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Abstract High solar radiation in the tropics is known to

cause transient reduction in photosystem II (PSII) effi-

ciency and CO2 assimilation in sun-exposed leaves, but

little is known how these responses affect the actual growth

performance of tropical plants. The present study addresses

this question. Seedlings of five woody neotropical forest

species were cultivated under full sunlight and shaded

conditions. In full sunlight, strong photoinhibition of PSII

at midday was documented for the late-successional tree

species Ormosia macrocalyx and Tetragastris panamensis

and the understory/forest gap species, Piper reticulatum. In

leaves of O. macrocalyx, PSII inhibition was accompanied

by substantial midday depression of net CO2 assimilation.

Leaves of all species had increased pools of violaxanthin-

cycle pigments. Other features of photoacclimation, such

as increased Chl a/b ratio and contents of lutein, b-carotene

and tocopherol varied. High light caused strong increase of

tocopherol in leaves of T. panamensis and another late-

successional species, Virola surinamensis. O. macrocalyx

had low contents of tocopherol and UV-absorbing sub-

stances. Under full sunlight, biomass accumulation was not

reduced in seedlings of T. panamensis, P. reticulatum, and

V. surinamensis, but O. macrocalyx exhibited substantial

growth inhibition. In the highly shade-tolerant understory

species Psychotria marginata, full sunlight caused strongly

reduced growth of most individuals. However, some plants

showed relatively high growth rates under full sun

approaching those of seedlings at 40 % ambient irradiance.

It is concluded that shade-tolerant tropical tree seedlings

can achieve efficient photoacclimation and high growth

rates in full sunlight.
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Introduction

When tropical outer-canopy tree leaves become exposed to

full solar irradiance, they are subjected to levels of pho-

tosynthetically active radiation (PAR) of about

2,000–2,300 lmol photons m-2 s-1, which is highly above

saturation of photosynthetic CO2 assimilation in many

species. On a daily basis, leaves in tree canopies and forest

gaps may experience substantial, largely reversible reduc-

tion in the potential photosynthetic efficiency of PSII,

indicating photoinhibition (Krause et al. 1995; Krause and

Winter 1996; Thiele et al. 1998). Light stress can be

aggravated by the high ultraviolet (UV) radiation in the

tropics (Krause et al. 1999, 2001, 2003a, b, 2007).

A typical in situ response to high sun exposure is

‘midday depression’ of net CO2 uptake (for tropical plants

see, e.g., Zotz et al. 1995; Krause et al. 2006) associated

with stomatal closure and photoinhibition of PSII. Closure

of stomata limits CO2 supply and leads to increased leaf

temperatures, which enhance photorespiration at the
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expense of CO2 uptake (Muraoka et al. 2000; Franco and

Lüttge 2002). As a consequence, daily carbon gain is

reduced despite strong photoprotective mechanisms oper-

ating in sun leaves (Demmig-Adams 1998; Takahashi and

Badger 2011).

Previous investigations on biomass production of shade-

tolerant seedlings of tropical tree species exposed to

high solar irradiance show a broad range of responses

(Veenendaal et al. 1996; Agyeman et al. 1999; Poorter

1999; Marimon et al. 2008) and only few studies have, in

addition, considered photoacclimation (Krause et al. 2006).

In the present study, the effects of excessive light were

investigated in seedlings of tropical woody species from

the moist lowland forest in Panama grown under full

sunlight or under moderate shading that alleviates high-

light stress. Two experimental approaches were applied.

(1) Seedlings of two late-successional tree species, Ormo-

sia macrocalyx and Tetragastris panamensis, and one

understory/gap species, Piper reticulatum, were grown

either under full sunlight or 50 % neutral shade that was

automatically applied whenever ambient PAR was above

1,200 lmol photons m-2 s-1. The rationale of this mode of

shading (Krause et al. 2006) is that possible metabolic costs

caused by excess light in sun leaves is diminished, whereas

the sun-leaf character is still maintained. (2) Seedlings of

another late-successional tree species, Virola surinamensis,

and one typical forest understory species, Psychotria

marginata, were cultivated under full sun or continuous

shading. This represents the more conventional method to

assess light-dependence of growth. Under continuous

shading, acclimation to the respective light levels in terms

of leaf morphology, anatomy, and photosynthetic charac-

teristics will occur, as shown, e.g., for Alocasia macro-

rrhiza, a tropical herb found in understory and open

habitats (Chow et al. 1988; Sims and Pearcy 1989).

Late-successional trees usually develop as seedlings and

saplings in the forest understory, where the typical light

level is around 1 % of full sunlight, except for higher PAR

during sun flecks. Before their crowns finally reach the

outer forest canopy, their growth may be enhanced in tree-

fall gaps with high light up to about 1,700–1,800 lmol

photons m-2 s-1 for brief daily periods (Krause and Winter

1996). Tall trees of O. macrocalyx, known from mature

forests, are relatively rare in Panama. By contrast, T.

panamensis, a dominant tall tree, is widespread in various

lowland forests and lower montane forests. V. surinamen-

sis, a tall tree of wet forests, is less common. P. reticula-

tum, a shrub or small tree, grows both in the forest

understory and more open habitats such as forest edges,

gaps and secondary or disturbed forest (Condit et al. 2011).

P. marginata is a common shrub or treelet belonging to a

group of Psychotria species restricted to the deeply shaded

forest understory (Valladares et al. 2000).

In the experiments presented here, effects of high-light

stress on potential PSII efficiency and net CO2 assimilation

were tested. Acclimation of the plants to excessive light

absorbance was assessed regarding photosynthetic pig-

ments, tocopherol and vacuolar UV-screening substances,

and the effect of full solar irradiance on biomass accu-

mulation and other growth parameters was studied.

Materials and methods

Study site

Seedlings were cultivated at the Santa Cruz Experimental

Field Facility of the Smithsonian Tropical Research Insti-

tute, located in Gamboa, Panama, at 35 m above sea level,

9�N, 79�W. The site is characterized by a rainy season

from May to December and a dry season from January to

April.

Species studied

The study included three late-successional tree species,

Ormosia macrocalyx Ducke (Leguminosae), Tetragastris

panamensis (Engl) Kuntze (Burseraceae), and Virola

surinamensis (Rol ex Rottb.) Warb. (Myristicaceae), one

understory/forest gap species, Piper reticulatum L. (Pip-

eraceae) (Condit et al. 1996, 2011), and one highly shade-

tolerant understory species Psychotria marginata Sw.

(Rubiaceae) (Valladares et al. 2000). Nomenclature and

authorities are based on The Plant List (2010) of the

Missouri Botanical Garden (www.theplantlist.org).

