Running head: PHOTOSYNTHETIC INDUCTION IN woody and ferns 
Using combined measurements for comparison of light induction of stomatal conductance, electron transport rate and CO2 fixation in woody and fern species adapted to different light regimes
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Summary We aimed to understand the relation of photosynthetic rate (A) with gs and ETR in species of great taxonomic range and light adaptation capability during photosynthetic light induction. We studied three woody species (Alnus formosana; Ardisia crenata and Ardisia cornudentata) and four fern species (Pyrrosia lingus, Asplenium antiquum, Diplazium donianum and Archangiopteris somai) with different light adaptation capabilities. Pot-grown materials received 100% and/or 10% sunlight according to their light adaptation capabilities. At least four months after light acclimation, CO2 and H2O exchange and chlorophyll fluorescence were measured simultaneously by an equipment in laboratory. In plants adapted or acclimated to low light, dark-adapted leaves exposed to 500 or 2000 μmol m–2 s–1 photosynthetic photon flux (PPF) for 30 min showed low gross photosynthetic rate (Pg) and short time required to reach 90% of maximum Pg (T90Pg). At the initiation of illumination, two broad-leaved understory shrubs and the four ferns, especially ferns adapted to heavy shade, showed higher stomatal conductance (gs) than pioneer tree species; materials with higher gs had short T90Pg at both 500 and 2000 μmol m–2 s–1 PPF. With 500 or 2000 μmol m–2 s–1 PPF, the gs for the three woody species increased from 2 to 30 min after the start of illumination, but little change in the gs of the four ferns. Thus, Pg and gs were not correlated for all material measured at the same PPF and induction time. However, Pg was positively correlated with electron transport rate (ETR), even though CO2 assimilation may be influenced by stomatal, biochemical and photoinhibitory limitations. In addition, T90Pg was closely related to time required to reach 90% maximal ETR for all materials and with two levels of PPF combined. Thus, ETR is a good indicator for estimating the light induction of photosynthetic rate of species, across a wide taxonomic range and light adaptation and acclimation capability.
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Introduction

Sunlight is the energy source for plant photosynthesis and is one of the major environmental factors influencing growth and distribution of plant species (Boardman 1977, Larcher 1995). Plant species adapted to different light regimes show differential photosynthetic characteristics. In addition, the same plant species grown under different light environments should be able to acclimate to the habitat with morphological and physiological changes (Aleric and Kirkman 2005, Tausz et al. 2005, Zhang et al. 2007, Bai et al. 2008). Photosynthetic adaptation or acclimation to the light environment has been studied both for responses to steady light and dynamic changes in light (e.g., Schulte et al. 2003, Bai et al. 2008, Chen et al. 2011). At a lower layer of the canopy and understory, leaves commonly receive highly variable high light because the very low level of diffuse light is frequently punctuated by bright sunfleck. In these layers, intense sunfleck might range from seconds to minutes or even longer (e.g., Chazdon and Fetcher 1988, Pearcy 1990). Thus, understanding the dynamics of photosynthetic responses to irradiance is important to explain ecological distribution and succession of species (Han et al. 1999, Portes et al. 2008, Chen et al. 2011). 
For leaves exposed to a sudden increase in irradiance, a typical, photosynthetic rate (A) shows a sigmoidal or hyperbolic increase (e.g., Pearcy 1990, Valladares et al. 1997, Han et al. 1999, Bai et al. 2008). Thus, photosynthetic CO2 fixation is delayed before the maximal rate of assimilation is achieved, and this delay is associated with biochemical and stomatal limitations (Pearcy 1990, Han et al. 1999, Allen and Pearcy 2000a, Rijkers et al. 2000, Bai et al. 2008, Chen et al. 2011). In general, the limitation of A at the first 1−2 min of light induction is related to the build-up of metabolic pools, particularly ribulose-1,5-bisphosphate regeneration, and then A is limited by biochemical activation and stomatal opening (Kirschbaum et al. 1988, Sassenrath-Cole and Pearcy 1992, Allen and Pearcy 2000a). 

