biochemical features were studied in new fully expanded (first 
year) leaves collected from the top of the plant foliage. 
Biochemical and morpho-anatomical determinations were made 
on equivalent samples immediately after photosynthetic 
measurements.

Net photosynthesis

Net CO2 assimilation at different light intensities (1500, 1000, 
500, 300, 200, 100, 75, 50, 25, 10, 5 and 0 µmol pho-
tons m−2 s−1) was measured in vivo with an infrared gas analyser 
(Ciras-2, PP Systems, UK). The CO2 reference concentration was 
380 ppm, with a flow rate of 200 ml min−1 and 75%  relative 
humidity inside the leaf chamber. The temperature inside the leaf 
chamber was maintained at 15 ± 2 °C. This value was obtained 
in previous determinations, at different temperatures, indicating 
that 15 °C is within the range of the optimum  temperature for 
photosynthesis in this species. Light  compensation point (LCP), 

light saturation point (LSP),  maximal rate of net CO2 assimilation 
(Amax) and dark respiration (Rd) were calculated with the 
Photosynthesis Assistant software 1.1 (Dundee Scientific, 
Dundee, UK). Instantaneous water use efficiency (WUEi) and 
photosynthetic nitrogen use efficiency (PNUE) were calculated 
as WUEi = Asat/Tsat and PNUE = Asat/N, where Asat and Tsat are 
saturated assimilation and transpiration rates measured at 
665 µmol photons m−2 s−1 and N is leaf nitrogen content 
(mol m−2). All measurements were performed from 09:00 to 
13:00 h. In case the leaf did not cover the entire leaf cuvette 
surface (2.5 cm2), a digital photograph of the leaf was taken 
immediately after the measurement in order to estimate the 
actual leaf area using SigmaScan Pro 5.0 software (SPSS Inc., 
USA). Gas exchange values given by CIRAS-2 were corrected 
using the cuvette area/actual leaf area ratio as a  correction 
factor.

Chlorophyll fluorescence and P700 measurements

Light response curves of chlorophyll a fluorescence and P700 
redox state assessment were performed simultaneously with a 
Dual-PAM-100 measuring system (Walz, Effeltrich, Germany) in 
detached new fully expanded leaves. Leaves were immediately 
dark adapted for 30 min (to obtain open reaction centres). A 
saturating pulse was applied to obtain Fm; then, leaves were 
exposed for 5 min at each PPFD (0, 27, 58, 131, 221, 344, 435, 
665, 1033 and 1957 µmol m−2 s−1) in order to obtain steady-
state readings. All measurements were performed at 15 °C. 
Temperature was controlled with a water jacket system placed 
around the Dual-D leaf holder connected to a thermoregulated 
water bath. Leaf temperature was monitored with a fine wire 
K-type thermocouple (Sper Scientific Ltd, Scottsdale, AZ, USA). 
Recordings and calculations were performed with the Dual-PAM 
1.7 data analysis and control software (Walz, Effeltrich, Germany). 
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Figure 1.  Relationship between light availability and tree height of 
N. nitida individuals growing in a Chilean evergreen rain forest. Light 
availability was expressed as integrated quantum flux derived from a 
hemispherical photograph. The determination coefficient, P level and 
numbers of individuals are given.
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The saturation pulse method originally developed for chlorophyll 
fluorescence quenching analysis (Schreiber et al. 1986) was 
used for assessment of PSI quantum yields (Klughammer and 
Schreiber 1994). Analysis of PSI was based on a routine for 
assessment of the maximal P700 change (Pm determination), 
which involves pre-illumination with far-red light for 2 s 
(~117 µmol photons m−2 s−1) and a saturation pulse (9000 µmol 
photons m−2 s−1) that induces maximal P700 oxidation followed 
by full reduction. The Pm determination is analogous to Fo and Fm 
determinations. The concept of excitation energy partitioning 
originally conceived for PSII by Demmig-Adams et al. (1996) was 
adopted for PSI. Hence, saturated PSII effective photochemical 
quantum yield [Φ(II)], yield of energy dissipation by antenna 
down-regulation [Φ(NPQ)], were NPQ refers to non photochemi-
cal quenching and constitutive non- photochemical energy 
 dissipation plus fluorescence of PSII [Φ(NO)] were calculated 
according to Kramer et al. (2004). Besides, PSI effective photo-
chemical quantum yield [Φ(I)] and the yields of  non-photochemical 
quenching caused by donor [Φ(ND)] and acceptor [Φ(NA)] side 
limitations were obtained at saturating PPFD. Finally, to determine 
the light energy flux rates consumed at PSII and PSI by photo-
chemical and non-photochemical processes, we calculated 
energy fluxes in the same way as for electron transport 
rate through photosystem II  (Hendrickson et al. 2004). For 
example, J(NPQ) = Φ(NPQ) × PPFDsat × 0.5 × 0.84, where PPFDsat 
is 665 µmol m−2 s−1; the factor 0.5 corrects the expression by the 
assumption that the efficiency of the two photosystems is equal 
and that light is equally distributed between them and 0.84 is the 
leaf absorptance. No specific leaf absorptance measurement for 
N. nitida was carried out and the factor 0.84 was considered as 
the mean value of absorptance for green leaves (Demmig-Adams 
et al. 1987). In this way, we determine the capacity for the follow-
ing light energy fluxes towards photochemistry [J(II) and J(I)], 
 ΔpH-xanthophyll-regulated thermal dissipation [J(NPQ)], the sum of 
fluorescence quenching and constitutive thermal dissipation 
[J(NO)], and the non-photochemical fluxes consumed by donor 
[J(ND)] and acceptor [J(NA)] side limitations.

