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Abstract We examined in the field the photosynthetiand uninduced leaves of understory species exhibited
utilization of fluctuating light by six neotropical rainfor-higher LUE than those of species growing in small gaps
est shrubs of the family Rubiaceae. They were growiag clearings. However, most differences disappeared for
in three different light environments: forest understoryghtflecks 10 s long or longer. Thus, understory species,
small gaps, and clearings. Gas exchange techniques wérieh grew in a highly dynamic light environment, had
used to analyse photosynthetic induction response, istter capacities for utilization of rapidly fluctuating
duction maintenance during low-light periods, and lighlight than species from habitats with higher light avail-
fleck (simulated sunfleck) use efficiency (LUE). Totability.

daily photon flux density (PFD) reaching the plants dur-

ing the wet season was 37 times higher in clearings thkay words Sunflecks - Photosynthetic induction -

in the understory, with small gaps exhibiting intermedghade plants - Variable light utilization - Stomatal

ate values. Sunflecks were more frequent, but shoenductanc::

and of lower intensity in the understory than in clearings.

However, sunflecks contributed one-third of the daily
PFD in the understory. Maximum rates of net photosylmtroduction

thesis, carboxylation capacity, electron transport, and

maximum stomatal conductance were lower in understaght is a very dynamic resource in forest ecosystems,
ry species than in species growing in small gaps or cldamth in the understory and in the outer parts of the cano-
ings, while the reverse was true for the curvature factiy, due to a number of factors that range from the rota-
of the light response of photosynthesis. No significatdn of the earth to wind-induced movements of leaves
differences were found in the apparent quantum yie{fearcy 1990). In tropical forests, light availability af-
The rise of net photosynthesis during induction aftécts plant succession and life-history strategies such as
transfer from low to high light varied from a hyperbolithose of climax and pioneer species (Bazzaz and Pickett
shape to a sigmoidal increase. Rates of photosynthé880). Both the mean and total daily photon flux densi-
induction exhibited a negative exponential relationshilgs (PFDs) in the understory of tropical rainforests are
with stomatal conductance in the shade prior to the irery low. However, long periods of low diffuse light are
crease in PFD. Leaves of understory species showedphectuated by bright sunflecks when a direct light beam
most rapid induction and remained induced longer ongasses through the openings in the forest canopy. Sun-
transferred to the shade than did leaves of medium-flecks are very short and rather unpredictable, but they
high-light species. LUE decreased rapidly with increasan contribute up to 80% of the photosynthetically active
ing lightfleck duration and was affected by the inductid®=D available for understory plants (Chazdon 1988).
state of the leaf. Fully induced leaves exhibited LUEs &hotosynthetic utilization of sunflecks requires a quick,
to 300% for 1-s lightflecks, while LUE was below 100%dynamic physiological response, which is dependent on
for 1-80 s lightflecks in uninduced leaves. Both inducegveral regulatory factors, each working at a different
time scale and exhibiting remarkable variation among
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which allows a plant to better exploit the next sunfleckmithsonian Tropical Research Insitute. The forest on BCl is clas-
(3) stomatal response to light intensity, and (4) ability gdied as a wet tropical forest (Croat 1978). Species used for the

. P Sstydy were all shrubs within the family Rubiaceae, and included
extend the photosynthetic activity into the shade peri cies characteristic of deep forest understory, forest gaps, and

immediately following a pulse of high light (post-illumi-open sitesPsychotria acuminat&enth.,P. marginataSw., andP.
nation CQ fixation). limonensisKrause complete their full life cycle in the shade of the
The dynamic aspects of photosynthetic responsnglﬂgel’StoryP. micranthaH.B.K., andPalicourea guianensigubl.

: ; : : . are typically found growing in light gaps in the forest or along trail
fluctuating light are little known for plants growing Irftjaldges.lsertia haenkean®C. grows primarily in open sites, and

the field. Most of our current understanding of photosyfi individuals used for this study grew around the margin of the
thetic use of fluctuating light comes from experimentsboratory clearing. For further information on the ecology of the
with seedlings grown under controlled conditions, usugpecies in this study, see Croat (1978), Wright et al. (1992), and

ly under constant light. In these experiments, shade-¥¢lkey etal. (1993). . .
Most measurements of light environment and gas exchange

climated plants have been shown to exhibit higher lighfare carried out during the wet season of 1995. The wet season on
fleck use efficiency (Chazdon and Pearcy 1986apgui typically lasts from April through December. However, gas
Kippers and Schneider 1993; Yanhong et al. 19%4¢hange measurements Rnmicranthawere conducted in Janu-
Ogren and Sundin 1996). However, photosynthetic @y and February of 1996, months that were as wet as typical wet
duction responses of plants of the same species growﬁeﬁ‘?()n months, even though they normally fall in the dry season.
forest gaps or in the understory were indistinguishable in

a rainforest field study in Panama (Kursar and Col&paracterization of light environments