Photosynthetic characteristics vary by life form, light requirement and successional pattern of species, as well as light conditions of plant growth. Typically, low-light-grown plants and late-successional species have lower photosynthetic capacity than high-light-grown plants or pioneer species (Pearcy and Sims 1994, Portes et al. 2008, Chen et al. 2011). However, the mixed results with some studies indicating induction of photosynthesis in response to a sudden increase in irradiance are inconsistent with the successional pattern of species, as well as light conditions of plant growth. For example, some understory plants and late-successional species show faster induction than do gap- or open-grown plants and early successional pioneer species (e.g., Han et al. 1999, Portes et al. 2008), although a similar induction of photosynthesis (e.g., Han et al. 1999, Allen and Pearcy 2000b, Rijkers et al. 2000) or slower induction (Han et al. 1999, Allen and Pearcy 2000a, 2000b, Chen et al. 2011) was also reported. Moreover, rates of photosynthetic induction can differ by season or time of day (Allen and Pearcy 2000a, 2000b). These results suggest that the light induction of plant species adapted to different light regimes is diverse. 

Traditional measurement of photosynthetic capacity in the field, such as by gas analysis, is not easy because of highly expensive equipment and intensive labor. Thus, some measurements that are easy and rapid, such as of stomata conductance (gs) (Geber and Dawson 1997, Weng and Hsu 2001) and chlorophyll florescence (Roháček and Barták 1999, Maxwell and Johnson 2000), have been considered to assess photosynthetic performance. The physiological role of stomata is to prevent water loss and to facilitate CO2 diffusion to mesophyll cells. Stomatal guard cells may respond to intercellular CO2 concentration, which is determined by atmospheric CO2 and by the mesophyll assimilation rate (Vavasseur and Raghavendra 2005), which allows for tight coupling between gs and photosynthesis, for nearly coincident A and gs in many conditions, including the photosynthetic induction time-course (Allen and Pearcy 2000a, 2000b, Schulte et al. 2003, Bai et al. 2008, Chen et al. 2011). 

Some reports noted that the induction of photosynthetic rate is closely related to stomatal opening (Allen and Pearcy 2000a, 2000b, Schulte et al. 2003, Bai et al. 2008, Chen et al. 2011). Stomatal behavior is influenced strongly by water and light conditions, and the response of stomata to these conditions varies with species. For example, stomata of xerophytic species are more sensitive and those of hygrophytic species are more insensitive to water deficits than are mesophytic species (Larcher 1995, Weng et al. 2011). Late-successional species (Chen et al. 2011) or shade-grown plants (Bai et al. 2008) show low photosynthetic capacity and require more time to reach their near-maximal A and gs. However, A has a certain independence of increases in gs during photosynthetic induction (Allen and Pearcy 2000a, 2000b, Tausz et al. 2005, Portes et al. 2008). This gs independence is probably due to a high initial intercellular CO2 concentration, possibly because of respiration (Portes et al. 2008) and non-uniform stomata opening in response to a sudden increase in irradiance (Küppers et al.1999, Allen and Pearcy 2000a, Tausz et al. 2005). As well, the A-gs relationship may vary by species (Bai et al. 2008, Portes et al. 2008) and be affected by light (Portes et al. 2008) and water (Allen and Pearcy, 2000a) during plant growth. Moreover, ferns have a lower ability for detecting and responding to increases in CO2 concentration, which leads to lower A/gs ratio (or water-use efficiency), than angiosperms (Brodribb et al. 2005, Haworth et al. 2011). Therefore, gs may not be suitable to assess dynamic photosynthetic induction when merging data from different species and environmental conditions for analyses. 

