
well understood (see Booij-James et al 2002). Suggestions for

its function include a possible role in regulating D1 turnover (see

Baena-Gonzalez et al 1999) as well as a possible role in

signal transduction. The results presented here suggest an additional

possibility, i.e., a possible function of sustained high D1/PSII

core protein phosphorylation in photoprotection in overwintering

leaves. One may speculate that sustained high PSII phosphory-

lation could be involved in converting PSII cores to dissipating

centers where zeaxanthin may aid in thermal dissipation. Such a

conversion of PSII cores to photochemically inactive, dissipat-

ing centers may serve not only to counteract singlet oxygen forma-

tion in these cores but also to prevent charge separation and a

transfer of high energy electrons to oxygen, leading to superoxide

formation in the chloroplast. Sustained D1 phosphorylation, Fv/Fm

depression, and ZþA retention were observed irrespective of

the type of stress that caused photoinhibition and is thus a charac-

teristic feature of photoinhibited leaves of evergreens in general.

Being more prominent in evergreens with their high stress

resistance, photoinhibition may thus be one of the many ‘‘talents’’

of evergreens.
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INTRODUCTION

In a temperate climate, evergreen species in the understorey are

exposed to large seasonal changes in light and temperature. Photo-

synthetic activity reacts directly to changes in temperature and light.

The light utilization (LU) function of the photosynthetic apparatus

(electron transport proteins, ATP-synthesis and carbon reduction

cycle) is more sensitive to temperature than to light while the reverse

holds for the light harvesting function (LH, chlorophyll-protein

complexes). Acclimation of the photosynthetic apparatus to changes

in either light or temperature by which a balance between the

amount of LU and LH components are maintained are well docu-

mented (e.g., Berry & Björkman 1980, Björkman 1981, Evans &

Seemann 1989). But acclimation to simultaneous changes in light

and temperature has been less studied (e.g., Huner et al 1998), and

not at all under natural conditions.

Photosynthesis also depends strongly on the amount of leaf nitro-

gen, the main component of the photosynthetic enzymes. Hirose

(1984) proposed the optimal leaf nitrogen content as the nitrogen

content that maximizes the carbon gain per unit leaf nitrogen. This

hypothesis has been used to predict leaf nitrogen contents under

different light conditions (e.g., Anten et al 1996, Hikosaka &

Terashima 1995, Hirose & Werger 1987). However evergreen under-

storey species in temperate forests experience large seasonal differ-

ences in temperature and light. Do such species show seasonal

changes in nitrogen contents in accordance with the optimization

theory? Does temperature or light have the strongest effect on pho-

tosynthetic acclimation under natural conditions in a temperate

climate?

MATERIALS AND METHODS

For this study we used Aucuba japonica Thunb. a common evergreen

shrub with wide distribution on the main island of Japan. Its leaf

longevity is 2-3 years and new leaves are formed in a single flush in

spring (Yamamura 1986). We studied plants growing at three sites

with different light regimes: understorey of temperate forest, under-

storey of evergreen forest, and in a gap of 20	 20m in a mixed

forest. All sites are located in the Botanical garden of Tohoku

University within 150 meters of each other. Every month, photosyn-

thesis (LI6400, li-Cor, Lincoln,NE) was measured at light intensities

of 0, 10, 25, 50 and 1000mmolm�2 s�1 and at average temperature of

two weeks before measurements. The leaves used were fully exposed

to the local light climate. The PFD and temperature in each site were

determined every 15 minutes. After photosynthesis measurements
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the leaves were taken to the laboratory for determination of leaf

nitrogen content (Nl), Chlorophyll, Chlorophyll a/b ratio and

rubisco (Muller et al 2005).

Model. The carbon exchange rate (CER) was calculated assuming

a photosynthesis light response curve expressed as a non-rectangular

hyperbola:

CER ¼ ð½Ijþ Pmax � fðjIþ PmaxÞ2 � 4jIqPmaxg1=2�=2qÞ �R ð1Þ
Where I¼ photon flux density (molm�2 s�1), Pmax¼ gross photosyn-

thesis rate under saturating PFD (mmolCO2m
�2 s�1), j¼ quantum

yield (mmolCO2 mmol�1), (q¼ convexity (dimensionless) and

R¼ respiration (mmolCO2m
�1).

The convexity factor, respiration and quantum yield were set

to the average measured values of 0.9, 0.2 mmolCO2m
�2 s�1 and

0.04mmolCO2 mmol�1, respectively.

Pmax measurements for each month were fitted to Nl using a

curvilinear relationship. Carbon gain for a 2-week period was then

calculated with Eq. 1 using measured PFD values. Optimal Nl values

for maximum carbon gain were determined by means of iteration.

The x-intercept of the Nl -Rubisco relation (29.8mmolm�2) did

not change during the year and was used for the x-intercept of the

curvilinear Nl�Pmax relationship.