1993). Different results regarding the influence of the

: ; ; : ght in each of the three different environments (deep forest un-
light environment on the induction response were o erstory, forest gaps, and open sites) was quantified using two sep-

tained for the pioneer speci€ecropia obtusifoliaand arate methods. First, hemispherical canopy photographs were tak-
for the climax treeDypterix panamensigPoorter and en at the sites where the individuals in the study were growing.
Oberbauer 1993). For each species, three individual plants were chosen as represen-

In this study, we examined the field photosyntheﬂeﬁve for the purposes of the canopy photos. The photos were sub-
’ sgquently analyzed using a computerized image analysis sytem

response of six neotropical rainforest plant species ) the software program CANOPY (Rich 1989), in order to cal-

dynamic light. They were growing in three envirornculate the proportion of light received annually at a given site as

ments of differing light availability: forest understorygiffuse light (indirect site factor), and the proportion of light re-

small forest gaps and trail edges, and forest edges @ﬂ?d as direct light (direct site factor). Calculations from each of
, e

. . . individual photographs were combined into means for each of
clearings. All six species were evergreen shrubs Bes i oo light environments.

longing to the family Rubiaceae, with four of the siX For a more complete characterization of each light environ-
from the genu®sychotria Each light environment wasment, light dynamics within the three environments was studied
studied in detail using both photosensors to record difjm diurnal courses of light intensities recorded with dataloggers
nal courses of light intensity at 1-s intervals, and he’rﬂf%ring the wet season. For each environment, small gallium arse-

. : . 1ide photosensors (GaAsP model G1118, Hanamatsu, Japan) were
spherical canopy photographs to obtain a general, inigunted on wooden dowels and installed horizontally and point-

grated value of light availability. Despite some confliciag to the zenith. Photosynthetic photon flux density (PFD,
ing evidence for and against, we hypothesised that theol photons n? s-) values were then recorded for each sensor

i i l-s intervals for 7 days, in the case of the open site, and for
more shady the habitat was, the more saplings dep days for the understory and gap sites. In total, eight sensors

ed on SunﬂeCkS_ to overcome low light ”_mitations ere used in the understory and open sites, and four sensors were
growth and survival. We wanted to determine the effagled in the gap site. Sensors were connected to a CR21X datalog-
of the light environment on the four previously enumeger, and data was recorded using a CSM1 card storage module

ated factors that affect photosynthetic utilization @§ampbell Scientific, Inc., Logan, Utah, USA). Data from each
sunflecks. site was then compiled and averaged, and descriptive characteris-

. T . . ., tics of the three light environments such as total daily PFD, num-
‘Since stomatal limitations during fluctuating lighber and relative contribution of sunflecks (all incréases in the
might have been underestimated in previous studies daekground understory PFD above 5@l photons m? s-1 were

to overestimations of @uring induction (Kirschbaum considered to be sunflecks), mean sunfleck length and other pa-
and Pearcy 1988), the possible role of stomata in regu[%-ef)?rshwgre CE"CU'ated with the program HISTO (R.W. Pearcy,
. ! . . . uplished work).

ing the use of dynamic light has been carefully examine )

here. Stomatal conductance data were absent or not thor-

oughly explored in previous field studies of utilization dfas exchange measurements

dygacr:nllc IIgj-l'glg?l’).ypneotroplcglorglm;;)rest fé%rgs (Kurs%easurements of dynamic gas exchange responses were made using
ana Coley , Poorter an erbauer )- a custom-built, transportable system optimized for resolving tran-

sient photosynthetic responses in the field, @@ HO concentra-
tions in reference and analysis lines were measured with a LI-6262
infrared gas analyzer (IRGA; LICOR, Lincoln, Neb., USA). A low-

Materials and methods volume, one-sided chamber, combined with high flow rates through
the system allowed measurements of rapig &@ HO transients
Study site and species during induction and lightfleck responses. Flow rates through the

chamber were maintained at approximately 4 Hniexcept for the
All measurements were made on Barro Colorado Island (B@kperiments orP. micrantha which exhibited rapid stomatal clo-
9°9N, 79°51W), a field station in the Republic of Panama of thsure when placed in the chamber under such conditions. To avoid
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this artifact, and still include. micranthan the study, gas exchange If the leaf was to be used for measurements of lightfleck use
measurements for this species were performed at a flow rate ofedfiiciency (LUE), it was sealed in the chamber under low light as
proximately 1 | min?; thus allowing sufficient time response for thelescribed above, and data collection began when steady state read-
system, but not causing experimentally induced stomatal closimgs were reached. While all gas exchange parameters were saved
The relatively large leaf surface area enclosed in the chamdied-s intervals, a series of saturating lighflecks (simulated sun-
(22.4 cn?) provided for a high signal-to-noise ratio at the low phdlecks) of increasing length were given to the leaf (1, 2, 5, 10, 20,
tosynthetic rates commonly measured in the understory. Chamtisr and 80 s), separated by shade periods of approximately
temperatures were controlled with a Peltier unit, together with a \88—90 s. The leaf was then exposed to continuous saturating light
ter jacketed chamber and a continuously re-circulating buffer vehtil full induction (i.e., maximum assimilation rate) was reached,
ume of water. Light was provided to the leaves with a 21-V, 150-&fter which the shutter was closed for approximately 90 s, and the
quartz-halogen slide projector lamp (General Electric Multimirrpreviously described lightfleck procedure was repeated on the
model ELD/EJN), using neutral density filters to adjust the PFD. fhotosynthetically induced leaf. Lightfleck use efficiency (LUE,
electro-mechanical shutter (Uniblitz Model 225L, Vincent Assodkq. 1) is calculated by integrating the Cfixation that resulted

