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Abstract Photosynthetic induction times and photoinhi-
bition in relation to simulated sunflecks (sudden increase of
irradiance from 20 to 1,500 pmol m~?2 sfl) were examined
in leaves of co-occurring Fagus lucida (a deciduous tree)
and Castanopsis lamontii (an evergreen tree) saplings
grown either in a beech forest understory or in an adjacent
open site during a late rainy season. Two hypotheses were
tested: (1) understory leaves would display faster photo-
synthetic induction times and greater photoinhibition than
open-grown leaves; and (2) evergreen species would have
slower photosynthetic induction times and lighter pho-
toinhibition than deciduous species. Times to reach 90% of
maximal CO, assimilation rate (f9gq,4) and stomatal con-
ductance (fgoye, ) did not differ between species, but
showed faster by 3-5 min in open-grown leaves than
understory leaves due to higher initial stomatal conduc-
tance (gs iniiar) and induction state 1 min into simulated
sunflecks (IS;p;,) in the former. Our analysis across the
published data on photosynthetic induction of 48 broad-
leaved woody species again revealed the negative corre-
lations between f9gg,4 and either g initar OF IS min, and the
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similarity of foo4a and fogy, between evergreen and
deciduous species. Measurements of maximum PSII
photochemical efficiency (F,/Fy,) indicated that photoin-
hibition occurred in saplings in any of the growth habitats
during sunfleck-induced photosynthetic induction. Despite
no interspecific differences in the degree of photoinhibi-
tion, understory leaves of both species suffered heavier
photoinhibition than open-grown leaves, as indicated by a
stronger decrease of F/Fy, in the former. Dynamic changes
in the quantum yields of PSII photochemistry and ApH-
and xanthophyll-regulated thermal dissipation and adjust-
ments in the partitioning of electron flow between
assimilative and non-assimilative processes were
functional to resist photoinhibition. However, such pho-
toinhibition, together with stomatal and biochemical
limitations, would decrease carbon gain during simulated
sunflecks, particularly in understory leaves.

Keywords Photosynthetic induction - Fagus lucida -
Castanopsis lamontii - Photoinhibition - Sunfleck

Introduction

Plants growing in the understory of closed forests are
exposed to low diffuse light punctuated by intense sunflecks
that may last from seconds to minutes (Pearcy 1983; Chaz-
don and Fetcher 1984). It was estimated that sunflecks might
account for 10-80% of the total irradiance and result in 30—
60% of total daily carbon gain for understory plants (Pearcy
1987; Chazdon 1988; Pearcy 1990). Understory plants are
assumed to display faster induction responses to sunflecks
than gap or open-grown plants because of this relative
importance of sunflecks for daily carbon gain (e.g., Leakey
et al. 2005; Tausz et al. 2005). However, the mixed results,
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with some studies reporting faster photosynthetic induction
in understory plants (Kiippers and Schneider 1993; Tang
et al. 1994) and others reporting similar or slower induction
responses (similar, e.g., Kursar and Coley 1993 and Rijkers
et al. 2000; slower, e.g., Han et al. 1999 and Tausz et al.
2005), suggest that the issue whether growth light environ-
ment affects sunfleck-induced photosynthetic induction is
still on debate.

On the other hand, lots of papers have addressed the
interspecific differences in response to sunflecks (e.g.,
species differing in life form or light requirement) (e.g.,
Ogren and Sundin 1996; Rijkers et al. 2000). However, to
our knowledge, little attention has been paid to the com-
parison of evergreen and deciduous woody species in
relation to sunflecks. A study on some tropical evergreen
woody species differing in leaf lifespan showed that spe-
cies with long-lived leaves tended to have slower induction
responses to sunflecks because of their longer activation of
Rubisco activity (Kursar and Coley 1993). Then, the
question whether deciduous woody species tend to respond
faster to sunflecks than evergreen woody species due to
their shorter leaf longevity, arises.

Although sunflecks are important sources of light energy
for understory plants, they may have some harmful effects
because of the time lag between the start of a sunfleck illu-
mination and the achievement of maximal CO, assimilation
rate (c.f., Tausz et al. 2005). Due to Rubisco deactivation, the
small pool sizes of Calvin cycle intermediates and the low
degree of stomatal openings at the beginning of a sunfleck
(Kirschbaum and Pearcy 1988; Stegemann et al. 1999), this
time-lag leads to the quantum of absorbed light energy being,
at least temporarily, in excess of what is used in photo-
chemistry and results in photoinhibition (Logan et al. 1997,
Watling et al. 1997; Tausz et al. 2005). However, inter- and
intra-specific differences in photoinhibition imposed by
sudden exposure to high light can vary. Some studies sug-
gested that understory plants were more susceptible to
photoinhibition during sunflecks because they displayed
lower photosynthetic capacity and the smaller pool size of
xanthophyll-cycle components than gap or open-grown
plants (Logan et al. 1997; Watling et al. 1997; Tausz et al.
2005). Lovelock et al. (1998) suggested that species with
short-lived leaves displayed greater photoinhibition than the
species with long-lived leaves due to their lower yield of PS
IT photochemistry. If these results apply in the case of the
comparison between deciduous and evergreen woody spe-
cies, would deciduous woody species experience heavier
photoinhibition when exposed to sudden high light, or,
understory plants of both kinds of species display greater
photoinhibition during sunflecks than gap and open-grown
plants?

