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Abstract — The internal conductance to @) is an important constraint of photosynthesis, and its
acclimation to environmental factors varies widely within plant functional groups, genera and even
species. We measured photosynthesis and chlorophyll fluorescence response curves to intercellular
CO, concentrations simultaneously in attached sun and shade leaves of 90-yeagtsdcreneta

Blume trees to determine (1) hayvvaries within the crown and (2) whether soil drought affgcts
Internal conductance to G@vas foundo be 0.058 and 0.185 molns® in lower and upper crowns,
regectively, resulting in a decrease of about 70 pmol*riCO;, concentration from the intercellular

space ) to the site of carboxylation inside the chloroplast stroma {@e results suggest thatis
asimportant as stomatal conductance for photosynthetic efficierieydrenata If this large decrease

from C; to C. was not accounted for, the maximum rate of carboxylatiGfs) in sun and shade
leaves was underestimated ca 36% and 24%, respectively. When soil water supply was sufficient, leaf
water potential dropped to a daily minimum in early morning, facilitating €énsfer and thus
photosynthesis. When soil water potential at 25 cm depth fell to —0.015 §Rmd stomatal
conductance decreased by 20-40% in comparison with their respective values under sufficient soil
water supply. In contrasy/.max decreased by 7% in sun leaves, but there was no change in this
parameter in shade leaves. Ignoring the effed; oih C. under stressed conditions would lead to up to

22% underestimates &;ma and consequently overestimates of biochemical limitations. These results
suwggest that C@diffusional limitations have more significant effects than biochemical limitations on

the rate of photosynthesis i crenataduring soil drought.

light acclimation / Japanese beech / maximum rate of carboxylation / mesophyll conductance /
photosynthesis / stomatal conductance

1 INTRODUCTION

Ongoing increases in the atmospheric,€@ncentration and associated climate changes have
promoted a growing interest in the function of forest ecosystems as potential carbon sinks
(Baldocchi — Harley 1995). In order to evaluate these effects a number of models have been
developed to aid the study of physiological processes affecting forest carbon fixation. Many
investigations of carbon fixation have employed the biochemical model of Farquhar et al.
(1980) at the leaf level. This model uses two key parameters: the maximum rate of
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carboxylation ¥Ycmay and the maximum rate of electron transpdst,{. Variations inVemax
andJnax Within canopies are strongly correlated with thiggimwth irradiance via the allocation
of leaf nitrogen (Wilson et al. 2000a; Meir et 2002; Han et al. 2003). These associations
between irradiance, nitrogen a¥ighax within canopies are widely used in scaling estenatf
leaf photosynthesis to canopy level (Baldocchi +lé4a1995). The models that use these
parameters have typically assumed an infinite malerconductance to GO(g), which
describes the draw-down in @@oncentration between intercellular spadé$ &nd the site

of carboxylation inside the chloroplast stron@)((Harley et al. 1992b). However, it is
becoming apparent from recent studies that figitelone are sufficient to limit the rate of
photosynthesis (Harley et al. 1992a; Flexas eR@D8). Recent studies have demonstrated
that g; also acclimates and responds both in the long {(ereeks and days) and short term
(hours and minutes) to environmental factors, idiclg light, temperature, water and €O
concentrations (Flexas et al. 2008). For examgpléas been found to be two-fold lower in
shade leaves than in sun leavesFafyus sylvaticaL. crowns (Warren — Adams 2006;
Montpied et al. 2009). One consequence of figite thatV.max values calculated froi@; are
not influenced solely by biochemical factors, bisbabyg;. Therefore, these changes may be
important in regulating photosynthesis in respoisechanges in environmental factors.
Further, recent studies have indicated that vanating; are associated with variations in leaf
forms and plant functional groups, hence therdaage variations im; within groups, genera
and even species (Hanba et al. 2002; Terashima2Q@6; Flexas et al. 2008). This suggests
that g is a rapidly adapting trait thahay contribute to the differences in photosynthetic
efficiency found among different species. Therefdigther studies are needed to fully
characterize the responses gfto environmental factors, especially singeand related
processes are likely to be heavily influenced biycgrated global climate changes (Flexas et
al. 2008).