ates, Rochester, N.Y., USA) coupled with a darkroom timer allowiedm a lightfleck, and dividing this amount by the assimilation that
us to accurately administer lightflecks as short as 1 s. Signals faeauld result if the leaf were to photosynthesize at its maximum
the IRGA, the mass flowmeter, the chamber PFD sensor, andr#ie for the duration of the sunfleck.

chamber thermocouples were logged at 1-s intervals by a CR s d imilation d lightfleck/
datalogger, which was connected to a laptop computer. This rc-lintegrated assimilation due to lightflec

rangement allowed real-time calculation of gas exchange parame- (Ama*l€ngth of lightfleck)]x100 1)

ters. _ LUE compares actual carbon gain during the fleck to the carbon
Leaves to be used for dynamic gas exchange measurem@qg would be gained by a leaf that showed an instantaneous re-
were selected on the evening prior to the measurements, and se to illumination (Chazdon and Pearcy 1986b; Pearcy 1990).
ed with an opaque umbrella to prevent photosynthetic inducti®hmple size for each species was 8-12 leaves, which came from
Measurements were made between 6 a.m. and 1 p.m. Due toffigs to five individual plants.
relatively bulky nature of the gas exchange system, it could not bephotosynthetic response to PFD and,@@s measured in the
readily moved from plant to plant. This necessitated working wiffiet season of 1995 in all of the species in the study using a Cl-
detached shoots that could be transported to the equipmeniRAs-1 portable photosynthesis system (PP systems, UK), and
branch with the desired leaf was cut from the plant, and th,engghin in September 1996 using the LI-6400 portable photosynthe-
end immediately re-cut under water to remove xylem embolisnags system. No consistent bias was seen when he measurements
The shoot was then carried to the tent for subsequent measgigde with the two systems were compared, so all data were used
ments, with care taken to shade the leaf during transport. In Sgpstatistical analyses. In total, four to five light response curves
tember 1996, a commercially-available portable gas exchang four to five CQresponse curves were made for each species,
system (model LI-6400, LiCor) was used to repeat induction M&gth each curve representing a different leaf (and generally a dif-
surements for each of the species in order to confirm that the Gdkent plant). Light response curves were fitted to a rectangular
ting procedure did not introduce any artifacts into the measufgmerbola according to the model in Thornley (1976). The follow-
ments of gas exchange parameters. __ing parameters were obtained from these fitted curves: rate of dark
For induction response experiments, the leaf was sealed inBigiration, quantum yield for G@ssimilation, and curvature fac-
cuvette, and after reaching steady state gas exchange readings gfOWe factor that determines the transition from light limitation to
light (5-10pmol photons n¥ s1), data collection began at 1-s injight saturation. Assuming the Farquhar-von Caemmerer-Berry
tervals. 30-60 s of shade readings were collected, and then the ﬁgb@el of C3 photosynthesis (Farquhar et al. 1980), we calculated
ter was opened, beginning the induction measurements. For app¥X-maximum rate of electron transport,() and of carboxyla-
imately the first 5 min, data was collected at 1-s intervals; after this (v ) from the CQ response curves.
point, the sampling time was changed to every 10 s. Data recording = ™
continued until several minutes after a steady state maximum net
photosynthetic rateA(,,,) was reached. Stomatal conductance w&atistical analysis
recorded simultaneously and initial and maximal stomatal conduc-
tance §iiia @and gnax respectively) obtained in these induction exPhysiological parameters were determined from measured PFD or
periments were used in statistical comparisons of species. TwoG@, photosynthetic response curves by a least-squares fit to corre-
rameters of induction, which have been previously described (Cremonding models using the nonlinear regression (Marquardt-
don and Pearcy 1986a; Yanhong et al. 1994), were calculated: fieeenberg algorithm) routines in SigmaPlot (Jandel Scientific, Ca-
to 90% induction (which is the length of time taken to achieve 90#6 USA). The predictive value and the associated level of confi-
of A0, and induction state at 60 s (which is the assimilation ratedence of the regression function obtained were tested using Sig-
60 s into the induction response as a percentage of thatAgaf)s maStat (Jandel Scientific, Calif., USA). Species or light environ-
For each species, 8-12 leaves (from 3-5 individual plants) werent differences in the parameters studied were analyzed by one-
measured for induction responses. way ANOVA using routines in SigmaStat. Data sets were tested
Leaves to be used in measurements of induction loss rate wierenormality and equal variance and a log transformation was ap-
first pretreated by illuminating them with saturating light from 12plied when significant discrepancies from normality were found.
V halogen bulbs for approximately 45 min. These lamps providdthltiple comparisons among species or light environments were
600-1700umol photons n? st depending on the working dis-carried out by Student-Newman-Keuls tests of paired compari-
tance, which was sufficient to fully induce leaves from the threens.
different light environments studied. After the leaf was fully in-
duced, it was placed in the chamber under saturating light, and
Anax Was measured. The leaf was then returned to low Iigﬁa It
(5—-10umol photons m? s-2) for 5, 10, 20, 40, or 60 min. After the sults
shade period, the shutter was opened to again expose the leaf to . )
saturating light. The assimilation rate 60 s after opening the shuight environments of the study species
ter was recorded, and the induction state at 60 s was subsequently
calculated as the ratio of the 60-s value\{g,. For each species, The three light environments studied were very different
and at each value of shade time (5, 10, 20, 40, or 60 min), four. or, . . :
five leaves were subjected to this procedure; thus 20-25 leal §erms of both the,da”y t‘?ta' iradiance and the dY”a”,"
were required per species, and these were collected from thret€tgature of .the ava”f'_ilb'e “ght-. The percentage of |_”ad"
five individual plants. ance potentially received as direct sunlight in relation to
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Table 1 Properties of the light environments during the wet seare means+SD for eight light sensors for 7—15 days. Light envi-
son in the understory, small gaps and trail edges, and clearings @miinents that do not share the same letter for a certain parameter
forest edges sites in which the study species occured. The valuege significantly different (ANOVAP<0.05]