Experimental conditions

Plants were grown for one to several months from seeds or

small seedlings collected in the forest or underneath mature

trees near the study site. Potted seedlings were initially

kept under 30–50 % of ambient PAR in chambers made of

metal frames covered on top and sides with neutral shade

cloth. The chambers were placed under glass roofed rain

shelters. Pots had a volume of 15 L (height 50 cm) and

were filled with a mixture of soil and 20 % leaf litter or rice

husks. Fertile topsoil from a local orchard without added

fertilizer was used. The pots were kept well-watered and

wrapped with aluminum insulating foil to prevent heating.

At the start of experiments, three to five seedlings were

harvested to determine initial dry mass and leaf area. Mean

dry mass was between 0.16 and 1.1 g. Experimental

treatments were started in the rainy season (Nov/Dec).

Measurement of photosynthetic parameters, collecting of

leaf samples and final harvesting of plants was performed

in the following year during the dry season (Feb to Apr).
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Mature leaves that had developed after start of the exper-

iments were used for measurements and sample collection.

Ormosia macrocalyx, T. panamensis, and P. reticula-

tum: At an open, fully sun-exposed site, the seedlings were

separated in two groups. One was subjected to full ambient

PAR, whereas the other was automatically shaded (*50 %

neutral shade) whenever ambient PAR exceeded

1,200 lmol photons m-2 s-1 (cf. Krause et al. 2006). In

2004/2005, experiments were performed with O. macro-

calyx (10 plants per group) and T. panamensis (12 plants

per group), and in 2006/2007 with P. reticulatum (14 plants

per group). In 2007/2008, the experiment with O. macro-

calyx was repeated with 25 plants per group, which served

to determine growth; both groups were exposed to full sun

for 1 week, before one group was partially shaded.

Virola surinamensis: In 2009/2010, seedlings were

subjected to either full sunlight or continuous neutral shade

in chambers covered with shade cloth, providing *70,

*40, and *12 %, respectively, of ambient PAR (6 plants

per group). Plants growing under full sunlight were pro-

tected from rainfall by a mobile plexiglass roof controlled

by a rain sensor. Prior to full sun exposure, plants were

kept for 15 days under 60 % PAR.

Psychotria marginata: In 2007/2008, seedlings were

subjected to full sunlight (46 plants) or continuously to

40 % of ambient PAR (8 plants). After pre-culture under

40 % PAR, seedlings were kept under 50 % PAR for 1

week, before exposing them to full sun. During the

experiment, leaves showed substantial visible photodam-

age under full sunlight. Pigment analysis and measure-

ments of photosynthetic activities were done on leaves or

leaf sections devoid of visible damage.

PAR and temperatures: At 5-min intervals, PAR was

recorded with quantum sensors LI-190SA (LI-COR, Lin-

coln, NE, USA). Such sensors were also used to control the

automatic shading device and to measure PAR for

recordings of CO2 exchange and Chl a fluorescence (cf.

Krause et al. 2006). In Feb/Mar, mean daily ambient PAR

doses were *37 mol photons m-2 day-1, i.e. about 48 %

higher than in Nov/Dec (recorded 2007/2008). Tempera-

ture of air and abaxial leaf side was measured around

midday using Leaf-Clip Holder 2030-B of a MINI-PAM

fluorometer (Walz, Effeltrich, Germany). In Feb/Mar,

midday air temperatures were 32–34 �C both in full sun-

light and *50 % neutral shade. Leaf temperatures

increased between 1 and 6 �C above air temperatures.

Chlorophyll (Chl) a fluorescence

The ratio of maximum variable to maximum total Chl

a fluorescence (‘dark-adapted’ Fv/Fm ratio) was used as a

measure of potential efficiency of PSII. Measurements on

attached mature leaves were performed in early morning

and around midday with a portable PAM 2000 or MINI-

PAM fluorometer (Walz, Effeltrich, Germany). DLC-8 leaf

clips (Walz) were used for 10 min dark adaptation before

recordings. The measuring procedure has been described

by Barth and Krause (1999) and Krause et al. (2006).

Photosynthetic CO2 assimilation

For gas exchange measurements, a LI-6400 system (LI-

COR, Lincoln, NE, USA) was used. Measurements of net

CO2 assimilation rates (A) of mature sun leaves were

performed under saturating ambient PAR ([800 lmol

photons m-2 s-1) at ambient CO2 level (*380 lL L-1) in

the morning (8:30–9:40 h) and at midday (11:40–13:15 h).

Flow rate of air was 500 lmol s-1.

Quantification of photosynthetic pigments

and tocopherol

Leaf disks of 1 cm diameter were immediately frozen in

liquid nitrogen and stored at -70 to -80 �C or on dry ice.

Photosynthetic pigments were quantified by HPLC, fol-

lowing a modified procedure of Färber et al. (1997), as

described by Krause et al. (2003a). The antioxidant

tocopherol in leaves of several species was analyzed in the

same leaf extract as photosynthetic pigments (Garcı́a-

Plazaola and Becerril 1999), as described by Krause et al.

(2006). Bands of the chromatograms were integrated; the

band areas were used to quantify pigments and tocopherols.

The chromatograms of tocopherol exhibited two major

bands, belonging to a-tocopherol and b- plus c-tocopherol,

which could not be separated.

Assessment of ultraviolet-absorbing compounds

Leaf disks, diameter 1 cm, of O. macrocalyx and T. pan-

amensis were extracted with ethanol/water. Absorbance of

the extracts in the spectral UV region served as a relative

measure of soluble UV-absorbing compounds (for details,

see Krause et al. 2003a, 2007). Relevant for screening of

solar UV are the absorbance values at 305 nm (UV-B) and

360 nm (UV-A). As absorbance maxima are frequently

observed in the short-wavelength UV-B region, values

recorded at 280 nm are also presented. Data were re-cal-

culated to approximate absorbance of UV radiation in vivo

(Krause et al. 2003a).

Growth parameters

After final harvest, total leaf area per plant was measured

and dry mass of leaf blades, stems (including leaf petioles),

and roots were determined (Krause et al. 2006). The mean

relative growth rate (RGR) was calculated in units of
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mg g-1 day-1 as the difference between ln(seedling mass)

of individual plants at the end of the experimental period

and ln(mean initial seedling mass) divided by the number

of days of the experiment. Net assimilation rate (NAR) was

calculated as

NAR g m�2 day�1
� �

¼ W2 �W1ð Þ � ln A2 � ln A1ð Þð Þ=
A2 � A1ð Þ � tð ÞÞ:

W1 and W2 are the initial and final total dry mass (g); A1

and A2 are the initial and final leaf area (m2); t is the

duration of the experiment (days). Growth periods from

start of experiments to the time of harvest were (months):

O. macrocalyx, 4; T. panamensis, 4; P. reticulatum, 3; V.

surinamensis, 6.8; P. marginata, 5.5.