Fagus lucida, a climax tree species with leaf lifespan of
less than 7 months, is a dominant species in some forests of
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the montane zones in subtropical China (Cao et al. 1995).
Castanopsis lamontii, with leaf longevity of about 15
months, co-dominates in some beech forests. Both species
are shade tolerant and able to regenerate in the forest
understory (Cao et al. 1995; Cao 2001). In this paper, we
report gas exchange and photoinhibition in response to
simulated sunflecks in F. lucida and C. lamontii. As previous
studies on sunfleck responses focused mainly on emerging
understory plants in comparison with gap plants (e.g.,
Poorter and Oberbauer 1993; Allen and Pearcy 2000; Cao
and Booth 2001), we made measurements on current mature
leaves of saplings in the understory and in an adjacent open
site. The coordinated changes in stomatal opening, photo-
chemical efficiency, photorespiration, CO, assimilation and
water use efficiency (WUE) during sunflecks were analyzed
to test the following hypotheses: (1) understory leaves would
display faster photosynthetic induction times and greater
photoinhibition than open-grown leaves; (2) evergreen spe-
cies would exhibit slower photosynthetic induction times
and lighter photoinhibition than deciduous species.

Materials and methods
Study site and sample trees

The study was conducted in a mixed beech forest located on
the southern slope of Miao’ershan Mountain (25°50'N,
110°49'E, and c¢.1,500 masl) in the Guangxi Zhuang
Autonomous Region, China. This mountain, with the highest
peak of 2142.5 masl, is a part of Nanling Mountain Range
that partially blocks the cold winds coming from northern
China in winter. Mean annual air temperature recorded by
the weather station at 1,200 masl is 12.8°C, with mean
monthly temperature ranging from 2.9 °C in January to
21.8°C in July. Mean annual precipitation is 2,509 mm. The
forest stand where we carried out the study is dominated
by F. lucida, mixed with evergreen tree species such as
C. lamontii and Lithocarpus hancei (Cao 2001).

In early September (late rainy season) 2005, measure-
ments were made on current mature leaves of three
F. lucida or C. lamontii saplings growing both in the forest
understory and in an adjacent open site. Sapling height
ranged from 1.0 to 3.0 m. The sampled saplings received
daily cumulative photosynthetic photon flux density
(PPFD) of 3.42 + 0.94 mol m~2 day~' in the understory
and 50.26 + 2.35 mol m ~ day ' in the open site, based
on the means (£SD) of two quantum sensors (LI-190SA,
LICOR, Lincoln, NE, USA) for each site recording at
1-min intervals on three clear days. Background PPFD in
the understory was less than 50 pmol m~2 s~' during most
of the daytime with several sunflecks (maximal sunfleck
PPFD close to 1,500 pmol m™> s~ ') occurring at midday.
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Gas exchange and chlorophyll fluorescence

Measurements of leaf gas exchange and chlorophyll fluo-
rescence were made on overcast days to ensure that the
leaves were evenly acclimated to low irradiance prior to all
measurements. Photosynthetic CO, and light response
curves were determined on understory and open-grown
leaves using a portable infrared gas analyzer (Li-6400,
LICOR, Lincoln, NE, USA). Photosynthetic CO, response
curves (A—c; curves) were made at a saturating PPFD of
1,500 pmol m~2 s™'. Leaf temperature was controlled at
20 £ 1°C and leaf-to-air vapor pressure deficit was less
than 1.0 kPa. Leaves were exposed to 380 pmol mol
CO, in air and a PPFD of 1,500 pmol m 2 s~ ! until CO,
assimilation rate (A) and stomatal conductance (g,) were
steady (after a minimum of 10 min). Afterward, the
response of A to the changes in intercellular CO, concen-
tration (c;) was by decreasing the ambient CO, in the air
(c,) passing over the leaves in nine intervals ranging from
1,500 to 50 pmol m~? sfl; moreover, photosynthesis was
allowed to stabilize for at least 3 min at each c,. The CO,
response of photosynthesis was fitted to an empirical
nonlinear model described by Liu and Robert (1995).

Photosynthetic light response curves were measured
under the same chamber conditions as A—c; curves, except
that chamber CO, concentration was kept at 380 pumol
mol~! and PPFD was allowed to vary. Leaves were
enclosed in the dark chamber and dark respiration was
recorded once the rates of gas exchange were steady. And
then, PPFD was increased stepwise to a maximum of
2,000 pmol m~2 s™'. Measurements were logged once
rates of gas exchange were stable, which took 5-15 min at
each point depending on the preceding conditions. The light
response of photosynthesis was fitted to the Mitscherlich
function (Peek et al. 2002). The Mitscherlich function was a
nonlinear function: A = Ay [l — e AQY(PPFD-LCP)] \where
Anax represents the asymptote of photosynthesis at high
light, AQY corresponds to the initial slope of the curve at
low light levels and LCP denotes the x-intercept where net
photosynthesis is equal to 0, and A is net photosynthesis, the
response variable.