Forest understory Small gaps and trail edges Clearings and forest edges
Direct site factor (%) 554+ 3.1a 8.0 +240b 32.21+£11.02 b
Indirect site factor (%) 0.87+0.61 a 2.25+0.85 a 63.10+12.08 b
Daily integral of PFD (mol n?) 0.33+0.17 a 4.30+2.27 b 12.08+5.20 c
Number of high PFD periods per day 77.1 539 a 73.5 +40.1 a 22,2 £21.2b
(>50 pmol m2s-1)
Percent of daily integral irradiance 33.2 £t140a 86.1 +85b 93.9 8.3 b
received during high PFD periods
Mean duration of high PFD periods (s) 111 #6.1a 229.6 £275.2b 2332 £1983 ¢
Time between high PFD periods 26.4 +235a 19.7 t145a 34.2 +25.8 a
(% of cases >4 min)
Percent of high PFD periods 71.3 £10.4 a 77.2 £t125a 43.8 £35.3 b
with 50—100pumol m2 s-1 maxima
Percent of high PFD periods 0.8 t09a 6.9 +7.1a 56.9 £38.2 b

with >1500umol m2 s-1 maxima

that available in the open as determined by canopy alest of the steady-state gas exchange parameters studied
sure (DSF) was 6 times larger in the clearings and for#sn the species found in small gaps and trail ed@®s (
edges than in the understory (Table 1). The differencechotria micranthaand Palicourea guianensjsor in the
diffuse light transmission to the plants as indicated biearings [sertia haenkeana AverageA,,,, was 4 times
the ISF was 70 times larger in the clearings than in tlaeger and average dark respiration was almost 3 times
understory. These differences translated to an averkgger inl. haenkeandhan in the understory species (Ta-
daily PFD reaching the plants during the wet seasblie 2). Both initial and maximal stomatal conductances
which was 37 times higher in the clearings than in theerec. 10 times larger ih. haenkeanahan in the under-
understory with the small gaps and trail edges having gtery species. Differences in maximum rates of carboxyl-
termediate values (Table 1). Irradiance in the forest wation and electron transport bfhaenkeanan compari-
derstory and in the small gaps was more dynamic tharsam to the understory species were not as pronounced,
the clearings, since a relatively large amount was derivad were still significant (Table 2). The quantum yield
from the large number of relatively brief sunflecks (Tder CO, assimilation did not differ significantly among
ble 1). These sunflecks however had relatively low PFBgecies, and the curvature factor was larger in the under-
as compared to the period of direct PFD in the gap or giery species than in the high light speciésychotria
PFD at the open site. Despite their brevity and low mariicrantha exhibited values intermediate between the
mum PFD, sunflecks contributed 33% of the total daibther species of small gagalicourea guianensjsand
PFD in the understory (Table 1). Periods of high PFD tine three understory species.
the gap and in the open contributed the vast majority of
light available for photosynthesis. In all three environ-
ments, 20-30% of the shade periods were long enodgie course of photosynthetic induction
(>4 min) for significant induction loss to occur. Howevand stomatal effects
er, sunflecks were both shorter and of lower intensity in
the understory than in the clearings, which explains thke photosynthetic response of the leaves to a sudden
decreased relative contribution of sunflecks to the daihcrease in PFD (from 5 to 600-17Qéhol m2 s-1 de-
total PFD in the understory compared to the clearing®nding on the species) showed an induction period of
Nevertheless, sunflecks contributed one-third of the dal§—40 min before steady-state photosynthetic rates
total PFD in the understory (Table 1). The time betweéd,,,) were reached. The time course of induction var-
sunflecks was similar in the different light environmented from hyperbolic in shape to a sigmoidal rise of net
studied. Around one-fourth of them were more tharhotosynthesis (Fig. 1a and d respectively). In the ex-
4 min apart (Table 1). ponential response, photosynthesis quickly rose to
60-80% ofA,,,, and the intercellular C{Qconcentration
(C,) exhibited a slight drop of less than 20% of the ini-
Species differences in steady-state tial values (Fig. 1b). In the sigmoidal response, photo-
gas exchange parameters synthetic induction occured in two phases, an initial
rapid phase followed by a slow, gradual rise to the
The three understory specid3sychotria marginata, P. steady-state rate. For leaves exhibiting a sigmoidal in-
limonensisand P. acuminaty exhibited lower values for duction responseC; dropped abruptly to values well
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Table 2 Stomatal and photosynthetic parameters for the six sgerent individuals +SD. Species that do not share the same letter
cies studied (for abbreviations see Materials and metlizaik R for a certain parameter were significantly different (ANOVA,
dark respiration). Light environment of each species is indicatBg0.05!