Statistics

Means and standard deviations (SD) of data are presented.

Significance of differences between data sets was assessed

by two-way ANOVA for chlorophyll fluorescence tests and

records of net CO2 assimilation (Figs. 1, 2). For data from

V. surinamensis (four groups with two treatments), one-

way ANOVA with Tukey’s post hoc test was applied. For

pairs of two treatments, paired t tests were used. The

probability of error (p) is noted in Figs. 3, 4, 5, 6 and tables

when differences were significant (i.e., p \ 0.01 or

p \ 0.05). Presented data are from individual seedlings,

except for plants growing in the natural forest understory.

Data from understory plants were not included in the

statistics.

Results

Photosystem II efficiency

The morning and midday potential efficiency of PSII,

indicated by the ‘dark-adapted’ Fv/Fm ratio, was recorded

for seedlings grown under full sunlight or 50 % shading

above the threshold of 1,200 lmol photons m-2 s-1

ambient PAR (Fig. 1). There were highly significant effects

of growth-light conditions and daytime on Fv/Fm and

strong interactions between the two factors in leaves of O.

macrocalyx, T. panamensis, and P. reticulatum. This

resulted in lowered Fv/Fm ratios under both growth con-

ditions at midday and stronger Fv/Fm decline under full

sunlight than partial shading. All plants exhibited Fv/Fm

ratios \0.8 in the morning. Leaves of P. reticulatum

growing in the dense forest understory had morning Fv/Fm

ratios of *0.81 (see legend to Fig. 1).

Table 1 presents morning values of potential PSII

efficiency (Fv/Fm) in leaves of V. surinamensis and

P. marginata cultivated under full sunlight or continuous

shade. Fv/Fm of V. surinamensis was close to 0.8 and did

not vary between growth-light conditions. Leaves of the P.

marginata grown at 100 and 40 % PAR exhibited Fv/Fm

ratios significantly below 0.8; Fv/Fm was reduced by *9

and *4.4 %, respectively, compared to plants growing in

the deeply shaded forest understory. Leaves of this species

showed partial photodamage (bleaching and necrosis)

under full sunlight; all measurements and analyses were

done on leaves or leaf sections devoid of visible damage.

Photosynthetic CO2 assimilation

In leaves of O. macrocalyx, significant effects of growth

light and daytime were found for net CO2 assimilation

(Fig. 2). Under full sunlight, a marked midday depression

of net CO2 uptake (A) was observed. In contrast, morning

values of A were maintained at midday when 50 % shade

was applied during periods of ambient PAR [ 1,200 lmol

photons m-2 s-1. T. panamensis had relatively low A, and

effects of growth light and daytime, as well as interaction

Fig. 1 Potential efficiency of photosystem II in leaves of seedlings,

as indicated by the Chl a fluorescence ratio, Fv/Fm. Plants of O.
macrocalyx, T. panamensis and P. reticulatum were grown (for 3.7,

3.4, and 2.6 months, respectively) under full sunlight or *50 %

neutral shade whenever PAR exceeded 1,200 lmol photons m-2 s-1.

Measurements were performed in the morning (6:30–7:20 h;

PAR \ 100 lmol m-2 s-1) and around midday (11:10–12:45 h;

PAR * 2,000 lmol m-2 s-1). Means ± SD are presented (n = 8).

Fv/Fm ratios of leaves of P. reticulatum growing in the dense forest

understory were 0.809 ± 0.010 (recorded at ambient PAR of

40–50 lmol m-2 s-1; n = 5). Significance of effects for the three

species tested from two-way ANOVA; A, factor growth-light

condition; B, factor time of day: Main effect of A, p \ 10-3; main

effect of B, p \ 10-12; interaction A 9 B, p \ 10-5
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between the two factors were not significant. In leaves of P.

reticulatum, an effect of daytime (p \ 0.05) but not of

growth light was found.

Photosynthetic pigments

Under full sunlight, the pool size of violaxanthin-cycle pig-

ments (VAZ) was substantially (p \ 0.01) larger in O. mac-

rocalyx and T. panamensis than under partly shaded

conditions (Table 2). In P. reticulatum, the difference was not

significant (p = 0.09). In all three species, the degree of de-

epoxidation of violaxanthin (V) to antheraxanthin (A) and

zeaxanthin (Z), expressed by the de-epoxidation state (DEPS)

observed around midday, was considerably higher under full

sun than partial shade. Plants of P. reticulatum growing under

natural conditions in the deeply shaded understory showed an

extremely small VAZ pool (Table 2).

The level of Lutein (L) based on Chl was markedly higher

under full sunlight than partly shaded conditions in leaves of

T. panamensis but not in O. macrocalyx and P. reticulatum.

Relatively low L contents were found in understory plants of

P. reticulatum. The a-carotene (a-Car) content was low

(mean a-Car/b-Car ratios between 0.06 and 0.12) in leaves of

the late-successional species, O. macrocalyx and T. pan-

amensis, both under full sunlight and partial shade (Table 2).

In contrast, P. reticulatum exhibited a-Car/b-Car ratios of

*0.25 under these conditions. Growing in the understory,

leaves of this species had a mean a-Car/b-Car ratio of 1.50

(Table 2). There was little response of Chl a ? b content and

Chl a/b ratio to growth-light conditions. In comparison,

leaves of P. reticulatum showed much higher Chl

a ? b contents (and lower Chl a/b ratios) in the understory

than under higher light (Table 2).

In leaves of V. surinamensis grown under full sunlight

and different degrees of shading, contents of VAZ, L, and

b-Car decreased stepwise from full sunlight to 12 % of

Fig. 2 Rates of net CO2 assimilation (A) by mature leaves of

seedlings. Plants were grown under full sunlight or partial (*50 %)

shade, whenever ambient PAR exceeded 1,200 lmol m-2 s-1. Mea-

surements were performed under saturating ambient PAR

([800 lmol m-2 s-1 at leaf level) in the morning, 8:30–9:40 h and

at midday, 11:40–13:15 h. Means ± SD (n = 6 for O. macrocalyx
grown in full sun, otherwise n = 5). Growth periods under specified

light conditions (months): O. macrocalyx and T. panamensis, 3.4; P.
reticulatum, 2.6. Significance of effects from two-way ANOVA; A,

factor growth-light condition; B, factor time of day: O. macrocalyx,

main effect of A, p = 0.01; main effect of B, p \ 0.01; interaction

A 9 B, p \ 0.05. T. panamensis, effects and interaction not signif-

icant (n.s.). P. reticulatum, main effect of A, n.s.; main effect of B,

p \ 0.05; interaction A 9 B, n.s.