Dynamic state gas exchange was obtained using the
time-lamped program of the Li-6400. Leaves were sealed in
the leaf chamber at a PPFD of 20 umol m s ', and
steady-state A and g were recorded for 2 min once the
reading was stable. Thereafter, PPFD was increased to
1,500 pmol m™~2 s™' in one step and rates of gas exchange
were logged at 2-s intervals for 20 min. During the whole
duration of the simulated dynamic light response, leaf
temperature was controlled around 20°C. The induction of
A, g, and WUE, calculated as A/g,; Knapp and Smith 1989)
to the sudden increase in PPFD were fitted to the following
equations:

Ay = Apnitial + (Amax — Ainitiar)+(1 — e/

WUE([) = WUEijitia1 + (WUEmax — WUEinitial)*(l _ e—t/zl)

8s(r) = 8sinitial + (gs max gsinitial)/[l + (t/tl)p}

where Ajjitals € initial ald WUE;piia1 are the initial A, g, and
WUE in low light (20 pmol m2sY, Apa gs max and
WUE,,,.x are their maximal values at fully induction, ¢/ is a
characteristic time constant and p is a parameter deter-
mining the curve shape. Before these equations were fitted,
some induction data points showing manyfold higher or
lower than their neighboring data points within every
1 min (due to unavoidable noise when taking the Li-6400
IRGAs measurements so frequently) were removed. Sev-
eral parameters were then calculated using the resulting
curve equations: Ajpi, (A at 1 min into simulated sun-
flecks), fopaa (time to reach 90% of Apnax), ISimin
(induction state 1 min into simulated sunflecks calculated
as Ajmin/Amax)s Toovg, (time to reach 90% of g¢ i) and
toowuk (time to reach 90% of WUE,.,).

Chlorophyll fluorescence was measured following the
procedures of Tausz et al. (2005), with a fluorometer (FMS 2,
Hansatech, Norfolk, UK). Maximal photochemical effi-
ciency of PSII (F\/Fp, initia) Was determined after 10 min
dark adaptation; this dark adaptation time proved long
enough to restore PSII maximal photochemical efficiency,
because all leaves had been pre-adapted to low light during
the cloudy measurement days. Then, leaves were allowed to
stabilize at a PPFD of 20 pmol m~2 s~' and the florescence
level before the saturation pulse (F) and the maximum flo-
rescence during the saturation pulse (F,,") were determined.
Following the course of photosynthetic induction, F and F,,’
were determined at 1-1.5 min intervals. When the 20-min
simulated sunfleck ended, leaves were dark-adapted for
10 min and F,/F,, was determined again (F\/F, 20min)- In
order to estimate the partitioning of absorbed light between
photochemistry and thermal dissipation during simulated
sunflecks, leaves were tagged and predawn maximum fluo-
rescence (F,,) were measured in the next morning when
maximum closure of all PSII reaction center traps occurred.
According to Hendrickson et al. (2004), the allocation of
photons absorbed by the PSII antennae to photochemi-
cal electron transport and thermal dissipation could
be assessed in unity by defining and parameterizing the
quantum efficiencies of photochemistry (®Ppgy;, calculated
as 1 — FJF,), ApH- and xanthophyll-regulated thermal
dissipation (Pnpq, calculated as Fy/F, — Fy/Fy,) and the
sum of fluorescence (@) and constitutive (@p) thermal
dissipation (@Pgp, calculated as Fy/F,,). By the way, this
method of light energy allocation estimation was proved to
give very similar results to the method proposed by Kramer
et al. (2004) (see details in Hendrickson et al. 2004).
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Compared with Kramer et al.’s method, the advantage of
Hendrickson et al.’s method is that it does not require the
measurements of dark-adapted and light-adapted minimal
fluorescence (F, and Fy/, respectively). During sunfleck-
induced photosynthetic induction, F, and F,’ could be
detected easily while Fy and Fy’ measurements were difficult
to perform; furthermore, the losses of F, and Fy’ measure-
ments could help minimize the effects of light beam
generated from fluorescence analyzer on leaf dynamic
physiology. Finally, according to Valentini et al. (1995),
photorespiration (R,,) during the course of photosynthetic
induction was also estimated by combining the time-
dependent induction curves of A and electron transport rate
(ETR, calculated as @Ppg;-PPFD-0.5-0.84). Ideally, such
calculations of PSII quantum efficiencies and R, would
require F, F,,/, A and ETR to be measured under steady-state
conditions. Because of the time-lag effect during simulated
sunflecks, steady-state conditions may not have been
achieved before full induction. However, such parameters
are still considered as valuable indicators for reflecting the
dynamic physiological changes from non-steady to steady-
state (e.g., Kursar and Coley 1993; Logan et al. 1997; Wa-
tling et al. 1997; Han et al. 1999; Schulte et al. 2003;Tausz
et al. 2005).