 Under high irradiance, leaves may absorb more photons than the dark reaction can use, and this excessively absorbed energy often leads to reduced efficiency of the photosystem, especially photosystem II (PSII) (Demmig-Adams et al. 1996, Morosinotto et al. 2003, Kato et al. 2003). Plants have developed a number of strategies to balance the captured photon energy and protect the photosynthetic apparatus against photodamage. Plants can downregulate PSII efficiently at high irradiance, mainly by increasing xanthophyll de-epoxidation, recognized as a central regulatory mechanism for protecting plants against photodamage (Demmig-Adams and Adams, 1996, Morosinotto et al. 2003). As well, PSII efficiency might decrease with decreasing photosynthetic rate when photosynthesis is inhibited by environmental or physiological factors (Demmig-Adams and Adams 1996, Ghannoum et al. 2003, Weng 2009). In the initial stage of photosynthetic induction, when absorbed light energy is distinctly higher than the required of CO2 fixation because of low A, PSII efficiency decreases sharply but increases slowly thereafter with the induction of photosynthesis (Tausz et al. 2005, Bai et al. 2008). 

Electron transport rate (ETR), calculated from the product of PSII efficiency and absorbed light, expresses the relative rate of electron transport through PSII (Krall and Edwards 1990) and has been used in studies of dynamic photosynthetic induction, with the induction of ETR more rapid than that of CO2 assimilation, probability because of the interference of photorespiration and other alternative sinks for electrons (Han et al. 1999, Bai et al. 2008). However, the relationship between A and ETR has not been detailed at different stages of photosynthetic induction. 

 To understand the relation of A with gs and ETR in species of great taxonomic range and light adaptation capability during different stages of photosynthetic induction, we studied three woody and four fern species with different light adaptation capabilities.

Materials and Methods 

Plant materials 
In March 2010, we collected samples of one broad-leaved pioneer tree, Alnus formosana; two broad-leaved understory shrubs, Ardisia crenata and Ardisia cornudentata; and four ferns with different light adaptation capabilities (ranked from high to low: Pyrrosia lingus, Asplenium antiquum, Diplazium donianum and Archangiopteris somai). Among them, A. formosana is usually distributed near riverside or gullies; P. lingus can survive in the dry environment; whereas D. donianum and Arc. Somai are sensitive to drought. Adult plants of D. donianum and Arc. somai, about 30 cm tall, were collected from Yuchi Township, Nantou County, Taiwan (23° 49′ N, 120° 54′ E, 560 m a.s.l.). Plants of A. formosana, 1 to 2 years old and about 30–50 cm tall, and adult plants of the other four species, about 30 cm tall (P. lingus, As. antiquum) to 60 cm tall (Ard. crenata, Ard. cornudentata), were collected from Hueishun Forest Recreation Area, Ren’ai Township, Nantou County, Taiwan (24° 05′ N, 121° 01′ E, 800 m a.s.l.). All plants were transplanted to pots (16-cm diameter, 12-cm depth, one plant per pot for the three woody species and As. antiquum, and one rhizome with 3–4 leaves per pot for the other three ferns) filled with organic soil and maintained outdoors in the nursery of the Endemic Species Research Institute, Chichi Township, Nantou County, Taiwan (23° 49′ N, 120° 48′ E, 250 m a.s.l.). Materials were regularly watered and fertilized (half-strength Hoagland’s nutrient solution per month) and received up to two levels of light intensity by two levels of sunlight [i.e., 100% and 10% (beneath shade cloth)] according to the light condition of their habitat. The broad-leaved pioneer tree, A. formosana received 100% sunlight, and two broad-leaved understory shrubs, as well as the two medium-to-heavy shade ferns, D. donianum and Arc. somai, received 10% sunlight. Two slight- to medium-shade ferns, P. lingus and As. antiquum, received both 100% and 10% sunlight.
Measurements 
Measurements were carried out from August to October 2010 in a laboratory at the Endemic Species Research Institute. At nightfall of one day before the measurement, potted materials were dark-adapted overnight (room temperature about 25°C). On the next day, fully expanded younger leaves were selected for measurements. First, CO2 exchange and chlorophyll fluorescence of dark-adapted leaves were measured simultaneously by use of a portable, open-flow gas exchange system (LI-6400, LI-COR, Lincoln, NE, USA) with an integrated fluorescence chamber head (LI-6400-40) under darkness. Then leaves were exposed to 500 or 2000 μmol m–2 s–1 photosynthetic photon flux (PPF) by the light source of the fluorescent chamber head for 30 min, and the values of CO2 exchange, stomatal conductance and chlorophyll fluorescence were recorded every 2 min. Throughout the measurements, leaf temperature, CO2 concentration and relative humidity in the chamber were kept at 25°C, 350–400 μmol mol–1 (no control) and 75% (air entering chamber controlled by passing temperature-controlled water), respectively. After photosynthesis was measured, plants were dark-adapted at about 25°C for 30 min. Then the chlorophyll fluorescence of dark-adapted leaves was measured as before illumination.