within parentheses. Values are averages of 6-12 leaves from dif-

Psychotria P. limonensis  P. acuminata  P. micrantha Palicourea Isertia
marginata guianensis haenkeana
(Understory) (Understory) (Understory)  (Gaps) (Gaps) (Clearings)
Oinitias (MMOI H,O m2s1) 63.0 *425a 505 #228a 436 *329a 539 +289a 1748 +165.0b 900.0 *686.5cC
Omnax(Mmol H,O m2s1) 948 +39.3a 881 #246a 66.3 *29.6a 2500 +885b 2154 %127.1b 1018.3 +6425c
Aax (Hmol CO, m2s1) 48 *l3a 49 tl1la 39 +09a 10.8 1 b 95 +1.1b 195 $21c
Dark R amol CO, m2s1) 0.35 +0.05a 0.41 +0.11a 045 #0.13a 0.75 +0.18a,b 0.65%#0.15a 0.87 £+0.3 b
Quantum yield 0.057+0.023 a 0.048+0.008 a 0.055+0.011a 0.049+0.010 a 0.061+0.022 a 0.066+0.035 a
Curvature factor 0.75 +0.22a 0.80 +0.05a 0.73 x0.15a 0.79 x0.11a 0.55+0.15 b 0.51 +0.24 b
max (MMOICQ, m2s1) 972 *359a,c 579 +54b 656 +88b 150.1 *22.0c 86.9 +28.2c,a 300.2 +51.6d
\/cmax(umol COo,m2st) 69.7 +37.7a 544 +57a 583 *7.6a 1145 +13.7b 74.3 +18.3a,b 96.2 +16.9b
Fig. 1 a—f Time course of, d 16
net assimilationb, e stomatal . a e d
conductance, and fintercel- Y 121 e - -
lular CG, concentration during e / U
photosynthetic induction of a g 8- / - -
leaf ofIsertia haenkeanax- O {
hibiting a hyperbolic in shape S 4l ! n i
type of induction 4, b, d and a g i
leaf of Psychotria micrantha < 0 ;
exhibiting a sigmoidal type of T iy B '& 7
induction {, e, f). Parameters -
were recorded every 1 s during 750 |- P B
the first 8 min, and every 10s =~ ~ b e e
afterwards. Tharrowsindicate  » 600 |- - - =
when light was increased from g r
low to saturating PF™> A - ‘ o - -
w to saturating E 450 r"“”‘”““ B
g 300 - -
E
s 150 — - ‘]/ ““““ T s
0 e
e ¢‘\ [ I ]
T 3201 L _
g i
240 |- - : -
160 | | 1 | | | | il | 1 |

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (minutes) Time (minutes)

below 250 ppm, whileC; was never below 310 ppm inrather constant albeit gradual declineGyfas the pho-
leaves exhibiting a hyperbolic in shape induction réasynthetic rate increased and then attained a steady
sponse (Fig. 1). When the steady-state photosynthetiate (Fig. 2).