Fig. 3 Photosynthetic pigments in leaves of V. surinamensis seed-

lings grown for 4.3 months under different light regimes. Bars from

left to right: 100, 70, 40, and 12 % PAR, respectively. Samples were

taken in the morning (6:35–6:50 h; ambient PAR * 12 lmol pho-

tons m-2 s-1). a Contents of carotenoids based on Chl (mmol mol-1

Chl a ? b): xanthophyll-cycle pigments (sum of violaxanthin,

antheraxanthin, and zeaxanthin; VAZ), lutein epoxide (Lx), lutein

(L), a-carotene (a-Car), and b-carotene (b-Car). b Chl a ? b content

(lmol m-2) and molar Chl a/b ratio. Means ± SD (n = 6) are

depicted. Different letters above bars denote significant differences in

pigments contents between light conditions (a–b, a–c, b–c, p \ 0.01;

c–d, p \ 0.05)
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ambient PAR (Fig. 3a). The very low content of a-Car seen

under full sunlight increased with increasing shading.

Under 12 % of ambient PAR, the leaves contained more

a- than b-Car. The content of lutein epoxide (Lx) varied

little with light conditions. The relatively low Chl

a ? b content was increased only under the lowest light

level of 12 % PAR, whereas Chl a/b ratios decreased

progressively with decreasing growth light (Fig. 3b).

Similar responses to light as seen with V. surinamensis

were observed in seedlings of P. marginata. Figure 4

shows pigment data from seedlings grown under 100 and

40 % of ambient PAR and from plants growing in the

forest understory. VAZ, L, a-, and b-Car and the Chl

a/b ratio showed pronounced responses to growth light. Chl

a ? b levels were extremely low under 100 and 40 %

PAR.

Tocopherol and UV-absorbing compounds

Contents of the antioxidant tocopherol differed between

species (Fig. 5). In O. macrocalyx, mostly b- plus

c-tocopherol was detected, whereas in the other species

a-tocopherol was predominant (see legend to Fig. 5).

Leaves of O. macrocalyx contained the lowest amount of

tocopherol; under full sun, b- plus c-tocopherol levels were

only slightly higher than under partial shade (Fig. 5a).

T. panamensis grown under full sunlight exhibited the

highest a-tocopherol content which was reduced strongly

under partial shading. P. reticulatum had intermediate

levels of a-tocopherol that did not respond to shading. Very

small amounts of a-tocopherol were detected in leaves of

P. reticulatum (Fig. 5a) and P. marginata (data not shown)

when growing in the understory. A strong response to

growth light was observed in leaves of V. surinamensis

exhibiting a stepwise decrease in a-tocopherol as light

levels decreased (Fig. 5b).

Protection against solar UV radiation of O. macrocalyx

and T. panamensis was assessed by means of UV

Fig. 4 Photosynthetic pigments of P. marginata grown under full

sunlight (100 % PAR) and continuous shading (40 % PAR) for

3.5 months. Samples were collected in the morning (6:50–7:00 h). In

addition, data from leaves of plants growing in the forest understory

are shown. Bars from left to right: 100 %, 40 % PAR and understory

(2–5 % PAR). a Contents of VAZ, L, a- and b-Car based on Chl

(mmol mol-1 Chl a ? b). b Chl a ? b content (lmol m-2) and

molar Chl a/b ratio. Means ± SD (n = 6; understory, n = 4).

Different letters denote significant differences in pigment contents

between light conditions (a–b, p \ 0.01)

Fig. 5 Tocopherol contents based on Chl (mmol mol-1 Chl a ? b) in

leaves of seedlings grown under full solar irradiance or shaded

conditions. a O. macrocalyx, T. panamensis, and P. reticulatum grown

in full sunlight or 50 % neutral shade whenever PAR exceeded

1,200 lmol photons m-2 s-1; growth periods, 3.9, 4.0 and 2.8 months,

respectively. Additionally, tocopherol contents from understory plants

of P. reticulatum are shown. b V. surinamensis grown for 4.3 months

under 100, 70, 40, and 12 % of ambient PAR (bars from left to right).
Means ± SD. O. macrocalyx and T. panamensis, n = 5; P. reticula-
tum, n = 4; V. surinamensis, n = 6. Ranges of means based on leaf area

unit (lmol m-2): O. macrocalyx, 23–32; T. panamensis, 78–128:

P. reticulatum, 55–57; in understory, 13.5; V. surinamensis, 53–85. For

O. macrocalyx, contents of the major tocopherol component, b- plus

c-tocopherol, are depicted (not separated by the HPLC procedure);

a-tocopherol content was 9–14 % of total. The other species contained

predominantly a-tocopherol (presented in the figure) and 3–18 %

b- plus c-tocopherol of total. Letters above bars denote significant

differences of tocopherol contents between growth-light conditions: a–

b, p \ 0.01; c–d, p \ 0.05. For V. surinamensis, differences were also

significant between 100 and 40 % and between 70 and 12 % PAR,

respectively (p \ 0.05)
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absorbance of leaf extracts (Table 3). In both the UV-B

(280 and 305 nm) and UV-A (360 nm) spectral region, no

significant effect of growth-light condition on absorbance

was found. However, T. panamensis exhibited much higher

UV absorbance values than O. macrocalyx.

Growth

RGR was significantly reduced in seedlings of O. macro-

calyx under full sunlight compared to *50 % shading

applied at ambient PAR above 1,200 lmol photons m-2

s-1 (Fig. 6a). During the 4-month experimental period, this

corresponded to a reduction in total biomass by 27 %

(Table 4a). Accordingly, dry mass of leaves, stem and root,

leaf area and stem height were significantly (p \ 0.01 or

p \ 0.05) reduced under full sunlight. Mass fractions of

leaves, stem, and root (LMF, SMF, and RMF), leaf number

per plant, leaf mass per area (LMA), leaf area per total dry

mass (leaf area ratio, LAR), and shoot to root dry mass

ratio did not differ between the two growth-light conditions

(Table 4a). In contrast, T. panamensis and P. reticulatum

seedlings were not affected with respect to RGR (Fig. 6a),

dry mass and other growth parameters, except for minor

changes of LMF, RMF and shoot to root ratio of T. pan-

amensis and LMA of P. reticulatum (Table 4a).

RGR and dry mass values of V. surinamensis seedlings

during a 5.5-month period were not reduced under full sun-

light, as compared to growth occurring under 40 and 70 % of

ambient PAR (Fig. 6b; Table 4b). However, under 100 %

PAR, LMA was increased (Table 4b). Under 12 % PAR,

growth was strongly light-limited and a larger relative frac-

tion of dry mass was allocated to leaves at the expense of

roots, as seen from the increased leaf mass fraction (LMF)

and decreased root mass fraction (RMF), whereas the stem

mass fraction (SMF) was not changed (Table 4b).