    Gross photosynthetic rate (Pg) was calculated from net photosynthetic rate + dark respiration rate. The former is the stable CO2 exchange rate under each level of PPF, and the latter is the CO2 exchange rate measured in the dark before illumination. For dark-adapted leaves, the potential quantum efficiency of PSII (Fv/Fm) was calculated by (Fm – F0)/Fm. The minimal and maximal fluorescence, F0 and Fm, were determined by applying a weak pulse of light (0.1 μmol quanta m–2 s–1) and a 0.8-s pulse of saturating flashes of approximately 6000 μmol quanta m–2 s–1, respectively. For leaves under each level of illumination, the actual PSII efficiency (∆F/Fm’) was calculated by (Fm’ – F)/Fm’. F and Fm’ are the actual and maximal levels, respectively, of fluorescence during illumination. The former was determined under each PPF level of CO2 exchange measurement, and the latter was determined as for Fm. ETR was calculated as ∆F/Fm’ •PPF •0.5 •α (Maxwell and Johnson 2000). We used the mean value of 0.84 for leaf absorption (α) for green leaves (Björkman and Demmig 1987). 
Statistical analysis
Data are mean ( SE for four to six leaves from four plants of each species grown under each light condition. Each leaf was used as one replicate in statistical analyses. The induction of gross photosynthetic rate (Pg) and ETR with sudden increase in exposure to PPF were best fitted by a hyperbolic equation Y = a•X/(b + X) (Y = Pg or ETR, X = induction time). The time required to reach 90% of maximum Pg (T90Pg) and ETR (T90ETR) was then calculated from the resulting function. The other data were analyzed by t-test or linear regression. Statistical analyses involved use of Sigma Plot v10.0 (Systat Software, Point Richmond, CA, USA).
Results

Typical data in Figure 1 illustrate the time-course variation in photosynthetic induction in Pg, gs and ETR. When dark-adapted leaves were suddenly exposed to two levels of irradiance, 500 or 2000 μmol m–2 s–1 PPF, both Pg and ETR hyperbolically increased. For all tested materials under two levels of PPF, the relation between induction time and both Pg and ETR could be best fitted by the equation Y = a•X/(b + X) (r2 ≥ 0.850, P < 0.001 for all). However, photosynthetic induction varied by species and light intensity of material growth and measurement.

When leaves were exposed to 500 or 2000 μmol m–2 s–1 PPF for 30 min, 100% sunlight-grown A. formosana, a pioneer tree species, showed the highest gross photosynthetic rate (Pg30) (13.1 and 18.2 μmol CO2 m–2 s–1 at 500 and 2000 μmol m–2 s–1 PPF, respectively), followed by 100% sunlight-grown P. lingus (8.5 and 14.1 μmol CO2 m–2 s–1), a slight-shade adapted fern, and then by other tested materials (3.2–6.6 and 3.0–10.2 μmol CO2 m–2 s–1) (Figure 2A and B). Only two fern species (P. lingus and As. antiquum) were cultivated in both 100% and 10% sunlight: 100% sunlight-grown P. lingus always showed higher Pg30 than 10% sunlight-grown P. lingus. However, Pg30 did not differ between 100% and 10% sunlight-grown As. antiquum. As well, 100% sunlight-grown materials (one pioneer tree and two slight- to medium-shade adapted ferns) showed higher Pg30 at 2000 than 500 μmol m–2 s–1 PPF. In contrast, most 10% sunlight-grown materials (one understory shrub and three medium- to heavy-shade adapted ferns) had similar Pg30 when measured at two levels of PPF. Thus, plant materials adapted or acclimated to high light always had higher photosynthetic rates. All tested materials showed a T90Pg of 7.3–23.0 and 5.3–21.1 min when measured at 500 and 2000 μmol m–2 s–1 PPF, respectively (Figure 2C and D). Yet T90Pg was weakly but positively correlated with Pg30 (P < 0.05) for all materials for the two levels of PPF (Figure 3). 