response tdC; was plotted together with the dynamic The rise in stomatal conductance always lagged be-
photosynthetic response @ during induction, the two hind the increase in CQassimilation. Exponential pho-
types of induction responses produced different plotssynthetic induction responses were usually associated
Sigmoidal responses exhibited two phases in the assimth relatively high initial stomatal conductanceg,(
ilation-C; response (a sharp decreas&€jras light acti- ), while sigmoidal induction responses were more fre-
vates enzymes before the stomata have fully opengdently found in leaves exhibiting very layy,,- AcCtu-
followed by a gradual increase i@, as the stomataally, the speed of the induction process was affected by
open), while hyperbolic induction responses exhibiteda;;,- We observed a significant exponential decrease in
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the time required to reach 90% #f,,, after transfer
from low to high light (T 90) with increasing,ix
(Fig. 3). There was no evidence of any differences be-
tween species from the three different environments in
this dependence of induction time g - Fig. 4 Induction state after 60 s exposure to saturating light)1S
of leaves of the 6 species studied. Leaves were kept under low
light for a minimum of 14 h. Abbreviations of spﬁ;i)elala?lﬁrr:qo-
; ; T ; ria marginataPMA; P. min 'AC; P. micran . lim-
Spegles d'ﬁerences in induction E)naenseilsl%LI?tgalicodreaagﬂianearfi@go; Iser(t:iz;jl htaenkeénMA.
and induction loss Values are means +SD of 8-12 leaves (from 3-5 individual
plants).Letter codeindicates groups that were significantly differ-
Understory species showed the most rapid inducti@nt (ANOVA, P<0.05;
with 90% ofA,,,, being reached within 4-8 min of expo-
sure to saturating light. Induction state after 60 s expo-
sure to saturating light (k9 was significantly higher in  The loss of induction in low light followed a negative
understory species (around 50%) than in the specdiponential function in five of the six species studied.
found in clearings or small gaps (around 30%, Fig. ©nly in P. imonensisvas induction loss close to a linear
Psychotria marginataexhibited the fastest anksertia function of time (Fig. 5). After 60 min in low light,
haenkeandhe slowest induction response. leaves of all species dropped below 50% relative induc-

I I I I I I
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above 50% in understory species but below 50% in high-
100 - ] light species, indicating that understory species lost in-
duction more slowly when shaded. The species growing
80 L ] in clearings,|. haenkeanashowed the fastest induction
loss.
S 6ol /
o o Species differences in photosynthetic utilization
= s} . of lightflecks
Although assimilation cannot respond instantaneously to
20 | - . S . , = OES
a step increase in light intensity, rapidly fluctuating light
can enhance the overall photosynthetic efficiency be-
0 cause CQ assimilation continues briefly into the low-

0 1 20 30 40 50 60 light periods following a light pulse. A standard way of
Time in low light (min.) assessing the influence of the initial photosynthetic lag

. . . . .. time combined with the post-illumination G@xation is

Fig. 5 The loss of induction state (g as a function of time in : . -

low light. The leaves were initially brought to full induction pri0|by Ca,ICU|atmg the lightfleck use efficiency _(LUE'_ Se_e

to shading Solid symbolsre for understory speciegrey symbols Materials and methods). LUE decreased rapidly with in-

are for small gap species aogen symbolsre for the species creasing lightfleck duration and was affected by the in-

growing in clearings (symbols for species as in Fig. 3). Values gfgiction state of the leaf. Fully induced leaves exhibited

means £SD of 8-12 leaves (from 3-5 individual plets) LUE as high as 300% for 1-s lightflecks, while for unin-

duced leaves LUEs were always less than 100% for all

lightfleck durations (Fig. 6). For short ligtflecks, the spe-

300 INDUCED LEAVES cies-light environment affected LUE for short lightflecks
250 significantly. Both induced and uninduced leaves of un-
3 derstory species exhibited higher LUE for 1-5 s light-
< 200 flecks than did species growing in small gaps or clear-
w - ings (Fig. 6). However, most differences disappeared for
= 150 lightflecks 10 s long or longer.
100
0 E— S—— : :
100 UNINDUCED LEAVES Discussion
80 Photosynthetic induction occuring upon a sudden in-
9 I crease in PFD has two main components based on the
o 60 I time scales of the processes involved. The so-called fast-
= inducing component, important in the earliest phases of
L induction, is due mostly to an increase in ribulose-1,5-
20 bisphosphate regeneration capacity and the buildup of
- Calvin-cycle metabolite levels (Sassenrath-Cole and Pe-
0 1 10 T arcy 1992). Then a slower increase in assimilation occurs
Lightleck length (seconds) because of light regulation of Rubisco and light-driven
stomatal opening (Pearcy 1990). An unresolved issue has