RGR of P. marginata was reduced (on average by

*23 %) under full solar irradiance, as compared to 40 %

of ambient PAR (Fig. 6b). This resulted in a decrease of

total dry mass by *58 % during a 6.8-month period. Most

growth parameters were affected by full sunlight

(Table 4b). However, growth data varied widely between

the 46 seedlings exposed to full sunlight. Many leaves,

predominantly the upper, sun-exposed ones, showed

bleaching and necrosis. But in eight individuals, these

effects were minimal; mean RGR approached that of plants

grown under 40 % ambient PAR (Fig. 6b) and total dry

mass (15.24 ± 1.98 g) was reduced by only *22 %.

The NAR was not significantly influenced by growth

light, except in seedlings of V. surinamensis showing

unchanged NAR between 40 and 100 %, but reduced val-

ues at 12 % PAR (Table 4b).

Discussion

Photosynthetic activities

The potential efficiency of PSII was assessed by recording

the ‘dark-adapted’ Fv/Fm ratio. It has been shown previ-

ously that in leaves after exposing them to excess light,

energy-dependent Chl fluorescence quenching (qE) related

to the light-induced DpH across the thylakoid membrane,

relaxes fully within 10 min dark adaptation. The remaining

‘photoinhibitory’ quenching (qI) relaxes more slowly. This

Fig. 6 Mean relative growth rates (RGRs) of seedlings. a O. macro-
calyx, T. panamensis and P. reticulatum grown under full solar

irradiance (striped bars) or *50 % neutral shade whenever PAR

exceeded 1,200 lmol photons m-2 s-1 (dark bars). Means ± SD are

presented; O. macrocalyx, n = 25; T. panamensis, n = 12; P. reticul-
atum. n = 14. b V. surinamensis and P. marginata grown under full

sunlight or continuous shading, bars from left to right: V. surinamensis,

100, 70, 40, and 12 % PAR (n = 6); P. marginata, 100 % PAR

(n = 46), 40 % PAR (n = 8) and plants with highest dry mass under

100 % PAR (n = 8). Letters above bars denote significant difference in

growth rates between light conditions: a-b, p \ 0.01. For detailed dry

mass and growth data see Table 4. For dry mass at start of experiments

and growth periods see ‘‘Materials and Methods’’

Table 1 Morning values (PAR \ 100 lmol m-2 s-1) of potential

PSII efficiency (Fv/Fm ratios) in leaves of seedlings of V. surinam-
ensis and P. marginata grown under full sunlight or continuous shade

Species PAR (%) Fv/Fm ratio n

V. surinamensis 100 0.793 ± 0.010 6

70 0.794 ± 0.004 6

40 0.795 ± 0.007 6

12 0.807 ± 0.003 6

P. marginata 100 0.721 ± 0.017 8

40 0.762 ± 0.018 8

(understory) 2–5 0.797 ± 0.007 5

Light conditions of growth are given in % of ambient PAR. Growth

periods under specified light conditions (months): V. surinamensis,

4.3; P. marginata, 3.5. For comparison, Fv/Fm ratios of P. marginata
growing under natural conditions in the forest understory are given.

Means ± SD for n recordings are presented
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includes a Z-dependent component (qZ) and a component

related to turnover of D1 protein in the PSII reaction center

(Leitsch et al. 1994; Jahns and Miehe 1996; Thiele et al.

1997, 1998; Nilkens et al. 2010).

Leaves of O. macrocalyx, T. panamensis, and P. retic-

ulatum experienced substantial photoinhibition of PSII

under full sunlight (Fig. 1). Even when 50 % shade was

applied whenever ambient PAR exceeded 1,200 lmol

photons m-2 s-1, significant reduction of Fv/Fm occurred.

Intense high-light stress during daytime was also indicated

by morning values of Fv/Fm being slightly below 0.8,

showing that photoinhibition did not fully relax overnight.

This effect was most pronounced in seedlings of the

understory species P. marginata cultivated under full

sunlight (Table 1). In contrast, seedlings of the late-suc-

cessional species V. surinamensis grown under 100 % of

ambient PAR and different degrees of shading did not

exhibit such ‘chronic’ photoinhibition (Table 1).

Light-saturated CO2 assimilation may be less readily

affected by high-light stress than photosynthetic quantum

yield, which was found to decrease in correlation with

potential PSII efficiency (see Long et al. 1994). At midday, A

was not reduced in leaves of T. panamensis despite substantial

photoinhibition of PSII, whereas O. macrocalyx exhibited a

pronounced midday depression of A (Fig. 2). In a previous

study (Krause et al. 2006), strong depression of Fv/Fm and A

were observed in leaves of the late-successional tree species

Calophyllum longifolium, but there was no close correlation

between the two parameters. Thus, late-successional tropical

tree species do not seem to respond in a uniform manner to

excess light, regarding potential PSII efficiency and A. As

expected, the understory species P. marginata exhibited

strong reductions in both Fv/Fm and A (data not shown). In the

study of Lovelock et al. (1994), who transferred shade-grown

seedlings of tropical plants to full sunlight, Fv/Fm decline in

understory species was much stronger and recovery consid-

erably slower than in species adapted to high-light habitats.

High-light acclimation and photoprotection

All species showed acclimative responses of photosyn-

thetic pigments under full sunlight compared to shaded

Table 2 Photosynthetic pigments of O. macrocalyx, T. panamensis, and P. reticulatum grown under full sunlight or partly shaded (see legend to

Fig. 1)

Species Conditions Pigments

Chl a ? b Chl a/b VAZ DEPS L a-Car b-Car n

O. macrocalyx Full sun 202 ± 38 3.27 ± 0.28 128 ± 8a 0.86 ± 0.03a 153 ± 11 5.6 ± 0.8 89.0 ± 6.7 6

Shaded 215 ± 30 3.31 ± 0.04 100 ± 6b 0.68 ± 0.11b 155 ± 7 6.4 ± 0.4 90.5 ± 1.5 6

T. panamensis Full sun 140 ± 30 2.99 ± 0.17a 116 ± 11a 0.92 ± 0.02a 182 ± 10a 6.4 ± 0.8c 82.2 ± 4.8 6

Shaded 177 ± 37 3.27 ± 0.04b 71 ± 6b 0.70 ± 0.10b 154 ± 7b 10.4 ± 3.1d 83.2 ± 1.3 5

P. reticulatum Full sun 217 ± 30 3.83 ± 0.15 116 ± 8 0.83 ± 0.05c 131 ± 11 20.2 ± 3.2 83.6 ± 5.1 4

Shaded 221 ± 48 3.74 ± 0.18 97 ± 17 0.69 ± 0.10d 130 ± 12 20.5 ± 1.5 81.9 ± 5.2 4