Statistical analysis

We tested the differences between species and the effect of
growth light environment on each variable by two-way
ANOVAs (species and light as source factors) with Type
IIT sums of squares. Previously, ANCOVA was explored
considering sapling height as covariable; sapling height did
not significantly affect the variables examined (P > 0.05 in
all cases; therefore, we present here only the ANOVA
results for simplicity). A similar two-way ANOVA was
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Fig. 1 Steady-state photosynthesis in leaves of open-grown (open
symbols) and understory saplings (closed symbols) of Fagus lucida
(circles) and Castanopsis lamontii (triangles) in a montane mixed
beech forest. a The response of CO, assimilation rate (A) to incident
PPFD. The light-response curve was fitted to the Mitscherlich
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used to explore the differences between the evergreen and
deciduous broad-leaved woody species listed in Appendix
Table 4, using leaf phenology as the factor instead of
species. Before ANCOVA and ANOVA, data were square-
rooted or log-transformed to meet the assumptions of
homogeneity of variance and normality (Zar 1984). Linear
regression analyses were used to test for precise relation-
ships between pairs of variables. All statistical analyses
were performed using SPSS version 12.0 for Windows.

Results
Steady-state gas exchange

In both F. lucida and C. lamontii, sapling height did not
have significant impact on the study steady-state gas
exchange traits, as well as the dynamic traits (data not
shown). However, there were large differences between
open-grown and understory leaves in their steady-state
light- and CO,-responses (Fig. 1). Open-grown leaves had
almost twofold higher A,,.x and Ry than understory leaves
(P > 0.001), but there was little difference in AQY
(mean = 0.032, P = 0.719). The initial slope of the A—c;
curve and A at high ¢; were also greater in open-grown
leaves than understory leaves (P < 0.001). However, no
significantly interspecific differences in these parameters
were found in open-grown or understory leaves (P > 0.1).

Responses of gas exchange and chlorophyll
fluorescence to simulated sunflecks

When PPFD was increased from 20 to 1,500 pmol m~? s_l,
the time courses of photosynthetic induction in both open-
grown and understory leaves of the two species resembled
a sigmoidal increase in stomatal opening and a hyperbolic
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function. b The response of CO, assimilation rate (A) to internal CO,
concentration (¢;). The A—c; curve was fitted to an empirical nonlinear
function. Error bars are standard deviations of three leaves from three
different individuals
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response in A, WUE, ETR or R, (Figs. 2, 3). The hyper-
bolic response was characterized by a rapid increase in A,
WUE, ETR or R, to 50-80% and an obvious drop in ¢;. In
the sigmoidal response, stomatal opening occurred in two
phases, an initial slow phase followed by a gradual rise to
the steady-state.

Open-grown leaves had significantly higher A, and
ISimin and faster #9044 and fogy, than understory leaves,
whereas interspecific differences in these parameters were
not significant (Table 1). In addition, f999,wuE, f90%ETR and
fooyk, Vvaried little between open-grown and understory
leaves, although large differences in WUE,,,x, ETR,,.x and
Ry max were found between leaves of the two habitats
(Table 1) AISO, 190%WUE> 190%ETR and t9()%Rp did not differ
significantly between species, whereas they were 3—5 min
faster than #9044 in respective habitats (Table 1).

To separate stomatal and biochemical limitations during
photosynthetic induction, A was plotted as a function of ¢;.
For both species, as the responses of A to ¢; in open-grown
leaves were similar in shape to those in understory leaves,
only responses of the latter are shown for clarity (Fig. 4).
Photosynthetic induction of C. lamontii was characterized
by a sudden initial decrease in c; caused by light-activated
biochemical components of photosynthetic apparatus and
slow opening of stomata and a subsequent increase in c;
due to decreasing stomatal limitation. Photosynthetic
induction of F. lucida showed a constantly slow decrease in
¢; until A reached the steady-state A—c; curve, suggesting
no difference in time span between the removals of sto-
matal and biochemical limitation.

Open-grown leaves had lower F,/Fy, iniia than under-
story leaves for both species, without interspecific
differences in each habitat. Upon illumination with 20-min
simulated sunflecks, F,/F,, in both species strongly
decreased, with even stronger decrease in the understory
leaves than in open-grown leaves, whereas no interspecific
differences in the decrease of F,/F,, in each habitat were
found (Table 2). Both open-grown and understory leaves
of the two species generally showed @Ppg;p to decrease
rapidly to the minimum and increase slowly thereafter,
Pnpq to increase fast to the maximum and drop slowly to
the steady-state and ®@gp to remain almost constant (Fig. 3
and Table 2). However, open-grown leaves allocated more
absorbed light to Ppgy during photosynthetic induction
than understory leaves, which in turn partitioned more
absorbed light to®pq. But, no interspecific differences in
the allocation of absorbed light were found. Moreover, a
tight linear relationship between the quantum yields of
Ppgi; and Pnpg was found irrespective of the species and
growth light environments (®Ppsy + Pnpg = 0.8), indi-
cating that decrease in the efficiency of PSII
photochemistry was compensated by proportional increase
in non-photochemical processes related to photoprotection.
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Fig. 2 The representative time course of CO, assimilation rate (A),
stomatal conductance (gs), intercellular CO, concentration (¢;) and
water use efficiency (WUE) during photosynthetic induction in
understory leaves of Fagus lucida (circles) and Castanopsis lamontii
(triangles). For clarity, only every fifth to tenth data points collected
are plotted. Solid lines indicate fitted functions (exponential for A and
WUE, and logistic for g;)
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Table 1 The characteristics of photosynthetic induction in open-grown and understory leaves of Fagus lucida and Castanopsis lamontii