Non-photochemical quenching components 
determinations

NPQ components were determined in detached new fully 
expanded leaves at 15 °C. These measurements were per-
formed using a pulse-amplitude modulated fluorometer (FMS 
2, Hansatech Instruments Ltd, King’s Lyn, UK). Non-
photochemical quenching was resolved into a slow- relaxing 
component of NPQ (NPQs) and a fast-relaxing component of 
NPQ (NPQf) essentially as described by Walters and Horton 
(1991). The protocol used was the  application of 2000 µmol 
photons m−2 s−1 of actinic light for 2 h provided by an LS2 
white light source (Hansatech Instruments Ltd) connected to 
an LD2/3 electrode chamber. Then, the actinic light was 
turned off and the dark recover kinetic during 1 h was 

 analysed. During this time saturating pulses to obtain Fm were 
applied. NPQs = (Fm–Fm

r)/Fm
r and NPQf =  (Fm/Fm′) − (Fm/Fm

r). 
Fm

r (the value of Fm that would have been attained if only 
slowly relaxing quenching had been present in the light) was 
obtained by extrapolation of the data points recorded towards 
the end of the relaxation back to the time when the actinic 
light was removed in a semi-logarithmic plot of maximum flu-
orescence yield versus time. The relative capacity for state 
1–state 2  transitions was estimated as described in Lunde 
et al. (2000), using a pulse-amplitude modulated fluorometer 
(FMS 2, Hansatech Instruments Ltd). The instrument was 
equipped with a blue light source consisting of an LS2 white 
light source (Hansatech Instruments Ltd) with a Corning 4-96 
filter (~80 µmol photons m−2 s−1) and far-red light 
(λ = 735 nm, 20 µmol photons m−2 s−1) provided by the FMS 
2 fluorometer (Hansatech Instruments Ltd). Relative state 
transitions (Fr) were calculated as Fr = [(Fi′ − Fi) − (Fii′ − Fii
)]/(Fi′ − Fi), where Fi′ and Fii′ designate fluorescence in the 
absence of PSII light in state 1 and state 2, respectively 
(Lunde et al. 2000).

Leaf anatomy

Samples of leaf lamina (avoiding large veins) of the 35 plants 
were cut and immediately fixed in formalin–acetic acid–alco-
hol. The leaf pieces were post-fixed in 2% osmium tetroxide 
for ~1 h before being dehydrated in an ethanol series and 
propylene oxide, and then embedded in epoxy resin. 
Transverse sections (90–100 nm thickness) were cut with a 
glass knife mounted in an ultramicrotome (MT2-B, Dupont 
Instruments, Cincinnati, OH, USA) and double stained with a 
solution of 1% safranin and 1% gentian violet in water for light 
microscopy. Digital images (3840 × 3072 pixels) were taken 
using an ACT video camera attached to an Axioplan-2 micro-
scope (Carl Zeiss, Oberkochen, Germany). Anatomical dimen-
sions were obtained from image measurements done with 
SigmaScan Pro software version 5.0 (SPSS Inc., Chicago, IL, 
USA). Porosity was calculated from the ratio of the total area 
of air spaces to the area between both epidermal cell layers.