Understory 404 ± 10 3.01 ± 0.03 29 ± 1 0.02 ± 0.00 113 ± 5 46.1 ± 3.4 30.8 ± 1.2 4

Contents of Chl a ? b per leaf area unit (lmol m-2), molar Chl a/b ratios and contents of the sum of violaxanthin-cycle pigments (violaxanthin,

antheraxanthin, and zeaxanthin; VAZ), lutein (L), a-carotene (a-Car) and b-carotene (b-Car) based on Chl (mmol mol-1 Chl a ? b) are

presented. In addition, the de-epoxidation state, defined as DEPS = (0.5A ? Z)/VAZ, is given. Leaf samples were taken close to midday on

sunny days to obtain maximal DEPS. Data are means ± SD*. Periods of growth under specified light conditions (months): O. macrocalyx, 3.9; T.
panamensis, 4; P. reticulatum, 2.8. Additional data from plants growing in the shaded forest understory are given for P. reticulatum (samples

taken in the morning)

* Significant differences of data between growth conditions are denoted by letters: a,b p \ 0.01; c,d p \ 0.05

Table 3 UV absorbance by ethanolic/aqueous extracts of leaves of O. macrocalyx and T. panamensis

Species Conditions Absorbance

280 nm 305 nm 360 nm

O. macrocalyx Full sun 9.9 ± 1.3 5.5 ± 0.7 6.6 ± 0.8

Shaded 9.7 ± 2.0 5.6 ± 1.4 6.9 ± 0.6

T. panamensis Full sun 26.0 ± 5.6 17.9 ± 3.8 22.7 ± 6.8

Shaded 21.0 ± 2.8 18.6 ± 4.4 28.1 ± 3.0

Means ± SD (O. macrocalyx, n = 6; T. panamensis, n = 4). Samples were taken after 3.9 months of growth under full solar irradiance or partial

shade (see legend to Fig. 1)
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Table 4 Growth parameters of seedlings. (a) O. macrocalyx, T. panamensis and P. reticulatum grown under full solar irradiance (100 % PAR)

and 50 % neutral shade whenever PAR exceeded 1,200 lmol photons m-2 s-1. (b) V. surinamensis and P. marginata grown under 100 % PAR

and continuous shading

Species and growth conditions

(a) O. macrocalyx T. panamensis P. reticulatum

Full sun Shaded Full sun Shaded Full sun Shaded

Dry mass (g)

Total 8.59 ± 2.71a 11.8 ± 4.61b 7.50 ± 2.44 7.42 ± 2.06 5.55 ± 1.65 5.69 ± 1.39

Leaves 3.67 ± 1.22a 4.94 ± 1.88b 3.45 ± 1.05 3.68 ± 1.02 2.40 ± 0.62 2.50 ± 0.53

Stem 1.99 ± 0.62a 2.97 ± 1.26b 2.47 ± 0.84 2.38 ± 0.66 1.25 ± 0.37 1.31 ± 0.36

Root 2.93 ± 1.01c 3.89 ± 1.58d 1.58 ± 0.62 1.36 ± 0.44 1.90 ± 0.74 1.87 ± 0.64

Mass fraction (g g-1)

LMF 0.43 ± 0.05 0.42 ± 0.03 0.46 ± 0.04a 0.50 ± 0.02b 0.44 ± 0.03 0.45 ± 0.05

SMF 0.23 ± 0.02 0.25 ± 0.02 0.33 ± 0.02 0.32 ± 0.02 0.22 ± 0.02 0.23 ± 0.02

RMF 0.34 ± 0.04 0.33 ± 0.03 0.21 ± 0.02a 0.18 ± 0.02b 0.34 ± 0.05 0.32 ± 0.05

Other growth parameters

Leaf number 8.8 ± 0.9 8.2 ± 1.0 19.6 ± 4.3 17.5 ± 7.0 5.7 ± 0.9 6.0 ± 1.5

Leaf area (cm2) 548 ± 191a 739 ± 262b 468 ± 162 480 ± 115 425 ± 83 477 ± 102

LMA (g m-2) 67.8 ± 6.4 66.6 ± 5.9 75.1 ± 10.3 76.4 ± 8.4 56.1 ± 4.7c 52.6 ± 3.5d

LAR (cm2 g-1) 63.8 ± 11.0 63.6 ± 7.4 62.6 ± 7.9 65.6 ± 7.5 78.9 ± 10.3 84.8 ± 10.0

Stem height (cm) 17.1 ± 2.4a 20.2 ± 3.3b 23.5 ± 3.3 23.0 ± 2.5 15.3 ± 2.5 15.2 ± 1.7

Shoot/root (g g-1) 1.97 ± 0.31 2.06 ± 0.30 3.87 ± 0.60c 4.56 ± 0.73d 2.02 ± 0.41 2.16 ± 0.50

NAR (g m-2 day-1) 3.69 ± 0.58 4.05 ± 0.72 2.35 ± 0.42 2.28 ± 0.43 2.00 ± 0.50 1.94 ± 0.36

Species and growth conditions

(b) V. surinamensis P. marginata

100 % PAR 70 % PAR 40 % PAR 12 % PAR 100 % PAR 40 % PAR

Dry mass (g)

Total 19.48 ± 5.93 21.46 ± 8.53c 20.39 ± 5.11c 10.69 ± 2.05d 8.22 ± 4.72a 19.63 ± 1.91b

Leaves 8.17 ± 2.35 9.31 ± 3.21 8.94 ± 2.28 5.52 ± 1.22 3.62 ± 1.84a 8.21 ± 0.69b

Stem 5.29 ± 1.81 6.05 ± 2.70c 5.78 ± 1.46c 2.76 ± 0.63d 2.29 ± 1.48a 5.87 ± 0.78b

Root 6.02 ± 1.09a 6.10 ± 2.66a 5.68 ± 1.51 2.41 ± 0.48b 2.31 ± 1.49a 5.55 ± 0.76b

Mass fraction (g g-1)

LMF 0.42 ± 0.02a 0.44 ± 0.04a 0.44 ± 0.02a 0.52 ± 0.05b 0.46 ± 0.08 0.42 ± 0.02

SMF 0.27 ± 0.02 0.28 ± 0.02 0.28 ± 0.02 0.26 ± 0.02 0.26 ± 0.05c 0.30 ± 0.02d

RMF 0.31 ± 0.02a 0.28 ± 0.02a 0.28 ± 0.02a 0.23 ± 0.03b 0.28 ± 0.10 0.29 ± 0.02

Other growth parameters

Leaf number 29 ± 4a 25 ± 2 34 ± 5a 18 ± 2b 41 ± 16c 53 ± 9d

Leaf area (cm2) 1173 ± 303 1634 ± 401 1767 ± 556 1409 ± 339 465 ± 235a 1289 ± 131b