Open Understory P-values

F. lucida C. lamontii F. lucida C. lamontii Light Species Interaction
Ainitiat (umolCO, m™2 571 0.46 £+ 0.08 0.36 = 0.05 0.62 £+ 0.08 0.55 +£ 0.07 0.002 0.068 0.745
Apmax (LMOICO, m™2 571 9.65 + 0.47 8.69 £ 1.19 5.13 £ 0.15 471 £ 0.31 <0.001 0.109 0.499
Almin (umolCO, m—2 571 248 + 0.32 2.09 &+ 0.30 1.10 + 0.14 0.95 + 0.06 <0.001 0.080 0.382
IS 1min (%) 25.6 £ 2.1 241+ 14 21.3 +£20 203 £ 1.5 0.005 0.245 0.818
toog A (Min) 8.05 £ 1.45 8.98 £+ 1.37 11.09 + 1.24 12.44 4+ 3.27 0.024 0.356 0.862
s initia (mmol H,Om™2 571 146.5 + 10.5 81.8 £ 7.1 498 £ 2.2 314 £ 25 <0.001 <0.001 <0.001
s max (mmol H,Om 2 571 272.5 £ 12.8 1325 £ 7.7 110.1 £ 9.6 613 £35 <0.001 <0.001 <0.001
tooog, (Min) 10.47 £ 1.80 14.28 £+ 2.49 14.81 &£ 2.42 17.05 £+ 2.87 0.035 0.063 0.593
WUEiyia (WCO, mol ™! H,0) 352 £ 074 4.13 £ 0.53 13.02 £ 1.57 1891 £ 1.15 <0.001 0.001 0.003
WUE 0x (1CO, mol ™" H,0) 35.63 & 241 69.10 & 3.65 47.54 £ 4.01 78.85 + 4.50 <0.001 0.001 0.629
topwue (Min) 4.60 + 1.12 4.74 £ 0.71 391 £ 1.48 4.49 £+ 0.69 0.461 0.572 0.726
ETRipiiar (Lmol m—2 s71) 6.19 &+ 0.12 6.22 + 0.13 6.25 + 0.16 6.26 &+ 0.10 0.428 0.893 0.893
ETRjnay (Lmol m 2571 71.89 + 6.66 68.50 & 6.34 35.89 + 4.18 4192 £ 4.72 <0.001 0.694 0.182
toomETR (MiN) 4.64 + 0.38 499 £ 0.33 4.21 £ 0.51 491 £ 0.38 0.053 0.309 0.472
Ry initia1 (mol CO, m2sh 0.12 £+ 0.03 0.11 £ 0.02 0.15 £ 0.02 0.13 £ 0.03 0.124 0.188 0.599
Rp, max (umol CO, m2s") 334 £022 3.09 £ 0.16 2.14 £0.14 238 £0.23 <0.001 0.954 0.059
foo%g, (Min) 4.88 + 1.13 5.12 £ 0.75 432+ 1.15 4.89 + 0.42 0.480 0.470 0.762

Values are means + SD of three leaves from three different individuals

Estimation of carbon balance in photosynthetic was higher in open-grown leaves compared with under-
induction story leaves, but this varied little between species in each

habitat (Table 3). Neglecting the stomatal, biochemical and
In both species, the estimated total amount of CO, assim-  photoinhibitory limitations (i.e., assuming an immediate
ilation during a 20-min sunfleck of 1,500 pmol m2s! realization of A, with PPFD at 1,500 pmol m2s")
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Fig. 4 The representative 10
responses of net photosynthesis

(A) to intercellular CO,
concentration (c;) from the
steady-state gas exchange
(closed symbols) and
photosynthetic induction (open
symbols) measurements in
understory leaves of Fagus
lucida (circles) and Castanopsis
lamontii (triangles) in a
montane mixed beech forest
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Table 2 Responses of chlorophyll fluorescence parameters in open-grown and understory leaves of Fagus lucida and Castanopsis lamontii to