Specific leaf area, leaf nitrogen content and relative 
chlorophyll content

Twenty new fully expanded leaves from each of the 35 plants 
were cut and wrapped in moist paper and conserved in a cool 
box, until further processing after 24 h. In the laboratory they 
were rehydrated according to the protocol of Garnier et al. 
(2001). Leaf area was determined by a photographic method 
using SigmaScan Pro 5 software (SSPS Inc.). Leaf dry mass 
was obtained after 2 days of drying at 70 °C. Specific leaf area 
was calculated as the ratio of leaf area/dry weight. Nitrogen 
content was evaluated in the same leaves used for SLA deter-
minations. We used the Kjeldahl method as described by 
Sadzawka et al. (2004). Briefly, digestion involved 95–97% 
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sulphuric acid (H2SO4) including potassium sulphate (K2SO4) 
and pentahydrated copper sulphate (CuSO4⋅5H2O) as catalyst. 
Samples were distilled to recover NH3 and then titrated with 
40% boric acid (H3BO3) and 32% sodium hydroxide (NaOH) 
using red methyl and green bromocresol dissolved in 96% 
ethanol as indicators. Relative chlorophyll content was 
 measured as SPAD values in the same 20 leaves per plant with 
the chlorophyll meter SPAD-502 (Minolta Camera Co., Tokyo, 
Japan) avoiding placing the meter over major leaf veins. The 
SPAD-502 meter provided reliable estimates of relative leaf 
chlorophyll (Markwell et al. 1995, Richardson et al. 2002).

Thylakoid polypeptide analyses

Four samples of leaf tissue (~0.1 g fresh weight) from indi-
vidual plants were frozen in liquid nitrogen. Thylakoidal pro-
teins were extracted and analysed as per Spangfort and 
Andersson (1989) and an aliquot of the final extract was kept 
to measure chlorophyll content according to Arnon et al. 
(1949) to determine extraction yields and standardize gel 
loading. Four samples were analysed by sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis under denaturing 
conditions in 15% polyacrylamide mini-gels containing 6 M 
urea, according to Laemmli (1970). An equivalent of 6 µg 
chlorophyll was loaded on each gel lane. In the case of D1, 
three lanes were loaded with 1.25, 2.5 and 3.75 pmol of D1 
standard protein (AS01-016S, AgriSera, Vännäs, Sweden). 
After the electrophoresis, the gels were electrotransferred to 
nitrocellulose membranes and blocked with 5% non-fat milk. 
After blocking, the membranes were incubated with polyclonal 
antibodies against light harvesting complex (Lhc) polypep-
tides (anti-LhcA1, -LhcA2, -LhcA3, -LhcA4, -LhcB1, -LhcB2, 
-LhcB3, -LhcB4, -LhcB5 and -LhcB6) 1:10,000 and anti-PSbA 
(D1) and PsbS 1:5000 (AgriSera) dilutions in Tween Tris-
buffered saline (0.1% Tween-20, 20 mM Tris–HCl, 500 mM 
NaCl; TTBS) plus 2% non-fat milk for 1 h at room temperature 
in an orbital shaker. The three membranes were washed three 
times for 10 min with TTBS. Incubation with the secondary 
antibody conjugated with horseradish peroxidase (Amersham-
Pharmacia Biotech, Uppsala, Sweden) at 1:2000 dilution was 
carried out. Blots were developed using Lumi-Phos WB chemi-
luminescent reagent (Pierce, Rockford, IL, USA) on X-ray film 
(Fuji, Tokyo, Japan). Quantitative densitometry of D1 and rela-
tive intensity of LHC polypeptides and PsbS (no standard pro-
tein was available) chemiluminescent bands produced on four 
western blot X-ray films were quantified and averaged using 
the program SigmaScan Pro 5.0 (Systat Software Inc., San 
Jose, CA, USA).

Statistics

Multiple linear regression analysis was conducted to assess 
the relationship between functional, structural and biochemical 
leaf traits with light availability (IQF) and tree height (TH). In 

order to detect changes in light energy partitioning and 
gas exchange capacities induced by IQF and TH, we used 
 light-saturated  values (665 µmol photons m−2 s−1) in the 
 multiple linear regression analysis. A hierarchical partitioning 
procedure was used to quantify the contribution (independent 
 determination coefficient) of each predictor variable to the total 
explained variance by the regression models (Chevan and 
Sutherland 1991). Model assumptions were checked for 
 normality (P < 0.05), homogeneity of variances (P < 0.05), inde-
pendence (Durbin–Watson statistic difference from 2 < 0.5) and 
co-linearity [variance inflation factor (VIF < 4)] (Sokal and Rohlf 
1995, Quinn and Keough 2006). If the data did not meet the 
assumptions, response variable transformation proceeded. All 
the statistical analyses were performed with SigmaStat 3.1 soft-
ware (Systat Software Inc., San Jose, CA, USA).