During photosynthetic induction, Pg was positively correlated with ETR (r2 = 0.674–0.933, P < 0.01–0.001 for all) for all materials for the same PPF and induction time (2, 6, 16 and 30 min after illumination) (Figure 4). Yet, the slope of the regression equation between Pg and ETR was higher with 2000 than 500 μmol m–2 s–1 PPF and increased with increasing induction time at both PPF, except under 500 μmol m–2 s–1 PPF for 2 min (Figure 4). In addition, T90Pg was positively correlated with T90ETR for all materials for the 2 levels of PPF (P < 0.001; Figure 5). However, because the Pg and ETR of A. formosana had not yet peaked when leaves were exposed to 500 or 2000 μmol m–2 s–1 PPF for 30 min (Figure 1), its T90Pg and T90ETR may be underestimated.

With 500 μmol m–2 s–1 PPF, two broad-leaved understory shrubs and four ferns showed higher gs than did A. formosana, the pioneer tree species, at the start of illumination (Figures 1E and 6). Among these six species, Arc. somai and D. donianum, heavy- and medium- to heavy-shade adapted ferns, had the highest gs (0.36–0.43 mol m–2 s–1), then As. antiquum and P. lingus (0.18–0.28 mol m–2 s–1), slight- and slight- to medium-shade adapted ferns; and then two broad-leaved understory shrubs (0.17–0.19 mol m–2 s–1). The gs for A. formosana was 0.06 mol m–2 s–1, with little difference at 500 and 2000 μmol m–2 s–1 PPF. In contrast, gs was lower under 2000 than 500 μmol m–2 s–1 PPF for the other six tested species when comparing the same species. At both 500 and 2000 μmol m–2 s–1 PPF, T90Pg was negatively correlated with gs after 2 min of illumination, except for D. donianum (Figure 6A and B). During photosynthetic induction, with either 500 or 2000 μmol m–2 s–1 PPF, gs for the three woody species always increased with increasing time, with little change in gs for the four ferns (Figures 1E, F and 6). Thus, Pg and gs were not correlated for all materials at the same PPF and induction time (Figure 6C–F).

Fv/Fm for all overnight dark-adapted leaves was about 0.8 (data not shown). With exposure to 500 μmol m–2 s–1 PPF for 30 min, Fv/Fm (measured after 30 min of dark adaptation) remained at 92.9% (Arc. somai) to 97.5% (A. formosana), significantly different than before illumination (Figure 7, Fv/Fm of overnight dark-adapted leaves was 100%). For leaves exposed to 2000 μmol m–2 s–1 PPF for 30 min, Fv/Fm decreased to 91.1–92.7% for the three 100% sunlight-grown materials, and 74.1% to 89.0% for the six 10% sunlight-grown materials. Among these six materials, As. antiquum, a slight- to medium-shade adapted fern and Arc. somai, a heavy-shade adapted fern, showed a greater decrease in Fv/Fm than the others. Compared with the same species, 100% sunlight-grown P. lingus and As. antiquum showed a significant lower decrease in Fv/Fm than 10% sunlight-grown species.