The most extensive deciduous broad-leaved forestapan are the beedfa@us crenata
Blume) forests, distributed from Kuromatsunai, Haklo (42N, 140E) to Takakuma,
Kyushu (32N, 13CE). These beech forests are important for wilchifel protection of water
catchments, hence their ecological features andiplogical traits have been extensively
studied (Hashizume - Fukutomi 1978; Nakashizuka318&kubari 1991; Hiura 1998; Han et
al. 1999). The cited studies have foumckgr alia) that the photosynthetic capacity Bf
crenataresponds highly plastically to irradiance (Uemaetaal. 2000; lio et al. 2005), it is
highly sensitive to drought stress (Maruyama - Togd 987; Uemura et al. 2004), and varies
amongst ecotypes (KoikeMaruyama 1998; Bayramzadeh et al. 2008; Tateishl. €2010).
However,gi and the constraints it imposes on photosynthesibis species have not been
examined previously. Therefore, in this study, pkghthesis and chlorophyll fluorescence
were measured simultaneously in attached sun aadesteaves of 90-year-old Japanese
beech trees to determine (1) hgwaries between sun and shade leaves and (2)fawt ef
soil drought org;.

2 MATERIALS AND METHODS

2.1 Study site

The study area was located in the Naeba Mountairsouthern Niigata Prefecture, Japan
(36°51' N, 138°46' E), wherE. crenataforests are found over an altitudinal range from
550 to 1500 m. Eight permanent plots along theudlithal gradient were established in 1970
for long-term ecological monitoring within the framork of the International Biological
Program (Kakubari 1977). The bedrock is predomigaahdesite and basalt, on which
moderately water-retentive brown forest soil hasnied. During the period 1978009, the
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mean annual precipitation and temperature wererdedoas 2,214 mm and 11.5 °C,
respectively, at a nearby meteorological statiod*%3' N, 138°49' E, 340m asl., Japanese
Bureau of Meteorology). Snow accumulates to depgnso about 3-4 m during the winter.
One of eight permanent plots at the ridgeline ebath facing slope with elevation of 950 m
was chosen for this study. The chosen plot was nlai@d byF. crenata(87%), with sporadic
occurrence ofuercus crispulaBlume, Magnolia obovatarhunb.,Prunus grayanaMaxim.,
Acer rufinerveSieb. et Zucg.A. japonicumThunb, A. tschonoskiMaxim., A. palmatum
Thunb, Kolopanax pictusrhunb. andAcanthopanax sciadophylloidésanch. et Savat. The
average age of the. crenatatrees in the chosen plot was about 90 years andtéimd stem
basal area was about 45.6 na’.

2.2 Soil water measurement

Soil volumetric water content (SWC) was measureal tige selected trees at 10 and 25 cm
depths with time-domain reflectometry (TDR) sens@i.2, Delta-T Devices, Cambridge,
UK). Soil water potential at 25 cm depth was meadwsimultaneously with a tensiometer
(KDC-55, Kona, Sapporo, Japan) inserted near theR T&ensors to convert SWC
measurements to soil water potential during theode?2006 to 2008. These measurements
were made at 10 s intervals, and data were star& anin means using a data logger (DL2e,
Delta-T, Cambridge, UK).

2.3 Measurements of gas exchange and chlorophylifirescence

Three trees with heights between 19.5 and 22 m waecessed with the aid of a research
tower. Gas exchange and chlorophyll fluorescence weeasured simultaneousty situ for
leaves in both the upper and lower crowns (hereaéiferred to as sun and shade leaves,
respectively), between 18 August and 20 August 2008 photosynthesis and fluorescence
response curves to intercellular £Concentration A/C;) were measured with two inter-
calibrated portable gas exchange systems (LI-6408COR, Lincoln, USA) with an
integrated fluorescence chamber (LI-6400-40). Deskpiration and thaninimum and
maximum fluorescence of dark-adapted leaves weesuaned at 22:00 on the day prior to the
measurements o¥C; curves. For each/C; curve, leaves were exposed to 3600l mol*
CO, until rates of photosynthesis and transpirationenwsteady. Then, the G@oncentration

in the chamber was adjusted stepwise to 300, 280, P50, 100, 50, 360, 450, 600, 800,
1000, 1300, 1500 and 18@fnol mol*, allowing at least four minutes for adjustment and
stabilization at each step. Photosynthetic pholor flensity was set at photosynthesis-
saturated points which were 1000 and 700 pmdlsh for sun leaves and shade leaves,
respectively (lio et al. 2005). Leaf temperaturesevgenerally controlled at 25.0 °C, but on
warm afternoons they increased to a maximum of 281owing to the limited cooling
capacity of the LI-6400. For individual leaves traiation in leaf temperature was less than
1.0 °C during the measurement periods. The vapEsspre deficit in the chamber was lower
than 1.45 kPa for all measurements. Each leaf ewsited 23 times a day between 6:30 to
14:00 to investigate the effects of water stresplastosynthetic parameters.