Fig. 6 Lightfleck use efficiency (LUE) as a function of lightfleckP€en the role of stomatal opening versus light activation
duration (logarithmic scale) of inducedpper graph and unin- of Rubisco as limitations during induction, since some
duced leaveddwer graplh) of the 6 species studieBolid symbols studies have shown evidence for a role for stomata while
are for understory speciegiey symbolsre for small gap speciesgiherg indicate that most of the limitation is biochemical.
andopen symbolsire for the species growing in clearings (sym]-; lativel d h in th lculat -
bols for species as in Fig. 3).Values are means SD of 8-12 leal/8§ rélatively modest changes in the calculdteduring
(from 3-5 individual plants). Effects of species and of lightfleckiduction have been taken to suggest little stomatal and
duration on LUE were significant both for induced and uninducétence mostly biochemical limitation. However, when
leaves (two-way ANOVAP<0.001] stomatal conductances are low, failure to account for cu-
ticular conductance can cause an underestimation of the
tion. The rate of induction decay during the first 5 mirole of stomata (Kirschbaum and Pearcy 1988). In this
was similar for all species, but after 10-20 min substasttdy, we found a significant correlation between the rate
tial species differences were evident (Fig. 5). A clear iof induction and initial stomatal conductance in low light
fluence of the light environment was observed in the rawgor to the induction in all the species studied, regard-
of induction loss. After 30 min in low light kg was less of native light environment (Fig. 3). This result,
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which agrees with previous studies of other neotropicdiade environments, but without sunflecks. Even though
shrubs (Tinoco-Ojanguren and Pearcy 1993), points todiffierent constant PFD growth regimes can affect dy-
important role of stomata that deserves further investigemic stomatal responses to light transients in certain
tion. The initial conductances were high enough that itpfant species (Tinoco-Ojanguren and Pearcy 1992), a
unlikely that including cuticular conductance wouldimilar lightfleck use efficiency has been reported in
make any difference in the calculated However, the plants grown under constant and fluctuating light re-
calculatedC; during induction could be overestimated ifiimes equal in total daily PFD (Sims and Pearcy 1993;
stomata open non-uniformly (Terashima et al. 1988), ¥anhong et al. 1994), suggesting that the results of the
patchy stomatal behavior during induction could ma&koratory experiments on light acclimation and use of
the importance of stomatal conductance in controllifigictuating light can be extrapolated to natural popula-
the use of fluctuating light. Recently, Eckstein et dions. In the present study, we have found an inverse re-
(1996) have reported that stomatal conductance canldimnship between total PFD available in the native
quite patchy in low PFD. Moreover, increases in PRipowth environment and three characteristics that en-
initially increased patchiness before a more uniform steance the use of fluctuating light (rapid induction re-
matal conductance was achieved. The role of stomataponse, slow induction loss, and high LUE), confirming
limiting the use of fluctuating light is likely to varythe expectations from laboratory experiments. Ogren and
among species and with environmental conditions dueSondin (1996) suggested that increased lightfleck use ef-
the observed variability in the light response of stomdteiency in low-light acclimated plants is due to the in-
and in the rate of stomatal opening in high light and clageased relative capacity for electron transport apparent-
ing after the leaf is again in the shade (see discussiotyimvolved in low-light acclimation (Ogren 1993). This
Pearcy and Sims 1994). suggestion is based on the fact that an overshoot of elec-
The time course of the induction response in th@n transport during a lightfleck leads to a build-up of
plants studied here varied from an increase in photosymetabolites that can be later used for post-illumination
thetic rate upon exposure to high light that was hyperb@lo, fixation (Sharkey et al. 1986).
ic in shape to a sigmoidal increase of net photosynthesiDifferences in the three light environments studied
(Figs. 1 and 2). These two types of response have bferest understory, small gaps, and clearings) included
previously found in two rainforest specie8jocasia not only the total PFD available for the plants, but also
macrorrhiza and Omalanthus novoguinensi@NVatling the frequency, length and relative importance of sun-
and Woodrow 1993). In that study, sigmoidal respondiecks, illustrating the very dynamic nature of the forest
were more evident following very low PFD in shadenderstory light environment (Table 1). Characteristics
whereas exponential (or hyperbolic) time courses aif-sunflecks depend on canopy attributes such as leaf ar-
curred following higher shade PFD. They interpreted tka distribution and height of the canopy trees, and the
shift as incomplete versus complete activation of Ruforest understory of BCI seems particularly poor in sun-
isco activase, which activates at very low PFD. Our ridecks. We have measured an average of 77 sunflecks per
sults suggest a possible role of stomata in the transitday during the wet season on BCI, while values of more
from sigmoidal to hyperbolic induction responses, or, thian 200 day! have been reported from a redwood forest
least an effect on the slow phase of induction. Thisusderstory (Pearcy and Pfitsch 1994), and of more than
consistent with results from simulations that show a si®90 day?! have been observed in a lowland rainforest in
ilar dichotomy of sigmoidal versus hyperbolic shapgdexico (Chazdon and Pearcy 1991). Although the con-
with high versus low initial stomatal conductance (P&ibution of sunflecks to the total PFD in the forest un-
arcy et al. 1994). Unfortunately, no data regarding stberstory on BCl was smaller than in the other two habi-
matal conductance were given by Watling and Woodrdats (33% in comparison to 69% in the redwood forest
(1993). In a field study of shade-tolerant neotropicahd 52% in the Mexican rainforest), sunflecks contribut-
plants, differences in the final phase of induction did netl significantly to total daily PFD, and should be even
disappear at high CQconcentrations, which led to themore important during the dry season when cloud cover
suggestion that slow induction did not result from stomig- reduced. As previously observed in understories of
tal limitation (Kursar and Coley 1993). However, the alther well-developed forests, sunfleck length in the BCI
sence of stomatal conductance measurements in thisuatierstory was very short, lasting on average 11 s. When
ter study limits the conclusions which can be drawn frasanflecks are very short and their intensity is well below
it regarding the mechanisms affecting induction. the full solar beam PFD due to penumbral effects, post-
Shade-acclimated plants have been shown to exhilbitmination CO, fixation makes only a small contribu-
higher LUE in a number of comparative studies (Chatien to daily carbon gain and is at least partially offset by
don and Pearcy 1986a,b; Kuppers and Schneider 1988uction limitations (Pearcy and Pfitsch 1994).
Yanhong et al. 1994; Ogren and Sundin 1996). However,Plant adaptation to a specific light environment can be
most of our current understanding of photosynthetic ugewed in terms of benefits (e.g., photosynthetic carbon
of fluctuating light comes from experiments with seedrain) and costs of various traits, and adaptation is ex-
lings grown under controlled conditions, where the ligpected to result in a situation where the ratio of benefits
treatment usually resembled total PFD in natural sun d@ondcosts is maximized (Bjérkman 1981). In shade envi-
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ronments, there is little return on an investment in i@hazdon RL, Pearcy RW (1986b) Photosynthetic responses to
creasing the capacity of the photosynthetic reactions, andight variation in rain forest species. Il. Carbon gain and light