Discussion  

To understand the relations of A with gs and ETR in species of great taxonomic range and light adaptation capability during different stages of photosynthetic induction, we studied three woody and four fern species with different light adaptation capabilities. Plants adapted or acclimated to high light always showed higher A than did plants adapted or acclimated to low light. This result generally agrees with previous results (e.g., Pearcy and Sims 1994, Cai et al. 2005, Portes et al. 2008, Chen et al. 2011), which indicates that high-light adapted species can effectively use the high light. Understorey plants use sunfleck for daily carbon gain more than do open-grown plants (Chazdon 1988, Pearcy 1990). However, studies have shown mixed results (e.g., Han et al. 1999, Allen and Pearcy 2000a, 2000b, Rijkers et al. 2000, Portes et al. 2008, Chen et al. 2011), which indicate a lack of certainty about the relationship between photosynthetic induction and light adaptation or acclimation of plants when leaves are exposed to a sudden increase in irradiance. We used plants with wide taxonomic (evolutionary) range to elucidate the relationship. Plants adapted or acclimated to low light showed shorter T90Pg than plants adapted or acclimated to high light (Figures 2–3). These results coincided with the finding that understory plants can effectively use sunfleck (Pearcy 1990, Valladares et al. 1997, Cai et al. 2005, Chen et al. 2011). 
Stomatal conductance is an important limiting factor for photosynthesis. Leaves with low gs at the initiation of sunfleck tend to require a relatively long time to reach maximal A (Han et al. 1999, Bai et al. 2008). As well, the response to sunfleck is faster for stomata of some understory plants than those of sun-adapted species (Valladares et al. 1997, Han et al. 1999). As in previous reports (Brodribb et al. 2005, Haworth et al. 2011), we found gs higher for all four of our tested fern species, especially heavy-shade adapted ferns, than the pioneer tree species at the start of illumination (Figures 1 and 6). Material with higher gs at the initiation of illumination always had shorter T90Pg than that with lower gs at both 500 and 2000 μmol m-2 s-1 PPF (Figure 6), which agrees with previous results (Han et al. 1999, Cai et al. 2005, Bai et al. 2008). Shade-adapted species, especially ferns, have low photosynthetic rate but high stomatal conductance at the initiation of sunfleck and a short time to reach maximum photosynthetic rate (Figures 1–3 and 6A–B). 

However, during photosynthetic induction, the relation between CO2 exchange and gs may be uncertain. For example, in wet season mornings, gs is generally high enough and does not limit photosynthesis (Allen and Pearcy 2000b). Among the four tested ferns, As. antiquum, D. donianum and Arc. somai are slight- to medium-, medium- to heavy- and heavy-shade adapted plants, respectively. Even though they have a range of water adaptability, these three ferns showed low Pg and high gs when tested in well-water conditions (Figures 1 and 6), so their high gs could not be a limiting factor in photosynthesis (Allen and Pearcy, 2000b). During photosynthetic induction, at 500 or 2000 μmol m–2 s–1 PPF, for the three woody species and 100% sunlight-grown P. lingus, a slight-shade adapted fern species, both Pg and gs may increase with increasing time, which indicates that the gs of these three species might limit their Pg. However, the intercept and slope of the Pg–gs regression equation varied by species and light intensity during induction (data not shown). In addition, during photosynthetic induction, gs for the fern materials changed little, except for 100% sunlight-grown P. lingus, despite increasing Pg. Therefore, we did not find a correlation between Pg and gs for all materials at the same PPF and induction time (Figure 6C–F). 

A was previously found related to ETR in dynamic photosynthetic induction of woody plants (Han et al. 1999, Bai et al. 2008). Our woody plants and ferns showed great differences in light adaptation. Moreover, materials cultivated under two levels of light intensity showed a broad range of Pg and ETR. T90Pg was still positively correlated with T90ETR for all materials for the two levels of PPF combined (Figure 5). Moreover, during photosynthetic induction, Pg was positively correlated with ETR for all material at the same PPF and induction time (Figure 4). Thus, PSII efficiency might decline with decreasing photosynthetic rate, and the light induction of Pg was closely related to that of ETR, even if the variation of Pg was due to differences in species and light conditions. 