2.4 Measurement of leaf water potential

After the completion of measurements #achA/C; curve, a leaf on a neighboring shoot
exposed to a similar light intensity was removddgced in a sealable plastic bag with a small
piece of humid paper towel and dropped down toftinest floor. Leaf water potential was

measured immediately using a pressure chamber (Basture Equipment Corp., Santa

Barbara, USA).
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2.5 Measurement of leaf nitrogen concentration

Leaves were harvested after the gas exchange reeauts and their projected leaf areas
were measured using a scanner (LIDE200, Canon,dalapan) and image analysis software
(LIA32, K. Yamamoto of Nagoya University, Nagoyapan). They were then dried at 70 °C
for 48 hours, combusted with circulating. @sing an NC analyzer (Sumigraph NC-900,
SCAS, Osaka, Japan), and their nitrogen concemtrgier unit areaN,;) was determined
using a gas chromatograph (GC-8A, Shimadzu, Kyi#pan).

2.6 Calculation of photosynthetic parameters

Photosynthetic electron transpaif} (vas calculated according to the default prognastailed
in the Li-6400 assuming a leaf absorptance of Oi@®rnal conductancegj was estimated
using the “variabld method” of Harley et al (1992a):
A
c _Fa+8A+R)]
' J-4A+R)

g = (1)

where the C@compensation point in the absence of mitochondeispiration [") was taken
from Bernacchi (2002), and the rate of non-photairasory respiration continuing in the light
(Rq) was taken as half of the rate of respiration messin the dark (Niinemets et al. 2005).
Theng; values were calculated for every step of @ curves, andC. was calculated as:

C.=C -Alg v

Since the C@ concentration may affed; (Flexas et al. 2007), data in the range of
10 < dC/dA < 50 were averaged to estimate a congjavdlue (Harley et al. 1992a):

dC,/dA=12xT" xJ/[J -ax(A+R,)| 3)

From this constang;, we estimate®/max andJmax from A/C; curves based on the model
of Farquhar et al. (1980) using a non-linear cuittgg routine available in Microsoft Excel
(Sharkey et al. 2007). Limiting factors (the prdper of ribulose 1-5-biosphosphate
carboxylase/oxygenase, the rate of ribulose 1-Sphiosphate regeneration and the rate of use
of triose phosphates) were determined frérabtained by fluorescence measurements. All
Vemax @NdJmax Values were standardized to a common temperafl@®°€. We also compared
the difference iVemax andJmax when draw-down betweedy andC. was, and was not, taken
into account.

2.7 Data analyses

The significance of the differences in leaf trdoefween sun and shade leaves was tested by
Tukey-Kramer’s test, using StatView (SAS Institute., Cary, NC).

3 RESULTS

3.1 Soil water conditions

Soil water is usually not limiting in the Naeba Muains because of the high mean annual
precipitation. However, the annual precipitation2@09, the year in which this study was
conducted, was 1902 mnfrigure 1b), 312 mm lower than the 2214 mm average for the
period 1976-2009, and the second lowest amongeallsyin this period. The lower than
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average rainfall led to prolonged soil water déficduring the summer of 200&igure 1c).
Daily average soil water potentials during the measients of gas exchange wef020,
-0.026, and-0.032 MPa at 10 cm depth, an0.012,-0.013, and-0.015 MPa at 25cm depth
on the 18th, 19th and 20th of August 2009, respelgti The atmospheric vapor pressure
deficit during the measurements varied between-0.38, 0.351.26, and 0.43L.09 kPa on
the 18th, 19th and 20th August 2009, respectivddya not shown).