simulated sunflecks

Open Understory P-values

F. lucida C. lamontii F. lucida C. lamontii Light Species Interaction
Fu/Fp initial 0.747 £ 0.004 0.745 £ 0.005 0.762 £ 0.004 0.757 £+ 0.005 0.001 0.247 0.632
Fu/Fi 20min 0.516 £ 0.002 0.512 £ 0.004 0.365 £ 0.003 0.363 £ 0.003 <0.001 0.188 0.825
DED initial 0.220 + 0.010 0.221 4 0.008 0.195 £ 0.003 0.193 + 0.003 <0.001 0.901 0.710
DNpQ initial 0.042 £ 0.005 0.051 4 0.003 0.060 £ 0.004 0.062 = 0.008 0.001 0.115 0.301
Dps11 initial 0.738 + 0.015 0.740 &+ 0.016 0.745 £+ 0.003 0.745 £ 0.011 0.428 0.893 0.892
DED 1min 0.220 % 0.009 0.227 £ 0.010 0.202 £ 0.002 0.203 = 0.008 0.002 0.419 0.632
DNPQ 1min 0.732 £ 0.012 0.729 £+ 0.011 0.763 £ 0.005 0.766 £ 0.008 <0.001 0.975 0.603
Dpsi1 1min 0.047 £ 0.014 0.044 £ 0.003 0.035 £ 0.003 0.030 £ 0.002 <0.001 0.084 0.635
DEp 20min 0.226 + 0.009 0.225 + 0.011 0.207 &+ 0.011 0.212 + 0.010 0.034 0.731 0.617
DNPQ 20min 0.647 + 0.014 0.653 % 0.009 0.716 £ 0.008 0.716 % 0.007 <0.001 0.597 0.635
Dpsi1 20min 0.127 4 0.005 0.125 4 0.003 0.074 £ 0.002 0.071 % 0.002 <0.001 0.335 0.787

Values are means = SD of three leaves from three different individuals

Table 3 Modeled assimilative and non-assimilative carbon balance
in open-grown and understory leaves of Fagus lucida and Castan-
opsis lamontii to simulated sunflecks

Open Understory

Assimilative (mmol CO, mfz)

Assuming immediate induction 11.58 122% 6.16 141%
F. lucida 1043 123% 5.66 136%
C. lamontii

Using observed induction 9.51 100% 4.38 100%
F. lucida 845 100% 4.17 100%
C. lamontii

Non-assimilative (mmol CO, mfz)

R, 341 36% 1.69 39%
F. lucida 344 41% 1.76  42%
C. lamontii

Values are averages of three leaves from three different individuals

would result in an overestimation of CQO, assimilation
during a 20-min sunfleck by 22 and 23% in open-grown
leaves and by 41 and 36% in understory leaves for

F. lucida and C. lamontii, respectively. On the other hand,
photorespiratory CO, production during a 20-min sunfleck
was greater in open-grown leaves than in understory leaves
for both species. However, there was a strongly positive
linear relationship between assimilative and non-assimila-
tive CO, production regardless of the species and growth
light environments (Total, = 2.5865Totalg, — 0.03, =
0.877, P < 0.001), showing the delicate carbon balance
between assimilative and non-assimilative processes.

Discussion
Photosynthetic acclimation to light environments

Both species exhibited higher values for most gas exchange
parameters (e.2., Amax, Rq and gg max) measured in open-
grown leaves than in understory leaves, except for WUE,,,«
(Fig. 1 and Table 1). These results were consistent with the
previous studies showing that sun-adapted leaves had
greater A, at the expense of higher R4y and water loss

@ Springer



456

Trees (2008) 22:449-462

compared with shade-adapted leaves (e.g., Boardman
1977; Givnish 1988). However, interspecific differences in
open-grown or understory leaves were not significant for
most gas exchange parameters except for g m.x and
WUE,,..x (Table 1). Deciduous F. lucida always had higher
&s max but lower WUE, ., than evergreen C. lamontii across
the light environments. These results showed that the
contrasting WUE, ., between the two species were not
attributed to the differences in A« but to gg max. This was
also supported by the findings of many previous studies on
higher WUE,,,.x in evergreen broad-leaved woody species
due to lower g max than deciduous ones (Appendix
Table 4; Givnish 2002; Bowman and Prior 2005).

Response of gas exchange to simulated sunflecks

Since understory leaves experienced much more sun-
flecks than open-grown leaves, we anticipated that the
understory leaves would show faster photosynthetic
induction following a sudden increase in PPFD. The
result was borne out to be the opposite. Times taken to
90% of gg max and A during a simulated sunfleck were
slower by 3-5 min in understory leaves than in open-
grown leaves of both species (Table 1). This is consis-
tent with the findings of Han et al. and Tausz et al. (Han
et al. 1999; Tausz et al. 2005). There are, however, some
reports showing faster photosynthetic induction in
understory leaves than leaves from more exposed habi-
tats such as gap and open sites (Kiippers and Schneider
1993; Tang et al. 1994). On the other hand, many studies
showed that photosynthetic induction time was not
affected by growth light environment (Roden and Pearcy
1993; Kursar and Coley 1993; Zipperlen and Press 1997,
Rijkers et al. 2000). These mixed results might be
attributed to too small a collective body of information
in a certain research from which to draw general con-
clusions. Using the data sets from 15 studies (Appendix
Table 4), a two-way ANOVA across a wide range of
species showed that foo4 and togy, Were not signifi-
cantly affected by growth light environment (P = 0.142
and 0.052, respectively).