Results

Relationship between IQF and TH

In the understorey (up to ~3.5 m TH), IQF varied between 3.98 
and 40.53 mol photons m−2 day−1, corresponding to 6.6–78.5% 
of canopy openness (Figure 1). On the other hand, upper leaves 
of taller trees (3.5–6.5 m TH) were exposed only to the brighter 
range of light availabilities. Hence, these trees received an IQF 
between 28.00 and 40.53 mol photons m−2 day−1, correspond-
ing to 41.4–78.5% of canopy openness. A weak positive rela-
tionship between IQF and TH was found in the selected sample 
(n  = 35; r2 = 0.23; P < 0.05), allowing the insertion of these 
two predictor variables into a model with permissible levels of 
co-linearity (VIF < 4.0) (Figure 1).

Effect of IQF and TH on relative chlorophyll content 
and CO2 assimilation light response curve parameters

Relative chlorophyll content was affected by IQF and TH 
(P  < 0.001), which explained 46% of its variance (Figure 
2a). Chlorophyll decreased with IQF (P  < 0.001), which 
explained 9% of its variation. Hence, shadier trees showed 
15% higher chlorophyll than more light-exposed trees 
(P  < 0.001). Conversely, chlorophyll increased with TH 
(P  < 0.001), which explained 37% of its variation (Figure 
2a). Hence, small seedlings showed an 11% lower relative 
chlorophyll content than tallest trees. None of the parame-
ters derived from light response curves of CO2 assimilation 
were affected by TH  (lowest P  < 0.148) (Figure 2b–f). In 
contrast, LCP (P  = 0.01), LSP (P  = 0.005) and Amax 
(P  < 0.001) increased with IQF, where IQF explained 19, 26 
and 34% of its variations, respectively (Figure 2c–e), while 
Rd slightly decreased with IQF (P  = 0.039), which explained 
15% of its variation (Figure 2b). Instantaneous water use 
efficiency and PNUE were related to neither TH nor IQF (see 
Table S2, available as Supplementary Data at Tree Physiology 
Online).
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Effect of IQF and TH on chlorophyll fluorescence 
and P700 assessment light response curves

Photochemical energy flux capacities of both photosystems 
[J(II) and J(I)] increased with IQF and TH (P  < 0.001), which 

together explained 67 and 69% of its variation, respectively 
(Figure 3a and b). Besides, J(II) and J(I) were affected by 
TH (P  < 0.001), which explained 34 and 36% of the 
increases. Integrated quantum flux was responsible for the 
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Figure 2.  Integrated quantum flux and tree height effects on relative chlorophyll content and CO2 assimilation light response curve parameters of 
N. nitida individuals growing in a Chilean evergreen rain forest. (a) Relative chlorophyll content, (b) dark respiration (Rd), (c) light compensation 
point (LCP), (d) light saturation point (LSP) and (e) maximal net photosynthetic rate (Amax). P level of regression, and model and partial determina-
tion coefficients are given. Partial P values for IQF and tree size are shown when one variable is non-significant.
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remaining fraction of J(II) and J(I) increases (P  < 0.001), which 
explained 33% of both (Figure 3a and b). Conversely, PSII 
non- photochemical energy flux capacity [J(NPQ)] was not 
affected by IQF (P  =  0.198) and decreased with TH 
(P  =  0.003), which explained 23% of its variation (Figure 
3c). J(NO) was not affected by TH (P  =  0.854) and slightly 
decreased with IQF (P  < 0.001), which explained 54% of its 

variation (Figure 3e). PSI non-photochemical energy flux 
capacity due to donor side limitations [J(ND)] was not affected 
by TH (P  =  0.664) and decreased with IQF (P  =  0.003), 
which explained 28% of its variation (Figure 3d). J(NA) was 
not affected by IQF (P  =  0.126) and decreased with TH 
(P  =  0.007), which explained 17% of its variation 
(Figure 3f).
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Figure 3.  Integrated quantum flux and plant height effects on PSII and PSI light energy flux capacities of N. nitida individuals growing in a Chilean 
evergreen rain forest. (a) Photochemical energy flux through PSII [J(II)] and (b) PSI [J(I)], (c) ΔpH-xanthophyll-regulated thermal dissipation [J(NPQ)]. 
(e) Sum of fluorescence quenching and constitutive thermal dissipation [J(NO)], and non-photochemical fluxes consumed by (e) donor [J(ND)] and 
(f) acceptor [J(NA)] side limitations. P level of regression, and model and partial determination coefficients are given. Partial P values for IQF and tree 
size are shown when one variable is non-significant.
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Effect of IQF and TH on non-photochemical 
quenching components