Rainfall (mm) Temperature (°C)
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Figure 1. Seasonal course of local environmenteldes during 2009.
(a) Daily mean (bold line) and maximum (thin lirzg) temperatures, (b) daily rainfall, and
(c) daily mean soil water potentialy) at depths of 10 cm and 25 cm. Vertical dashesklin
indicate dates of gas exchange measurement cangaign

3.2 Photosynthetic plasticity within the crowns

The light-saturated photosynthetic rate at amb@Dt concentrationsAmay), i, 9s, Vemax and
Jmax Were all approximately two-fold higher sun leaves compared to shade leavablg1).
Internal conductance to G@vas 0.166 mol fis® a similar level tays (0.185 mol rif s%) in
sun leavesR = 0.541). In contrast, in shade leavgswas 0.058 mol i s, significantly
lower than theirgs (0.100 mol rif s?) (P = 0.019). The decrease in £€€oncentration from
ambient toC; varied between 7832 pmol mof within the crowns, and was about 56 pmol'mol
higher in sun leaves than in shade leavEsble 1). In contrast, the draw-down in @O
concentration fronC; to C. was, on average, about 70 umol that both sun and shade
leaves. The maximum rate of carboxylation estimatedn A/C; curves Vemax, c) was
underestimated ca 36% and 24% than the value dstinfilomA/C. curves Vemax, cd in sun
and shade leaves, respectively. In contrast, e8I« derived from thed/C; curves and
AIC. curves did not diffesignificantly, for either sun or shade leaves.

Acta Silv. Lign. Hung. 6, 2010



128 Han, Q. — lio, A. — Naramoto, M. — Kakubatri, Y.

Table 1. Comparison of photosynthetic parameteta/éen sun and shade leaves of 90-year-
old Fagus crenata trees without water stress

Amax Os Oi Ci Cc chax, Ci chax, Cc Jmax, Ci Jmax, Cc
126 0.185+ 0.166 %

Sun 09 0024 0.029 228+8 158+10 62+% 95+2 121+6 129+6
3.7 0.100+ 0.058

Shade 0.3 0.006 0.009 284+4 215+5 202 26+2 44+4 46+ 4

Pvalue 0.0006  0.027 0.024  0.004 0.007 0.00004 0.001 0.0004.0005

Measurements were made under light-saturated phdteessis. Parameters determined are the rate of net
photosynthesisAm., Lmol n? s*) at an ambient CQOconcentration of 360 pmol mblstomatal conductance
(gs mol mi? sh), internal conductanceg( mol m? s%), intercellular CQ concentration @, umol mof),
chloroplast C@ concentration @, pmol mot'), maximum rate of carboxylatiorVfna, pmol m? s') and
electron transportJfa, pmol m? s1) estimated fromA/C; or A/C, (Vemax, ci @Nd Vemax, ce JImax, ci @Nd Imax, co
respectively). Data are means * SE obtained fronsoreaments on two leaves from each of tHfeerenara
trees. Significance was tested by Tukey-Kramer'd. tBsfferent superscript letters within rows indiea
significant differences between the correspondemgqmeters estimated frofiC; andA/C; (P < 0.05).

There was no significant difference in leaf nitrogeoncentration per unit dry mass
between sun and shade leav€able 2). However, leaf dry mass per unit area (LMA) was
3-fold greater in sun leaves than shade leaveshasiN, was 3-fold higher in sun leaves than
in shade leaves.

Table2 Comparison of structural parameters between suhshade leaves

LMA Na Ny
(g m? (g m?) (mg g%

Sun 94.94 £ 5.44 229+0.12 24.30 £ 1.75

Shade 31.33 £ 2.42 0.74 +0.04 23.56 + 0.66

P value 0.0006 0.010 0.700

Parameters determined are leaf dry mass per wat(aMA), leaf nitrogen concentration per unit afidg and
per unit dry massN;,,). The data presented are the means + SE of tweddawm each of thrde. crenaratrees.
Significance was tested by Tukey-Kramer's test.

3.3 Responses to changes in leaf water potentiatsdasoil drought stress

Leaf water potential at predawn was abe0i40 MPa and-0.50 MPa in shade and sun
leaves, respectively (data not shown). It decreasgckly to about-1.50 MPa in the early
morning and reached its daily minimum value-2f60 MPa in mid-morning in sun leaves
(refer toFigure 2). Leaf water potential followed a similar diutrm@urse in shade leaves
but with a minimum value of aboul.40 MPa, which was higher than in sun leavgg.x
did not decrease in either sun or shade leaves whirwater potential at 25 cm depth
was higher thar0.013 MPa Figure 2a). Neithergs nor gi was affected by leaf water
potentials at this threshold of soil water poteintidgures2b and 2c). When drought was
prolonged and soil water potential fell belov®.015 MPa at 25 cm deptly; and gs
decreased by 280% in both sun and shade leaves in comparison thiglr respective
values under unstressed soil water conditidfigure 3). In contrastVcmax, cc was less
affected by soil drought in shade leaves, and @sa@ by about 7% in sun leaves. The
decrease iV¢max, ciwould be up to 22% in sun leaves, ignoring thes@ffof gi on Ce..
However, no significant difference was found betweastimates oflhax obtained from
AIC; curves and\/C, curves in either sun or shade leaves.
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Figure 2. The relationships between leaf water ptét and
(a) light-saturated photosynthetic rate({#), (b) stomatal conductancegjgnd (c) internal
conductance (@in sun (open circles) and shade (filled circllesgves of three mature Fagus
crenata trees when soil water potential at 25 cmptldevas higher than — 0.013 MPa