Because of the contrasting leaf longevity between
evergreen and deciduous woody plants, we expected that F.
lucida with lower leaf lifespan would respond faster to
sunflecks than C. lamontii with higher leaf lifespan on the
basis of the study of Kursar and Coley (1993). However,
our results rejected this expectation; no significant differ-
ences in either fogg4 OF f9gy,, between the two species were
found (Table 1). This finding was further confirmed by a
two-way ANOVA across a wide range of species in
Appendix Table 4 showing no significant differences in
foowa and fogy, between the evergreen and deciduous

@ Springer

broad-leaved woody plants
respectively).

Our data from the two study species showed that those
leaves with lower g inigar and IS, tended to require
relatively longer f9g¢,4 (Table 1). Furthermore, an analysis
across a large data set compiled in Appendix Table 4 again
revealed the significantly negative correlation between
too%a and either g initar OF ISimin (Fig. 5). This role of g
initiat and IS, in photosynthetic induction was important
in that higher gg inia and IS, could improve stomatal
opening, alleviate the restriction of CO, supply and fasten
the Rubisco activation (Valladares et al. 1997; Han et al.
1999; Naramoto et al. 2001). Although in the present study
induction loss in the shade after simulated sunflecks was
not included, an analysis of the large data set complied in
Appendix Table 4 revealed a negative correlation between
Anax and induction state after 10 min shade (IS;gmin)
(Fig. 5), suggesting that induction loss was mainly regu-
lated by Rubisco activity (Valladares et al. 1997,
Naumburg and Ellsworth 2000).

(P=0.746 and 0.534,

Photoinhibition and photoprotection during simulated
sunflecks

Simulated sunflecks caused severer photoinhibition in
understory leaves than in open-grown leaves of both spe-
cies, as indicated by the larger decrease in F,/F,, during
sunflecks in the former (Table 2). This result is consistent
with our expectation and previous studies (Logan et al.
1997; Watling et al. 1997; Tausz et al. 2005). However,
interspecific differences in photoinhibition during sunflecks
were not significant, contrary to our expectation.

A reliable way for a plant to resist photoinhibition is to
enable the photosynthetic apparatus to process more
photons through photochemistry, thereby decreasing the
time spent in the reduced state of Q5 and accelerating
CO, assimilation. (Oquist et al. 1992; Lovelock et al.
1998). Both species of the present study responded to
simulated sunflecks through adjustments in the allocation
of light energy to photochemistry, and these adjustments
had influence on photosynthetic induction (Tables 1, 2
and Fig. 2). Open-grown leaves allocated more light
energy to photochemistry, and thus had lighter photoin-
hibition and faster photosynthetic induction than
understory leaves for both species. Due to no interspecific
differences in the allocation of light energy to photo-
chemistry during photosynthetic induction, the degrees of
photoinhibition, fog44 and fygy, , were similar in the two
species. Interestingly, fookTr and fooyg, in both species
were achieved about 5 min and more quickly than f9g,a,
suggesting fast regulations in the allocation of electron
flow to photorespiration. Considering an obvious drop in
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Fig. 5 The correlations between the initial stomatal conductance
(&s initia1) and induction state 1 min into simulated sunflecks (ISyin),
and time to reach 90% of maximum CO, assimilation rate (f9oq,4), and
between induction state after 10 min dark-adaptation (IS;gu;,) and
maximum CO, assimilation rate (A.x) from the large data set
compiled in Appendix Table 4. Equations for the regression lines:
toopa = 11.612 — 003585 initial, " = 42, r2 = 0185, P < 001,
tooa = 12.070 — 0.109IS i, 1 =35, > =0275, P <0.0I;
IS omin = 72.851 — 2.547Amax, 1 = 31, ¥ = 0.354, P < 0.001

¢; during photosynthetic induction, we deduced that fast
responses of R, along with rapid responses of Pypq,
might be a mechanism to compensate for the restriction in
CO, supply to photosynthesis during a sunfleck. This
consideration was also supported by a relative constant
ratio of integrated R,, to CO, assimilation, being about 0.4
during simulated sunflecks in both species (Table 3).
Similarly, it was found that in Alocasia macrorrhiza
(Kirschbaum and Pearcy 1988) and other tropical rain-
forest trees (Kursar and Coley 1993) the induction of O,
evolution of photosynthesis was parallel to the induction
of ETR and exhibited more rapidly than the induction of
CO, assimilation, indicating adjustments in the allocation
of electron flow to oxygenation. This partitioning of
electron flow to oxygenation was related to the high
specificity of Rubisco to O, when the concentration of
CO; in the chloroplast was low during photosynthetic
induction (Kirschbaum and Pearcy 1988; Kursar and
Coley 1993). However, some reports have suggested that
the Mehler ascorbate peroxidase reaction and water—water
cycle could also act as an important sink for light-driven
electrons (Osmond and Grace 1995; Kozaki and Takeba
1996; Miyake and Yokota 2001). If this is the case, the
contributions of photorespiration and oxygenation to
photoprotection might be overestimated. In addition,
tooewue Was faster than 9994 in the two species
(Table 1). This faster realization of WUE,,, has also
been found in some other studies and regarded as a
mechanism to improve carbon gain (Knapp and Smith
1989; Allen and Pearcy 2000; Schulte et al. 2003).