Total NPQ lightly increased with IQF and slightly decreased 
with TH, which together explained 56% of its variation 
(P  < 0.001) (Table 1). Besides, total NPQ decreased with TH 
(P  < 0.024), which explained 21% of its change. Total NPQ 
also increased with IQF (P  < 0.001), which explained 35% of 
its change. NPQs was not affected by either TH (P  =  0.142) or 
IQF (P  =  0.183). NPQf decreased with IQF and TH (P  < 0.001), 
which together explained 75% of its variation. Besides, NPQf 

was decreased by TH (P  =  0.049) and IQF (P  < 0.001), 
which explained 19 and 56% of its decreases, respectively. Fr 
was not affected by either TH (P  =  0.627) or IQF (P  =  0.632) 
(Table 1). In order to explore the underlying mechanisms 
responsible for the observed functional responses on light 
energy partitioning, a deeper biochemical and morphological 
characterization was performed (Table 2).

Effect of IQF and TH on foliar morpho-anatomical traits

Leaf thickness increased with IQF and TH, together explaining 61% 
of its variation (P  < 0.001). Besides, IQF and TH independently 
explained 24 and 37% of its increases, respectively (Table 2). 
Palisade layer thickness increased with IQF and TH, together 
explaining 64% of its variation (P  < 0.001). Besides, IQF and TH 

independently explained 32 and 32% of its increases, respectively. 
Spongy mesophyll thickness was not affected by IQF (P  =  0.383), 
but decreased with TH (P  =  0.008), which explained 19% of its 
variation. Palisade/spongy mesophyll  thickness ratio was not 
affected by IQF (P  =  0.069), but slightly decreased with TH 
(P  =  0.001), which explained 31% of its variation. Palisade cell 
diameter decreased with IQF and TH, together explaining 53% of 
its variation (P  < 0.001). Besides, IQF and TH independently 
explained 26 and 27% of its increases, respectively. Porosity 
inside the lamina was not affected by TH (P  =  0.467), but 
decreased with IQF (P  < 0.001), which explained 43% of its varia-
tion. Specific leaf area was not affected by TH (P  =  0.735), but 
decreased with IQF (P  =  0.002), which explained 29% of its 
 variation (Table 2).

Effect of IQF and TH on nitrogen, and structural 
and functional photosynthetic protein contents

We measured the content of the main structural and func-
tional polypeptides of both photosystems as well as total 
nitrogen. Rubisco content was not related to TH and IQF 
together (P  =  0.085). However, Rubisco increased with IQF 
(P  =  0.026), which explained 22% of its variation (see 
Table S5, available as Supplementary Data at Tree Physiology 
Online). Nitrogen increased with IQF and TH (P  < 0.001), 
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Table 1.  Summaries of multiple regression analysis to test for significant effects of TH and IQF on non-photochemical quenching components of 
N. nitida leaves.

NPQ components Constant TH (cm) IQF (mol photons m−2  day−1) Model

F2,6 P value R2

NPQ 3.569*** −0.002 (0.21)*  0.009 (0.35)*** 22.420 <0.001 0.56
Sqrt(NPQs) 0.900*** −0.000 (0.04) 0.004 (0.03) 1.352 0.272 0.07
NPQf 2.726*** −0.001 (0.19)* −0.047 (0.56)*** 52.176  <0.001 0.75
Fr 0.203*** 0.000 (0.00) −0.001 (0.00) 0.156 0.856 0.01

Variance inflation factor (highest VIF = 1.37). Numbers in parentheses indicate the independent determination coefficient (hierarchical partitioning 
method).
*P < 0.05; **P < 0.01; ***P < 0.001.

Table 2.  Summaries of multiple regression analysis to test for significant effects of tree height and total transmitted radiation on morpho- anatomical 
traits of N. nitida leaves.