Acta Silv. Lign. Hung. 6, 2010



130 Han, Q. — lio, A. — Naramoto, M. — Kakubatri, Y.

1.2

1.0 -

0.8 -

0.6

Ratio

04

0.2

0.0

A

max cmax, Cc chax, Ci g S g i

Figure 3. Effects of soil water stress on photdsgtit parameters of both sun (open bars)
and shade (filled bars) leaves of three mature Bagenata trees when soil water potential at
25 cm depth was — 0.015 MPa (ratios between measms on stressed leaves and unstressed
leaves, measured in the preceding two days). Tteerdmed parameters are light-saturated
photosynthetic rate (A, maximum rate of carboxylation estimated from Ad@ves
(Vemax, cd and A/G curves (Vmax, c), Stomatal conductancedgnd internal conductance;jg

4  DISCUSSION AND CONCLUSIONS

4.1 Internal conductance of Fagus crenata

Structural (LMA, Ng) and photosyntheticAqax Vemax Jmax) plasticity to local irradiance was
observed within thé&. crenetacrown, indicating that there is great plasticityresponses to
light intensity in this species. These response Hzeen previously documented in both
F. crenata(Han et al. 1999; lio et al. 2005) aRdsylvatica(Warren et al. 2007; Montpied et
al. 2009). The internal conductance to Ofried between 0.058 and 0.166 mof 81 in
lower and upper crowns of 90-year dtd crenatatreesand resulted in a large decrease in
CO, concentration fromC; to C. of approximately 70 pmol mdl To the best of our
knowledge, this is the first report of measuremaeritg; in F. crenata althoughg; has been
investigated previously ifr. sylvatica(Warren et al. 2007; Montpied et al. 2009). In&rn
conductance has been found to vary between 0.180&idmol nf s* within the crown of
60-year oldF. sylvaticatrees in south-western Germany (Warren et al. RG8d between
0.02 and 0.40 mol is* within the crowns of 35-year ol. sylvaticatrees in north-eastern
France (Montpied et al. 2009). These findings ssgteat the magnitude of is related to
species ecotype, tree age and study site, as hes described for other photosynthetic
parameters (Koike and Maruyama 1998; Peuke et08R)2 In addition, assuming infinig
affects estimates 0f:max and the interpretation &fcmax in response to environmental stress.
Most published estimates &fmax Underestimate the trié:max by excluding the effect of
draw-down fromGC; to C. (Wullschleger 1993). Ir. crenata use ofC; instead ofC; in
modeling leads t&:max being underestimated by -6 %, similar to reported underestimates
of this parameter iR. sylvatica(Warren et al. 2007).

4.2 Variation in gi between sun and shade leaves

For F. crenata g was approximately three-fold higher in sun leatlem in shade leaves,
similar to the two-fold difference found in prevewomparisons between sun and shade
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leaves off. sylvatica(Warren et al. 2007) anficer palmatum(Hanba et al. 2002). Internal
conductance is determined by cell wall thickness nodésophyll, the surface area of
chloroplasts facing the intercellular airspace yat leaf area %), and the abundance and/or
conductivity of aquaporins (Terashima et al. 20B&xas et al. 2008). In comparison with
shade leaves df. crenata sun leaves haves larg8 values (Oguchi et al. 2005), thicker
palisade tissue (Uemura et al. 2000), and greak®A.LThese structural differences may
explain the difference ig between sun and shade leaveB.igrenata

4.3 Water stress affects gi and photosynthesis

Leaf water potentials dropped to a diurnal minimiewel of -2.60 MPa in sun leaves in the
early morning, in accordance with previous obséowat at another site (550 m asl.) in the
Naeba Mountains (lio et al. 2004). In contrastamother study of water potential in a beech
forest the minimum leaf water potential was foundbe about-1.50 MPa (Uemura et al.
2004). Although the reasons for such significarfitedences in leaf water potential are not
fully understood, they may correlate with ecotyfleayramzadeh et al. 2008j; crenataand