LMA (g m-2) 69.4 ± 5.3a 55.9 ± 5.7b 51.4 ± 5.8b 39.5 ± 3.5c 76.6 ± 9.8a 63.9 ± 4.2b

LAR (cm2 g-1) 61.1 ± 6.4a 80.3 ± 13.6a 86.1 ± 10.0a 132 ± 22b 61.2 ± 15.2 65.8 ± 5.0

Stem height (cm) 20 ± 4 34 ± 14 23 ± 5 31 ± 7 16.2 ± 5.4a 29.8 ± 4.7b

Shoot/root (g g-1) 2.25 ± 0.19a 2.60 ± 0.33a 2.61 ± 0.27a 3.48 ± 0.60b 3.50 ± 3.87 2.56 ± 0.24

NAR (g m-2 day-1) 2.63 ± 0.42a 2.27 ± 0.57a 2.10 ± 0.22a 1.24 ± 0.19b 2.50 ± 0.81 3.04 ± 0.22

LMF, SMF, RMF, dry mass fractions (referred to total dry mass) of leaves, stem and root, respectively. LMA, leaf dry mass per area unit; LAR,

leaf area ratio (leaf area per total dry mass); NAR, net assimilation rate. Means ± SD. For number of plants and growth conditions see legend to

Fig. 6. Leaf area (cm2) at start of experiments (n = 3–5 plants): O. macrocalyx, 31.2 ± 2.3; T. panamensis 75.6 ± 10.2; P. reticulatum,

136.0 ± 5.5; V. surinamensis, 90.6 ± 5.4; P. marginata, 24.1 ± 2.0. Significant differences of data between growth conditions are denoted by

letters: a,b;c,d; b,cp \ 0.01; c,dp \ 0.05
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conditions (Table 2; Figs. 3, 4). The most consistent

response was an increase in the pool size of violaxanthin-

cycle pigments. High VAZ contents together with the

increased de-epoxidation state observed upon growth under

full sunlight (Table 2) resulted in strongly increased levels

of Z ? A. The importance of Z (and A) in thermal dissi-

pation of excessively absorbed light energy is established

(see, e.g., Demmig-Adams and Adams 1992; Horton et al.

1996; Krause and Jahns 2004; Cazzonelli 2011; Takahashi

and Badger 2011). In addition, Z may act as an efficient

antioxidant preventing lipid peroxidation (Havaux and

Niyogi 1999; Johnson et al. 2007). When the seedlings

were shaded at ambient PAR exceeding 1,200 lmol pho-

tons m-2 s-1, they still had to cope with photon levels

highly in excess of utilization in net photosynthesis. It is

remarkable that under full sunlight, the seedlings were

capable to further strengthen photoprotection in terms of

increased VAZ contents and violaxanthin-cycle activity

(Table 2). In this context, the low VAZ and L levels in

leaves of P. reticulatum and P. marginata growing in the

understory should be noted (Table 2; Fig. 4a).

In contrast to VAZ and DEPS, levels of L and carotenes

responded to growth-light conditions not in all species

studied. Significantly increased levels of L were observed

in fully sun-exposed leaves of T. panamensis (Table 2), V.

surinamensis (Fig. 3a), and P. marginata (Fig. 4a). It has

been suggested that L acts as an antioxidant (Dall’Ostro

et al. 2006; Peng et al. 2006) and may be involved in DpH-

dependent energy dissipation (Li et al. 2009).

High morning levels of Lx in fully sun-exposed leaves,

as found for seedlings of V. surinamensis (Fig. 5a) are

apparently rare among plant species. In contrast to the

VAZ pool, morning Lx contents were not much influenced

by growth-light conditions. A recent survey of 86 neo-

tropical forest species (Matsubara et al. 2009) showed that

also in leaves of mature trees of V. elongata and V. sebif-

era, Lx levels were similar in sun and shade leaves. In

other Lx containing species, Lx levels were higher in shade

than sun leaves. Experiments with sun-grown seedlings

(S. Matsubara, G.H. Krause, K. Winter and A. Schwickert,

unpublished) have shown that the Lx cycle is operating on

a diel basis in V. surinamensis, as previously demonstrated

for V. elongata (Matsubara et al. 2009). There is evidence

that Lx contributes to light-harvesting in the shade,

whereas de-epoxidation of Lx in high light increases L

levels, thereby improving photoprotection (Matsubara et al.

2008; Li et al. 2009; Esteban et al. 2010).

Matsubara et al. (2009) found that sun leaves contain

more b,b-carotenoids (b-Car, VAZ, and neoxanthin) than

shade leaves. Leaves of all species tested here had high

b-Car contents ([80 mmol mol-1 Chl a ? b) when grown

under full sunlight. Increased levels of b-Car supposedly

contribute to photoprotection by quenching triplet-state Chl

a and singlet-state dioxygen (Frank and Cogdell 1996;

Scheer 2003), besides harvesting light in the core com-

plexes of the two photosystems. In contrast, high content of

a-Car, frequently found in shade leaves, has been suggested

to improve light-harvesting (Krause et al. 2001; Matsubara

et al. 2009). Partial shading applied when ambient PAR

exceeded 1,200 lmol photons m-2 s-1 was not sufficient

to induce substantial a-Car accumulation (Table 2), but

continuous shading lead to increased a-Car and reduced

b-Car levels (Figs. 3a, 4a). These results are supported by

the very low b-Car and relatively high a-Car contents

found in leaves from the understory (Table 2; Fig. 4a).

Contents of Chl a ? b were low in all seedlings grown

under full sunlight (around or below 200 lmol m-2),

whereas Chl a/b ratios were in the normal range of sun

leaves (Table 2; Figs. 3b, 4b). Similarly, low Chl contents

were observed in seedlings of the pioneer species, Ficus

insipida, and the late-successional species, Virola sebifera,

grown in full sunlight at ambient and elevated temperatures

(Krause et al. 2010). In mature sun leaves of neotropical

dicotyledon species studied by Matsubara et al. (2009), the

lower limit of Chl a ? b content was close to

200 lmol m-2. Presumably, the low Chl contents at nor-

mal Chl a/b ratios observed here indicate a reduced density

of photosynthetic units, which might reduce light absor-

bance. In the case of the extremely low Chl content in sun-

exposed leaves of P. marginata (Fig. 4), Chl bleaching due

to photooxidation may have been involved.

Tocopherols, in particular a-tocopherol, are known as

potent antioxidants residing in the thylakoid membrane and

chloroplast envelope (Fryer 1992; Garcı́a-Plazaola et al.