Trait Constant TH (cm) TTR (mol photons m−2 day−1) Model

F2,6 P value R2

Leaf thickness (µm) 173.210***  0.235 (0.29)*** 2.093 (0.29)* 25.072  < 0.001 0.58
Palisade layer thickness (µm) 25.207  0.068 (0.31)*** 1.007 (0.31)*** 27.917 <0.001 0.62
Spongy mesophyll thickness (µm) 165.398*** −0.124 (0.16)** 0.563 (0.00) 4.226 0.024 0.16
Palisade/spongy mesophyll thickness1 5.267*** −0.005 (0.46)** −0.043 (0.00) 15.480 <0.001 0.46
Palisade cell diameter (µm) 14.407*** −0.006 (0.25)** −0.082 (0.25)** 17.703 <0.001 0.50
Porosity inside lamina (%) 36.654*** 0.004 (0.00) −0.355 (0.43)*** 13.953 <0.001 0.43
Specific leaf area (cm g−1) 100.036*** −0.009 (0.00) −1.295 (0.31)** 8.557 0.001 0.31

1Reciprocal transformation. Variance inflation factor (VIF = 1.37 for all coefficients).
Numbers in parentheses indicate the independent determination coefficient (hierarchical partitioning method).
*P < 0.05; **P < 0.01; ***P < 0.001.
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together explaining 59% of its variation. Besides, nitrogen 
increased with TH (P  =  0.041) and IQF (P  < 0.001), 
which explained 20 and 39% of its increases, respectively 
(Figure 4e). D1 content was not affected by TH and IQF 
(P  =  0.163) (see Table S5, available as Supplementary Data 

at Tree Physiology Online). PsbS content was not affected 
by TH and IQF (P  =  0.765) (see Table S5, available 
as Supplementary Data at Tree Physiology Online). Lhca1, 
Lhca2, Lhcb1 and Lhcb2 were not affected by TH (lowest 
P  =  0.174).Conversely, Lhca1, Lhca2 and Lhcb2 increased 
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Figure 4.  Integrated quantum flux and plant height effects on (a) Lhca1, (b) Lhca2, (c) Lhcb1, (d) Lhcb2 and (e) nitrogen leaf contents of N. nitida 
individuals growing in a Chilean evergreen rain forest. Specific polypeptides were immunodetected and densitometrically measured on western 
blots. Polypeptides are expressed as relative band intensity cm−2. P level of regression, and model and partial determination coefficients are given. 
Partial P values for IQF and tree size are shown when one variable is non-significant.
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with IQF (highest P  =  0.005), which explained 25, 35 and 
36% of the variations, respectively (Figure 4a–d). Lhcb1 
decreased with IQF (P = 0.005), which explained 27% of its 
variation (Figure 4c).

Discussion

As trees grow taller, upper leaves are often progressively 
exposed to higher vapour pressure deficit and wind speed. 
These conditions increase water demand as well as hydraulic 
and gravitational resistance to water flow (Tyree and Ewers 
1991, Kull and Niinemets 1993). The above effects commonly 
result in stomatal and mesophyll limitations that lead to a 
decrease in CO2 assimilation (Hubbard et al. 1999, Whitehead 
et al. 2011) and conditions that favour photoinhibition 
(Björkman and Powles 1984). Nevertheless, it seems that this 
size-related limitation depends on the developmental stage of 
trees (McDowell et al. 2005, Abdul-Hamid and Mencuccini 
2009, Whitehead et al. 2011) and on light availability during 
leaf formation (Thomas and Winner 2002, Terashima et al. 
2006). Despite these growth-related limitations, there is 
emerging evidence showing that there is a compensatory 
increase in CO2 uptake. This is, for example, the case for the 
transition from seedlings to saplings of M. gigantea (Ishida 
et al. 2005), of five dipterocarp (Kenzo et al. 2006) and of 
four Neotropical species (Rijkers et al. 2000). The parallel 
developmental and environmental change that woody plants 
experience during the transition from seedlings to saplings 
may mask the origin of these compensatory adaptations (Lusk 
and Warton 2007). In the present study, we clarify the relative 
contribution of TH and IQF to leaf photosynthetic responses, 
and morpho-anatomical and biochemical traits by considering 
a continuous range of tree heights from seedlings to saplings. 
Despite the expected ontogenetic decrease in tissue and 
whole plant Rd induced by the enhanced proportion of respi-
ratory versus photosynthetic tissues (Givnish 1988), and by 
the decrease in the mass contribution of tissues with higher 
physiological activity and concomitantly higher Rd rates 
(Machado and Reich 2006), no tree size responses at leaf 
level Rd were found. The decreases in Rd with increasing plant 
size have also been indicated by a positive relationship 
between total Rd and relative growth rates (Poorter et al. 
1990, Tjoelker et al. 1999), as well as by negative relation-
ships of both components to plant size. Nevertheless, growth 
accelerates in most young forests as canopies develop and 
declines substantially soon after maximum leaf area is attained 
(Pretzsch 2009). In this study we considered saplings up to 
7 m tall; thus the apparent insensibility of Rd to tree size could 
be caused by the compensatory effect between the ontoge-
netic decrease in Rd and the increments in growth rates dur-
ing the seedling–sapling transition and prior to reproductive 
onset (Thomas 2010).