F. sylvaticaare known to have different characteristics tlmatia be attributed to the climatic
conditions in their original habitats, particulattythe amount of rainfall (Koike Maruyama
1998; Peuke et al. 2002). The beech forests examméhis study are located at the side of
the Sea of Japan with an average annual rainfa2d¥4 mm for the period 1978009,
whereas the study by Uemura et al. (2004) wasezhout at the Pacific Ocean side with an
average annual rainfall of 1408 mm for the saméder

In this study we found thati, gs and Amax did not respond to decreasing leaf water
potentials when there was sufficient soil waterg@ther with their rapid decline in the early
morning, these results suggest that leaf waternpiate fell in an adaptive response that
promotes CQ diffusion into the carboxylation site when thelseater supply is sufficient
and thus helps to maintain high photosyntheticsta@n the other hand, when soil water
potential fell below a certain thresholfl,andgs decreased significantly in both sun and shade
leaves, whereas the minimum daily leaf water paaéntlid not decline further. Reductions in
gi in response to soil drought rather than to atmasplepor pressure deficits have also been
previously observed (Warren 2008). Considering timieshold 0£0.015 MPa at 25cm depth
for reductions ing;, we concluded thé&t. crenatais sensitive to drought stress, as previously
observed in assessments of factors affecting piwtiostic parameters of severBhgus
species, e.gk. sylvatica(Raftoyannis - Radoglou 200Zj, crenata(Maruyama— Toyama
1987; Uemura et al. 2004), akRdgrandifolia (Tschaplinski et al. 1998).

Ignoring the effect ofgi on C. resulted in an underestimation Ofcmax The
underestimation o¥.max With water stress, found also previously (Wilsomle 2000b), would
suggest a predominant role of biochemical limitatio photosynthesis during drought. Thus,
our results confirm that neglectiggmay lead to an important overestimation of biocicain
limitations. Neverthelessy.max decreased 7% in sun leaves, even talgngito account,
implying that the decrease gpdue to soil drought was not fully responsible tloe decrease
iN Vemax This finding is consistent with previous obselwas in Quercus roburL. and
Fraxinus oxyphyllaBieb. (Grassi - Magnani 2005). In conclusion, theults of this study
indicate that diffusional limitations due to both and g; affect photosynthetic rates in
F. crenataunder sufficient soil water supply, whereas biocivaimlimitations (i.e.V¢may are
quantitatively important only during prolonged stibughts.

Acknowledgments:This study was supported by a Grant-in-Aid for &tifec Research from
the Japan Society for the Promotion of Science Z:880103).

Acta Silv. Lign. Hung. 6, 2010



132 Han, Q. — lio, A. — Naramoto, M. — Kakubatri, Y.

REFERENCES

BALDOCCHI, D.D. — HARLEY, P.C. (1995): Scaling carbon dioxide and water vagxechange from
leaf to canopy in a deciduous forest. Il. Modeltiteg and application. Plant, Cell and
Environment 18 (10): 1157-1173.

BAYRAMZADEH, V. — FUNADA, R. — KUBO, T. (2008): Relationships between vessel elemeribana
and physiological as well as morphological traitée@aves inFagus crenataseedlings originating
from different provenances. Trees 22 (2): 217-224.

BERNACCHI, C.J. — PRTIS, A.R. — NAKANO, H. — VON CAEMMERER, S. — LONG, S.P. (2002):
Temperature response of mesophyll conductanceidatipins for the determination of Rubisco
enzyme kinetics and for limitations to photosynihisvivo. Plant Physiology 130 (4):1992-1998.

FARQUHAR, G.D. — VON CAEMMERER, S. — B:ERRY, J.A. (1980): A biochemical model of
photosynthetic C@assimilation in leaves ofs&pecies. Planta 149 (1): 78-90.

FLEXAS, J. — DAZ-ESPEJQA. — GALMES, J. — RALF, K. — MEDRANO, H. — RBAS-CARBO, M. (2007):
Rapid variations of mesophyll conductance in respaiw changes in G@&oncentration around
leaves. Plant, Cell and Environment 30 (10): 122981

FLEXAS, J. — RBAS-CARBO, M. — DIAZ-ESPEJQ A. — GALMES, J. — MEDRANO, H. (2008): Mesophyli
conductance to COcurrent knowledge and future prospects. Plarit,@e Environment 31 (5):
602-621.