2004; Havaux et al. 2005). Two out of four study species,

T. panamensis and V. surinamensis (Fig. 5), showed

strongly increased levels of a-tocopherol in response to

growth under excessive light. High variability of tocoph-

erol contents between individual seedlings might have

resulted from varying storage of tocopherol in plastoglob-

uli (Tevini and Steinmüller 1985). A significant increase in

a-tocopherol under full sunlight compared to partial shad-

ing was also found in seedlings of Calophyllum longifolium

(Krause et al. 2006). Garcı́a-Plazaola et al. (2004) reported

tocopherol contents ranging from 150 to 400 mmol mol-1

Chl a ? b through the canopy light gradient of Populus

tremula in a temperate forest. Acclimation of Arabidopsis

thaliana to high-light stress at high temperature resulted in

an increase in tocopherol content from about 4 to

28 lmol m-2.

In O. macrocalyx, tocopherol levels were remarkably

low. The presence of b- plus c-tocopherol as the major

tocopherol fraction is unusual. Possibly, the predominant

component in O. macrocalyx is c-tocopherol, the precursor

of a-tocopherol biosynthesis (Fryer 1992), and its methyl-

ation by c-tocopherol methyltransferase is limited. The

282 Photosynth Res (2012) 113:273–285

123



study of an Arabidopsis mutant which accumulates

c-tocopherol, but does not synthesize a-tocopherol, sug-

gested that c-tocopherol can replace a-tocopherol in

photoprotection (Bergmüller et al. 2003).

A low degree of high-light acclimation in O. macrocalyx

is also indicated by low capacity of UV-screening both in

the UV-B (305 nm) and UV-A (360 nm) spectral regions

in comparison with T. panamensis (Table 3). The UV-B

screening capacity of the latter species lies within the range

of mature canopy sun leaves from a number of previously

studied neotropical tree species (Krause et al. 2003a).

Growth parameters

Values of RGR and NAR observed here were in the same

range as reported in other studies on seedlings of tropical

plants (e.g., Poorter 1999; Agyeman et al. 1999;

Veenendaal et al. 1996). Among three late-successional

tree species (O. macrocalyx, T. panamensis, V. surinam-

ensis) and one understory/gap species (P. reticulatum), a

small reduction in RGR and other growth parameters under

full solar irradiance was found in only one species, O.

macrocalyx (Fig. 6; Table 4a). This shows that rainforest

tree seedlings which usually develop in the shaded under-

story are capable of growing under full sunlight. Such

seedlings would be suitable for reforestation of open sites.

A high phenotypic plasticity as shown here for shade-

tolerant tree seedlings and for the understory/gap species

P. reticulatum has been described previously for the

herbaceous species, Alocasia macrorrhiza (Chow et al.

1988; Sims and Pearcy 1989). The absence of negative

effects of full sunlight on biomass accumulation and

growth of T. panamensis, V. surinamensis, and

P. reticulatum is consistent with previous investigations

(Veenendaal et al. 1996; Krause et al. 2006) showing

that RGR in seedlings of both pioneer and late-succes-

sional rainforest species was not reduced in full ambient

PAR. In contrast, Poorter (1999) reported that out of 15

neotropical rainforest species (potted seedlings) most

exhibited reduced RGR under 100 % compared to 50 %

of ambient PAR. This included two pioneer species. A

similar study of West African tropical tree seedlings

(Agyeman et al. 1999) showed restrictions of RGR in

several late-successional and pioneer species under 68 %

PAR compared to lower light levels. Marimon et al.

(2008) found that biomass accumulation in seedlings of

Brosimum rubescens, a late-successional neotropical tree

species, was inhibited under full sunlight. It cannot be

ruled out that, in the latter three studies, factors other

than excess irradiance per se may have been involved in

the observed growth restrictions.

The experiment with V. surinamensis under different

degrees of continuous shading illustrates growth responses

to different irradiance levels (Table 4b). No significant

changes of growth parameters (except of LMA) were

observed in the PAR range between 40 and 100 %. In

particular, whole-plant dry mass allocation (expressed as

the relative mass fraction) to leaves, stem and root

remained stable in this PAR range, but LMF and RMF

changed under growth-limiting 12 % PAR. These light-

response patterns of leaf growth and biomass allocation are

apparently common to many different plant species, as has

been shown in studies using a meta-analysis approach

(Poorter et al. 2010, 2012). Lending further support to this,

neither O. macrocalyx nor P. marginata and showed a shift

in biomass allocation between the shaded and non-shaded

conditions (Table 4) despite the changes in RGR (Fig. 6).

Thus, it seems that whole-plant relative biomass allocation

varies little in seedlings of tropical woody species under

moderate to excessive daily irradiance.

In two understory species studied by Veenendaal et al.

(1996), RGR was maximal under 27 % and reduced under

60 % PAR, and one understory species reached maximal

RGR at 16 % PAR. Similar results were obtained by

Denslow et al. (1990) studying an understory species and a

species persisting in both gaps and understory. In accor-

dance with these observations, most individuals of

P. marginata exhibited strong inhibition of growth under

full sunlight (Fig. 6, Table 4b). Nonetheless, seedlings of

P. marginata showed a surprising capability to acclimate to

excess light in terms of pigment composition (Fig. 4) and

growth. RGR under 100 % PAR was in the same range as

for the tree species studied. Even more remarkably, a

subset of seedlings grown under full sun reached RGR

values close to those of plants grown under 40 % PAR

(Fig. 6b).

No significant reduction in NAR was observed under

full sunlight compared to lower light levels (Table 4a, b).

In the two species that showed reduced RGR, O. macro-

calyx and P. marginata, there was only a tendency of

decrease in NAR under 100 % PAR (p = 0.69 and

p = 0.057, respectively).

Conclusions

The present study suggests that under excessive solar

irradiance shade-tolerant tropical tree seedlings are gener-

ally capable of efficient acclimation, and there is only

limited evidence of substantial reduction in growth. The

build-up of a large pool of violaxanthin-cycle pigments is a

major acclimative response. Other photoprotective

responses, such as increased b-carotene, lutein, and

tocopherol levels, increased Chl a/b ratio and operation of

the lutein epoxide cycle, varied among species. Growth

rates of species that are restricted to the forest understory
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are reduced under full ambient irradiance. However, data

obtained with Psychotria marginata document remarkable

light acclimation and variability of responses to high light,

allowing certain individuals to perform relatively well

under full sunlight, at least in terms of vegetative growth.
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Krause GH, Gallé A, Gademann R, Winter K (2003a) Capacity of

protection against ultraviolet radiation in sun and shade leaves of

tropical forest plants. Funct Plant Biol 30:533–542

Krause GH, Grube E, Virgo A, Winter K (2003b) Sudden exposure to

solar UV-B radiation reduces net CO2 uptake and photosystem I

efficiency in shade-acclimated tropical tree seedlings. Plant

Physiol 131:745–752
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