However, except for CO2 fixation, electrons from PSII have several alternative energy sinks, such as the cyclic electron flow within PSII (Miyake and Okamura 2003), water–water cycle (Asada 1999), nitrogen assimilation (Robinson 1990), and photorespiration (Peterson 1994). In C3 plants, both CO2 fixation and photorespiration are major sinks for electrons from the photosystem and may be influenced by temperature (Oberhuber and Edwards 1993), and CO2 and O2 concentrations (Krall and Edwards 1990, Cornic and Briantais 1991, Ripley et al. 2007). Thus, our finding of a close correlation between Pg and ETR may have been due to (1) measurements made under a constant temperature and a small variation of CO2 and O2 concentrations; (2) both CO2 exchange and ETR measured simultaneously by an equipment under constant temperature and PPF conditions, and environmental and physiological factors did not differ during the measurement of the two characteristics; and (3) materials with close proportions in allocating between CO2 fixation and alternative electronic sinks. 
 Figure 4 shows that the slope of the Pg-ETR regression equation always increased with increasing induction time at both 500 and 2000 μmol m–2 s–1 PPF. In addition, when the same material was measured at the same PPF, T90ETR was about 3–7 min shorter than T90Pg (Figure 5). Therefore, similar to the results of Han et al. (1999) and Bai et al. (2008), light induction of ETR was more rapid than that of CO2 assimilation. Probably, Rubisco may not be activated fully during the early period of the light induction, which results in greater electron flow partitioning for alternative electron sinks (Makino et al. 2002). 
Under high light, leaves may absorb more photons than the dark reaction can use, and this excessively absorbed energy often leads to photoinhibition (Demmig-Adams et al. 1996, Kato et al. 2003, Morosinotto et al. 2003). Moreover, when leaves were exposed to a sudden increase in irradiance, the induction of ETR was more rapid than that of CO2 assimilation (Figures 1 and 5; Han et al. 1999, Bai et al. 2008). Thus, energy may be more excessively absorbed at the early stage of photosynthetic induction. For this reason, photoinhibition (decrease in Fv/Fm) was found during photosynthetic induction (Thiele et al. 1998, Tausz et al. 2005, Bai et al. 2008). Figure 7 shows that when leaves were exposed to 500 μmol m–2 s–1 PPF for 30 min, Fv/Fm decreased only slightly (2.5%–7%) but showed a larger decrease (7%–26%) at 2000 μmol m–2 s–1 PPF for 30 min, and low-light adapted species or shade leaves showed greater decrease in Fv/Fm, which agrees with previous results (Thiele et al. 1998, Tausz et al. 2005, Gómez-Aparicio et al. 2006, Bai et al. 2008). 
Both the present and previous studies (Pearcy 1990, Han et al. 1999, Allen and Pearcy 2000a, Rijkers et al. 2000, Bai et al. 2008, Chen et al. 2011) showed that, during sunfleck, CO2 assimilation may influenced by stomatal, biochemical and photoinhibitory limitations. Nevertheless, we found Pg still closely related to ETR, even for all materials at the same PPF and induction time (Figure 4). ETR is a readily obtainable dynamic parameter and may be a good indicator for estimating the light induction of the photosynthetic rate of species across a wide taxonomic range and light adaptation and acclimation capability.
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Figure legends
Figure 1. Time course variations in gross photosynthetic rate (Pg), electron transport rate (ETR) and stomatal conductance (gs) for Alnus formosana ([image: image1.png]


), Pyrrosia lingus (squares) and Archangiopteris somai (stars) cultivated under 100% (open symbols) and 10% (closed symbols) of sunlight. Measurements were made at 25°C and 500 and 2000 μmol m–2 s–1 photosynthetic photon flux. Each point represents the mean of 4–6 leaves. Data are mean ± SE.