GRASSI, G. — MAGNANI, F. (2005): Stomatal, mesophyll conductance andhgiotcal limitations to
photosynthesis as affected by drought and leafgemp in ash and oak trees. Plant, Cell and
Environment 28 (7): 834—849.

HAN, Q. — YAMAGUCHI, E. — QAKA, N. — KAKUBARI, Y. (1999): Photosynthetic induction responses
to variable light under field conditions in threpesies grown in the gap and understory of a
Fagus crenatdorest. Tree Physiology 19 (10): 625-634.

HAN, Q. — KAWASAKI, T. — KATAHATA , S. — MUKAI, Y. — CHIBA, Y. (2003): Horizontal and vertical
variations in photosynthetic capacity inPanus densifloracrown in relation to leaf nitrogen
allocation and acclimation to irradiance. Tree Rilggy 23 (12): 851-857.

HANBA, Y.T. - KOGAMI, H. - TERASHIMA, |. (2002): The effect of growth irradiance on leafatomy
and photosynthesis iscer species differing in light demand. Plant, Cell &m/ironment 25 (8):
1021-1030.

HARLEY, P.C. — IORETQ, F. — D MARCO, G. — SHARKEY, T.D. (1992a): Theoretical considerations
when estimating the mesophyll conductance to, Gidx by analysis of the response of
photosynthesis to COPlant Physiology 98 (4): 1429-1436.

HARLEY, P.C. — HOMAS, R.B. — REYNOLDS, J.F. — SRAIN, B.R. (1992b): Modelling photosynthesis
of cotton grown in elevated GOPlant, Cell and Environment 15 (3): 271-282.

HASHIZUME, H. — FUKUTOMI, A. (1978). Development and maturation of fruits asds inFagus
crenata Journal of Japanese Forestry Society 60 (5): B&3-1

HIURA, T. (1998): Shoot dynamics and architecture of sagliin Fagus crenataacross its
geographical range. Trees 12 (5):274 —280.

10, A. — FUKASAWA, H. — NOSE Y. — KAKUBARI, Y. (2004): Stomatal closure induced by high vapor
pressure deficit limited midday photosynthesistet tanopy top ofagus crenataBlume on
Naeba mountain in Japan. Trees 18 (5): 510-517.

o, A. — FUKASAWA, H. — NOSE Y. — KATO, S. — KAKUBARI, Y. (2005): Vertical, horizontal and
azimuthal variations in leaf photosynthetic chaggstics within aFagus crenatacrown in
relation to light acclimation. Tree Physiology Z5:(533-544.

KAKUBARI, Y. (1977): Beech forests in the Naeba Mountainstrithution of primary productivity
along the altitudinal gradient. In: Shidei, J. 4&iT. (eds): Primary Productivity of Japanese
Forest. University of Tokyo Press, Tokyo. 201-212.

KAKUBARI, Y. (1991): Primary productivity changes for a fdteyear period in a natural beech
(Fagus crenatpaforest in the Naeba mountains. Journal of JapaResestry Society 73 (5):370-374.

KOIKE, T. — MARUYAMA, Y. (1998): Comparative ecophysiology of the leabjasynthetic traits in
Japanese beech grown in provenances facing thécRacean and the Sea of Japan. Journal of
Phytogeography and Taxonomy 46 (1): 23-28.

Acta Silv. Lign. Hung. 6, 2010



Internal conductance of sun and shade leaves dt &dgus crenata 133

MARUYAMA , K. — TOYAMA, Y. (1987): Effect of water stress on photosynthesid transpiration in
three tall deciduous trees. Journal of JapanesestgrSociety 69 (5): 165-170.

MEIR, P. — KRUIJT, B. — BROADMEADOW, M. — BARBOSA, E. — KULL, O. — GARSWELL, F. — NOBRE A. —
JAaRvis, P.G. (2002): Acclimation of photosynthetic capaddyirradiance in tree canopies in relation
to leaf nitrogen concentration and leaf mass pitiapea. Plant, Cell and Environment 25 (3):343:357

MONTPIED, P. — QRANIER, A. — DREYER E. (2009): Seasonal time-course of gradients ofgeymthetic
capacity and mesophyll conductance to,@0ross a beeclrégus sylvaticd..) canopy. Journal
of Experimental Botany 60 (8): 2407-2418.