In N. nitida, CO2 assimilation light response parameters were 
strongly increased with IQF. The increments in LCP, LSP and 
Amax found with higher IQF could be related to the develop-
ment of new leaves in more illuminated environments, which 
may enable them to fully acclimate morpho-anatomically and 
biochemically to their light environment (Mulkey and Pearcy 
1992, Krause et al. 2001, Coopman et al. 2008). This effect 
was corroborated by the positive response of Rubisco, total 
nitrogen, LHC polypeptide contents (see Table S5, available 
as Supplementary Data at Tree Physiology Online) and SLA 
(Table 1) preferentially to IQF. In agreement with Kenzo et al. 
(2006), our findings showed photosynthetic capacity adjust-
ments to light environment concomitant with changes in 
leaf morpho-anatomical as well as biochemical properties. 
Anatomical modifications involved an increase in the thickness 
of the palisade layer in response to TH and IQF that could be 
directly involved in the enhancement of carbon assimilation 
(Niinemets 2006).

The partitioning of absorbed light towards photochemical 
energy flux in both photosystems [J(II) and J(I)] increased inde-
pendently with TH and IQF. This increase for light energy utili-
zation implies higher potential to safely quench potentially 
damaging excitation energy via photosynthesis (Demmig and 
Winter 1988). Consistent with our results, increments in photo-
chemical capacity from seedlings to saplings have been 
recently reported for several species (Ishida et al. 2005, Kenzo 
et al. 2006). In contrast, with J(II) the flux of energy dissipated 
by regulated non-photochemical quenching of absorbed light 
in PSII [J(NPQ)] was slightly diminished with TH and not affected 
by IQF. The latter indicates that under natural conditions photo-
chemical energy quenching increased in N. nitida as trees 
grew, decreasing their need for thermal dissipation. Hence, the 
flux of thermally dissipated energy expressed under light satu-
ration conditions remains relatively constant as N. nitida plants 
grow and as foliage explores a more illuminated environment 
(Coopman et al. 2010). This pattern has also been shown in 
other species (Ishida et al. 2005). J(NO) was similar between 
plant sizes and decreased with light availability. In summary, 
the variation in light energy partitioning in PSII during the seed-
ling to sapling phase of N. nitida is referred mainly to photo-
chemical adjustments rather than to non-photochemical ones.

On the other hand, the capacity for non-photochemical 
quenching due to donor side limitation in PSI [J(ND)] was not 
affected by TH. Conversely, we found an increase in the maxi-
mum [J(ND)] with lower light availability. This could be caused by 
the higher photochemical light use capacity of PSI shown by 
trees growing at higher irradiance, which determines a lower 
excess of energy for thermal dissipation, or by a lower max J(II) 
observed in this group of plants compared with max J(I). This 
apparent imbalance between J(II) and J(I) gets more balanced in 
plants grown at higher IQF. Non-photochemical energy flux 
due to acceptor side limitation of PSI [J(NA)] reached negligible 
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levels of around 5, indicating that there was no limitation for 
NADP + regeneration and hence no severe biochemical 
 photosynthetic limitations such as carbon diffusion limitation 
by stomatal closure in leaves of tallest trees (Bond 2000). The 
hydraulic limitation indicated by Tyree and Ewers (1991) does 
not seem to be a severe restriction for photosynthetic perfor-
mance of nitida trees up to 7 m tall. The higher increase of J(II) 
than CO2 assimilation (Amax) in response to TH could be due to 
the development of alternative electron acceptor pathways, 
such as photorespiration and the water–water cycle (Johnson 
2005), associated with leaves that are exposed to more desic-
cant conditions, such as those in the medium and upper can-
opy (taller plants). The previous processes have been recently 
reported as photochemical photoprotective mechanisms which 
are up-regulated under stressful conditions that increase 
photo inhibition susceptibility, such as high light and water 
 deficits (Miyake and Okamura 2003, Miyake et al. 2004).