Figure 2. Gross photosynthetic rate 30 min after illumination (Pg30) and time required to reach 90% maximal gross photosynthetic rate (T90Pg) for three woody species (Alnus formosana, Ardisia crenata and Ardisia cornudentata) and four fern species (Pyrrosia lingus, Asplenium antiquum, Diplazium donianum and Archangiopteris somai) cultivated under 100% and 10% sunlight. Measurements were made at 25°C and 500 and 2000 μmol m–2 s–1 photosynthetic photon flux. Data are mean ± SE (n = 4–6). * and *** = Significant differences between 100% and 10% sunlight grown plants of the same species at P < 0.05 and P < 0.001, respectively, based on unpaired t-test; ns = P > 0.05.

Figure 3. The relationship between time required to reach 90% maximal gross photosynthetic rate (T90Pg) and gross photosynthetic rate measured 30 min after illumination (Pg30) for three woody and four fern species cultivated under 100% (open symbols) and 10% (closed symbols) sunlight. Measurements were made at 25°C and 500 (triangle symbols) and 2000 (circle symbols) μmol m–2 s–1 photosynthetic photon flux. Each point represents the mean of 4–6 leaves. * = Significant at P < 0.05. 

Figure 4. The relationships between gross photosynthetic rate (Pg) and electron transport rate (ETR) of three woody species [Alnus formosana ([image: image2.png]


), Ardisia crenata (downward triangles) and Ardisia cornudentata (upward triangles)] and four fern species [Pyrrosia lingus (squares), Asplenium antiquum (circles), Diplazium donianum (diamonds) and Archangiopteris somai (stars)] cultivated under 100% (open symbols) and 10% (closed symbols) sunlight. Measurements were made at 25°C and 500 and 2000 μmol m–2 s–1 photosynthetic photon flux. Data were obtained at 2, 6, 16 and 30 min after illumination. Each point represents the mean of 4–6 leaves. ** and *** = Significant at P < 0.05 and P < 0.001, respectively.

Figure 5. The relationship between time required to reach 90% maximal electron transport rate (T90ETR) and 90% maximal gross photosynthetic rate (T90Pg) for three woody and four fern species cultivated under 100% (open symbols) and 10% (closed symbols) sunlight. Measurements were made at 25°C 500 (triangle symbols) and 2000 (circle symbols) μmol m–2 s–1 photosynthetic photon flux. Each point represents the mean of 4–6 leaves. *** = Significant at P < 0.001.
Figure 6. The relationships between gross photosynthetic rate (Pg) and stomatal conductance (gs) and between time required to reach 90% of maximal gross photosynthetic rate (T90Pg) and gs for three woody species [Alnus formosana ([image: image3.png]


), Ardisia crenata (downward triangles) and Ardisia cornudentata (upward triangles)] and four fern species [Pyrrosia lingus (squares), Asplenium antiquum (circles), Diplazium donianum (diamonds) and Archangiopteris somai (stars)] cultivated under 100% (open symbols) and 10% (closed symbols) sunlight. Measurements were made at 25°C and 500 and 2000 μmol m–2 s–1 photosynthetic photon flux. Data were obtained at 2 and 30 min after illumination. Each point represents the mean of 4–6 leaves. * = Significant at P < 0.05, excluding data for Diplazium donianum (diamonds).

Figure 7. The relative value of potential quantum efficiency of PSII (Fv/Fm) for three woody species (Alnus formosana, Ardisia crenata and Ardisia cornudentata) and four fern species (Pyrrosia lingus, Asplenium antiquum, Diplazium donianum and Archangiopteris somai) exposed to 500 and 2000 μmol m–2 s–1 photon flux density for 30 min and then dark recovery for 30 min. Data are mean ± SE (n = 4–6), Fv/Fm value of each treatment before illumination as 100%; *, ** and *** = Significant differences for relative Fv/Fm of same leaves between before (as 100%) and after illumination at P < 0.05, P< 0.01 and P < 0.001, respectively, based on paired t-test; ns = not significant; a vs. b and A vs. B = different characters represent significant difference (P < 0.05) for relative Fv/Fm between 500 and 2000 μmol m–2 s–1 photosynthetic photon flux exposed leaves of the same % of sunlight grown P. lingus and As. antiquum, respectively, based on unpaired t-test.
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