Stomatal, biochemical and photoinhibitory limitations

on carbon gain during simulated sunflecks

During a 20-min sunfleck of 1,500 pmol m~2 s_l, the
estimated total CO, assimilation according to the induction
measurement was lower than that predicted by the steady-
state model, whereas no interspecific differences were
found in open-grown or understory leaves (Table 3). The
lower-estimated total CO, assimilation was attributed to
the stomatal, biochemical and photoinhibitory limitations.
These limitations resulted in a loss of CO, assimilation
during a 20-min sunfleck by 22 and 23% in open-grown
leaves and by 41 and 36% in understory leaves for
F. lucida and C. lamontii, respectively. Similar results were
reported for Nothofagus cunninghamii (Tausz et al. 2005).
But, we did not determine the relative contributions of
stomatal, biochemical and photoinhibitory limitations to
carbon gain during a sunfleck separately, largely due to
the concurrent interactions of these limitations and the
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difficulty to set them apart. However, a recent theoretical
study on N. cunninghamii suggested that photoinhibition
had little effect on carbon gain during a sunfleck (Tausz
et al. 2005).

Conclusions

Naumburg and Ellsworth (2000)

Cao and Booth (2001)

Rijkers et al. (2000)
Poorter and Oberbauer (1993)

Kursar and Coley (1993)
Kursar and Coley (1993)
Zipperlen and Press (1997)

Cai et al. (2003)
Kursar and Coley (1993)

Present study
Cao and Booth (2001)

Cao and Booth (2001)
Kursar and Coley (1993)

Reference

Photosynthetic response of F. lucida and C. lamontii
saplings to sunflecks is partly consistent with our
hypothesis that understory leaves of both species display
faster photosynthetic times and greater photoinhibition
than open-grown leaves. In fact, open-grown leaves
displayed faster photosynthetic induction due to higher g
initiat and ISiin, and lighter photoinhibition due to more
allocation of absorbed light to photochemistry; moreover,
our analysis across the wide range of broad-leaved
woody species in the literature indicated that photosyn-
thetic induction time was not significantly affected by
growth light environment, but negatively correlated with
&s initial and ISy, On the other hand, we expected that
evergreen C. lamontii would have slower photosynthetic
induction times and lighter photoinhibition than decidu-
ous F. lucida in responses to simulated sunflecks.
However, the case was against our expectation. Both
species responded similarly to photosynthetic induction
and protection from photoinhibition in that they shared
identical regulations in ®pgy; and Pnpg and adjustments
in the partitioning of electron flow between assimilative
and non-assimilative processes; furthermore, our analysis
across the wide range of broad-leaved woody species in
the literature also revealed the similarity of photosyn-
thetic induction times between evergreen and deciduous
broad-leaved woody species. Although no interspecific
differences in photoinhibition were found between
F. lucida and C. lamontii, such photoinhibition, together
with stomatal and biochemical limitations, resulted in the
decease of carbon gain during sunflecks, particularly in
the understory leaves.

IS after
10 min
shade (%)

57°

55.5

69.8
0

65
78.3

to0%g
(min)
17.1
224
24

to0%A
(min)
2
8.7
12
12.4
14.8
16.9
10.8
37.4
16.3
21.2
25
3

ISlmin
40.6
20.3
25

WUE nax

(uCO, mol ™! (%)
H,0)

64.2

78.9

59.0

58.9

gS max
(mmol H,O
m‘zs‘l)
54.5

61.3

78

73

&s initial
(mmol H,O
m—2 SAI)
34.2

31.4

28

29

(umol CO,
m2 s}
3.0

4.5
34

Amax
2.8
3.1
35
4.7
4.7
4.6
4.9
43
4.8
45

Acknowledgments This work was financially supported by the
National Natural Science Foundation of China through a research
grant (30670320) to Kun-fang Cao. We thank Jun-jie Zhu and Jun-
wen Chen for their technical assistance in the field and useful sug-
gestions on the manuscript. Acknowledgements are extended to two
anonymous reviewers who made very helpful comments on the
manuscript.

Growth
environment
Ust

Ust

Ust

Us

Ust

Ust

Ust

Ust

Ust

Ust

Us

Ust

Ust

Appendix

Table 4

Table 4 Summary of photosynthetic induction traits in evergreen and deciduous broad-leaved woody species reported in the literature and the present study

Calophyllum longifolium
Cotylelobium burckii
Dicorynia guianensis
Dipterocarpus borneensis
Dipteryx panamensis
Dryobalanops lanceolata
Hopea pentanervia
Hybanthus prunifolius

Barringtonia pendala
Castonopsis lamontii

Species

Evergreen

Alseis blackiana
Aspidosperma cruenta
Cornus florida
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