As indicated before, more illuminated plants possess more 
efficient mechanisms for photochemical energy utilization at 
high irradiance than shadier ones (Figure 3a and b). This is 
consistent with previous reports (Lichtenthaler et al. 2007, 
Coopman et al. 2008, 2010). Thus a lower fraction of absorbed 
light energy has to be dissipated as heat. Consistently, the fast-
relaxing component (NPQf) (which in principle depends on 
ΔpH and zeaxanthin formation) decreased with IQF (Table 1). 
In principle, this result seems to be inconsistent with a lack of 
significant relationship observed between the relative content 
of PsbS and IQF or TH (see Table S3, available as Supplementary 
Data at Tree Physiology Online). However, reports in Arabidopsis 
thaliana indicate that naturally occurring variation in thermal 
dissipation is not attributable to PsbS (Niyogi et al. 2005). 
Additionally, a PsbS-independent non-photochemical quench-
ing has been described (Dall’Osto et al. 2005). Our findings 
contrast with many other studies that indicate higher thermal 
dissipation capacities in more illuminated growth environments 
(Demmig-Adams et al. 1995, Adams et al. 1996). However, it 
is consistent with strategies reported in evergreen species that 
inhabit low-temperature environments (Savitch et al. 2000). 
The changes in zeaxanthin-dependent NPQ did not affect the 
level of chronic photoinhibition attained, because NPQs (indica-
tive of photodamage) remained unchanged with increases in 
IQF and TH. However, zeaxanthin-dependent NPQ was insuffi-
cient to protect the photosynthetic apparatus of N. nitida seed-
lings against photoinhibition, as indicated by NPQs, which 
accounts for around 40% of total NPQ. This result partially dis-
agrees with recent findings in which seedlings of N. nitida in 
summer showed higher levels of photodamage than adult trees 
(Reyes-Díaz et al. 2009). Nevertheless, the highest level of 
photodamage reported in this study was equivalent to 25% of 
total NPQ for seedlings. These differences may be due to the 
difference in the duration of the photoinhibitory treatment, 
which in our case was 340% longer. Recently we reported an 

ontogenetic shift in the capacity for state transitions (Fr) 
(Coopman et al. 2008, 2010), where the highest capacity for 
Fr was obtained in small N. nitida seedlings grown in deep-
shade conditions (20 µmol photons m−2 s−1); this capacity dra-
matically decreased with light availability and seedling height, 
indicating that small plants of N. nitida grown in low light were 
better prepared to live in deep-shady environments (Coopman 
et al. 2008, 2010). Unexpectedly, no variations in Fr were 
found between tree height and light environment ranges in the 
present study. Fr has been proposed as a strategy to maximize 
the efficiency of utilization of absorbed light energy under light 
limiting conditions for growth (Mullineaux and Emlyn-Jones 
2005). In this context, the lowest forest light availability in the 
study site was not too shaded (4 mol photons m−2 day−1, which 
is equivalent to a PPFD of 100 µmol m−2 s−1 during a 12 h pho-
toperiod) in comparison with deep-shade conditions. It seems 
that Fr is restricted to very early ontogeny of N. nitida seed-
lings growing in deep-shade environments.

Conclusion

Light energy partitioning and leaf morpho-anatomical traits 
changed with plant size and light availability in N. nitida. This was 
the result of an adaptation to the light environment, but also to 
an ontogenetic shift in shade tolerance that has been previously 
reported in this (Coopman et al. 2008, 2010) and in many dif-
ferent tree species (Lusk and Warton 2007). Taller plants can 
use more efficiently the prevailing high light intensities for photo-
chemistry and CO2 gain, partially avoiding a possible severe 
reduction in photosynthetic performance. In this way, the photo-
chemical use of absorbed light was the more plastic photopro-
tective quenching mechanism which responds to increases in 
both light availability and TH at the same rate. In contrast, ther-
mal dissipation capacity (NPQf) is reduced with higher light 
availability and pH, maintaining a relatively constant non- 
photochemically dissipated energy flux within the size and IQF 
ranges studied in N. nitida. The positive stimulatory response of 
photosynthesis to IQF was based on the parallel modification of 
morpho-anatomical traits in leaves and on the biochemical 
re organization of photosynthetic components. Thus light inter-
ception was maximized by the increase in the thickness of the 
palisade layer, while the components involved in carbon assimi-
lation (Rubisco) and photosystem II were also up-regulated by 
IQF. The same morphological modifications were observed in 
response to TH, but they were not enough to induce an enhance-
ment of carbon assimilation. This study highlights the indepen-
dent effects of plant size and light environment, which contribute 
in a similar proportion to the increase in photochemical capaci-
ties but differentially on the observed changes in photosynthetic 
responses that characterize the transition from seedling to sap-
ling. Therefore, the major determinant in this transition seems to 
be the light environment rather than the tree height itself.
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