NAKASHIZUKA , T. (1983): Regeneration process of climax beé@y(s crenataBlume) forests. lll.
Structure and development processes of sapling lgiims in different aged gaps. Japanese
Journal of Ecology 33 (4): 409-418.

NINEMETS, U. — QESCATTI, A. — RODEGHIERQ M. — TOSENS T. (2005): Leaf internal diffusion
conductance limits photosynthesis more strongholaer leaves of Mediterranean evergreen
broad-leaved species. Plant, Cell and Environm@r{iL2): 1552—-1566.

OGUCHI, R. — HKOSAKA, K. — HIROSE, T. (2005): Leaf anatomy as a constraint for phatttsgtic
acclimation: differential responses in leaf anataimyncreasing growth irradiance among three
deciduous trees. Plant, Cell and Environment 28976927 .

PEUKE, A.D. — SCHRAML, C. — HARTUNG, W. — RENNENBERG H. (2002): Identification of drought-
sensitive beech ecotypes by physiological parameiaw Phytologist 154 (2): 373—-387.

RAFTOYANNIS, Y. — RADOGLOU, K. (2002): Physiological responses of beech andilsesak in a
natural mixed stand during a dry summer. AnnalBathny 89 (6): 723—-730.

SHARKEY, T.D. — BERNACCHI, C.J. — ARRQUHAR, G.D. — SNGSAAS, E.L. (2007): Fitting photosynthetic
carbon dioxide response curves for C3 leaves. Rt and Environment 30 (9): 1035-1040.

TATEISHI, M. — KUMAGAI, T.0. — SUYAMA, Y. — HIURA, T. (2010): Differences in transpiration
characteristics of Japanese beech tfg s crenatain Japan. Tree Physiology 30 (6): 748—760.

TERASHIMA, . — HANBA, Y.T. — TAZOE, Y. — VYAS, P. - YANO, S. (2006): Irradiance and phenotype:
comparative eco-development of sun and shade leave®lation to photosynthetic GO
diffusion. Journal of Experimental Botany 57 (2433-354.

TSCHAPLINSKI, T.J. — GEBRE, G.M. — SHIRSHAC, T.L. (1998): Osmotic potential of several hardwood
species as affected by manipulation of throughgegcipitation in an upland oak forest during a
dry year. Tree Physiology 18 (5): 291-298.

UEMURA, A. — ISHIDA, A. — NAKANO, T. — TERASHIMA, |. — TANABE, H. — MATSUMOTO, Y. (2000):
Acclimation of leaf characteristics dfagus species to previous-year and current-year solar
irradiances. Tree Physiology 20 (14): 945-951.

UEMURA, A. — ISHIDA, A. — TOBIAS, D.J. — KOIKE, N. — MATSUMOTO, Y. (2004): Linkage between
seasonal gas exchange and hydraulic acclimatigheirtop canopy leaves &fagustrees in a
mesic forest in Japan. Trees 18 (4): 452-459.

WARREN, C.R. — AbAMS, M.A. (2006): Internal conductance does not scalth vphotosynthetic
capacity: implications for carbon isotope discriation and the economics of water and nitrogen
use in photosynthesis. Plant, Cell and Environr28nf2): 192-201.

WARREN, C.R. — LOW, M. — MATYSSEK, R. — TAusz, M. (2007): Internal conductance to g@ansfer
of adult Fagus sylvatica Variation between sun and shade leaves and ddee¢eair ozone
fumigation. Environmental and Experimental Bota®y(8): 130-138.

WARREN, C.R. (2008): Soil water deficits decrease the mdkrconductance to GQransfer but
atmospheric water deficits do not. Journal of Expental Botany 59 (2): 327-334.

WILsON, K.B. — BaLDoccHI, D.D. — HansoNn, P.J. (2000a): Spatial and seasonal variability of
photosynthetic parameters and their relationshigetd nitrogen in a deciduous forest. Tree
Physiology 20 (9): 565-578.

WILSON, K.B. — BALDOCCHI, D.D. — HANSON, P.J. (2000b): Quantifying stomatal and non-stomatal
limitations to carbon assimilation resulting froeaf aging and drought in mature deciduous tree
species. Tree Physiology 20 (12): 787-797.

WULLSCHLEGER S.D. (1993): Biochemical limitations to carbon asfation in G plants — a
retrospective analysis of t#¢C curves from 109 species. Journal of Experimentaéh®p44 (5):
907-9.

Acta Silv. Lign. Hung. 6, 2010



134

Acta Silv. Lign. Hung. 6, 2010