. A . utilization during lightflecks. Oecologia 69:524-531
resources are better invested in light harvesting. The ¢fazdon RL, Pearcy RW (1991) The importance of sunflecks for

verse is true in high light environments where electron forest understory plants. BioScience 41:760-766
transport, carboxylation capacity, and stomatal condueat TB (1978) Flora of Barro Colorado Island. Stanford Univer-
tance tend to be maximized (Pearcy and Sims 192%2 sity Press, Stanford

; _ : kstein J, Beyschlag W, Mott KA, Ryel RJ (1996) Changes in
These contrasting steady-state photosynthetic chara F hoton flux can induce stomatal patchiness. Plant Cell Environ

istics have been frequently observed in ecophysiological 19-1066-1074
studies dealing with sun and shade plants (e.g., Evangvahs JR, Caemmerer S von, Adams WW llI (1988) Ecology of
al. 1988). In this study, understory species were more ef-photosynthesis in sun and shade. CSIRO, Melbourne

ficient than species from medium- to high-light envirorf-3rduhar GD, Caemmerer S von, Berry JA (1980) A biochemical

ments in photosynthetic utilization of fluctuating light. Qgge,l:gn‘t)goltggszﬁnéhggc Ciassimilation in leaves of C3 spe-

There are almost no data available to address the I@schbaum MUF, Pearcy RW (1988) Gas exchange analysis of
chemical and physiological adaptations to the dynamic the relative importance of stomatal and biochemical factors in
aspects of the light environment in terms of costs-bene-photosynthetic induction inAlocasia macrorrhiza Plant

. . ; . . Physiol 86:782—-785
fits (Pearcy and Sims 1994). Why high-light species ., Ak, Smith WK (1990) Stomatal and photosynthetic re-

sun-acclimated plants are not as efficient as their low- sponses to variable sunlight. Physiol Plant 78:160-165
light counterparts in terms of photosynthetically utilizingtppers M, Schneider H (1993) Leaf gas exchange of be®ch (
variable light has not been fully explained. To keep the gus sylvatical.) seedlings in lightflecks: effects of fleck

; ; : length and leaf temperature in leaves grown in deep and partial
stomata open in the understory should cost little in terms g Jie. Trees 7:160-168

of transpiration, and allow faster photosynthetic respoigysar TA, Coley PD (1993) Photosynthetic induction times in
es to unpredictable sunflecks. In the open, where humidi-shade-tolerant species with long and short-lived leaves. Oeco-

ties are often lower, the high transpirational costs of logia 93:165-170 _ _ _
keeping the stomata open often force plants to coordin¥tékey SS, Wright SJ, Smith AP (1993) Comparative physiology

. ... and demography of three Neotropical forest shrubs: alterna-
stomatal conductance with PFD (Knapp and Smith e shade-adaptive character syndromes. Oecologia 96:526—

1990). This has been suggested as an explanation for dif536
ferences in the stomatal components of the induction @gren E (1993) Convexity of the photosynthetic light-response
sponse and of the induction loss between sun and shadgurve in relation to intensity and direction of light during

: - «_s~growth. Plant Physiol 101:1013-1019
plants (Pearcy 1990). However, there is no hypOthes'SO en E, Sundin U (1996) Photosynthetic response to dynamic

explain some of the biochemical differences found in the jight: a comparison of species from contrasting habitats. Oeco-
ability to use fluctuating light between high- and low- logia 106:18-27 o
light plants. The results of this study contribute to the iRearcy RW (1990) Sunflecks and photosynthesis in plant cano-

; ; ; _ _pies. Annu Rev Plant Physiol Plant Mol Biol 41:421-453
creasing evidence for the existence of a trade-off arcy RW, Pfitsch WA (1994) The consequences of sunflecks for

tween photosynthetic capacity and sunfleck utilization, photosynthesis and growth of forest understory plants. In:
and a complete understanding of this trade-off has notSchulze E-D, Caldwell MM (eds) Ecophysiology of photosyn-
yet been reached. thesis. Springer, Berlin Heidelberg New York, pp 343-
359
Pearcy RW, Sims DA (1994) Photosynthetic acclimation to chang-
ing light environments: scaling from the leaf to the whole
plant. In: Caldwell MM, Pearcy RW (eds) Exploitation of en-
vironmental heterogeneity by plants: ecophysiological pro-
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