RESULTS AND DISCUSSION

Photosynthetic Acclimation to PFD and Temperature. Most of

the components of the photosynthetic apparatus were strongly

related with both PFD and temperature (Fig. 1). Low temperature

and high PFD increased the amount of LU components. The pho-

tosynthetic apparatus acclimated to the light regime in which the

leaves developed. But in developed leaves, in spite of large seasonal

variation in PFD, acclimation occurred primarily in response to

temperature and secondarily to PFD. This was shown by multiple
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Figure 1: Photosynthetic components in relation to temperature and
PFD: leaf nitrogen content per area (Narea), Rubisco content per
area (Rarea), Chlorophyll content per area (Chlarea), Chlorophyll a/b
ratio (Chla/b), Chlorophyll/Nitrogen ratio (Chl/N) and Rubisco/
Chlorophyll ratio (R/Chl). Linear regression lines are for different
sites; GAP (closed squares, solid line) DEC (open circles, broken
line), and EVER (closed triangles, dotted line).
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regression analysis in Muller et al (2005) but can also be seen in

Fig. 1.

Carbon Gain, NUE and Optimal Leaf Nitrogen Content. The

benefit of seasonal acclimation to temperature and PFD at the sites

is analyzed in terms of carbon gain and carbon gain per unit nitrogen.

The leaf nitrogen content showed significant seasonal changes

(Fig. 2A) and was strongly correlated to temperature and light

(Fig. 1). Carbon gain was highest in April for plants under deciduous

and evergreen canopies (Fig. 2A). In the gap the carbon gain was

highest in August with a second maximum in April. Under the decid-

uous and evergreen canopies, carbon gain was highest at low tem-

peratures and relatively bright conditions inwinter. In the gapmost of

the carbon was gained in the summer and at the end of winter.

The NUE can be inferred from Fig. 2A and B and was highest in

summer in the gap. NUE from December through June was equal in

the gap and under the deciduous canopy, with a peak in April. NUE

under the evergreen canopy also peaked in April but was lower

throughout.

Optimal nitrogen content was closely related to the actual leaf

nitrogen content (Fig. 2C), though the actual leaf nitrogen content

was higher than the optimal leaf nitrogen content.

In conclusion actual nitrogen content is strongly correlated

with calculated optimal nitrogen content, and the actual is always

higher than the optimal content. Actual nitrogen content changes

seasonally and is highest in winter. The higher leaf nitrogen content

in winter increases photosynthesis both per unit leaf area and per unit

nitrogen.
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INTRODUCTION

The substantial use of copper sulfate during the past hundred years

as a fungicide increased the input of copper into the aquatic envi-

ronment through surface water runoff. Since this heavy metal is

often in contact with other pesticides, we investigated the effects of

three herbicides (diuron, paraquat, flazasulfuron) and copper alone

and in combination on the photosynthetic apparatus of an aquatic

plant, Lemna minor. These effects were determined by means of

the Chl fluorescence transient O-J-I-P. Beside the results we de-

monstrated that Chl fluorescence analysis from polyphasic kinetics

can be used as a useful physiological tool to assess early change

in photosynthetic performance of Lemna minor in response to

contaminant mixture pollutions.

MATERIALS AND METHODS

Plant material. Lemna minor was cultured (21 8C, 100 mEm�2 s�1) in

a mineral medium (pH 6.5) (Chollet 1993).

Chlorophyll fluorescence. Transients were measured by a PEA

fluorometer (Hansatech, England). The following equations were

used to assess the photosynthetic performance of duckweed: the

maximum efficiency of PSII photochemistry in the dark-adapted

state, FV=FM ¼ ðFM � FOÞ=FM; Vj ¼ ðF2ms � FOÞ=ðFM � FOÞ, and
the fraction of inhibited centres, FIC¼ (Vjcontaminated�Vjcontrol)/

(1�Vjcontrol). The FV/FM and Vj parameters were calculated accord-

ing to Genty (Genty et al 1989) and Appenroth (Appenroth et al

2001), respectively.

Pesticide applications. Plants were exposed 48 h to copper at

concentrations of 5, 50, 100, 300 mg l�1 of Cu2þ and to diuron,

paraquat and flazasulfuron at concentrations of 5, 10, 20 and

100 mg l�1. The concentration of copper was fixed at 50 mg l�1 when

combined with other pesticides.

Combination of copper and diuron, paraquat or flazasulfuron. Pos-

sible interaction between two chemicals were estimated using Abott’s

formula (Gisi 1996). A ratio of inhibition (RI) was then calculated.

A RI > 1 indicating potential synergism; RI¼ 1, a simple additivity,

and RI < 1, an antagonism between the two chemicals.

RESULTS AND DICUSSION

Copper decreased the fluorescence intensity at the FM level without

significant change (curve not shown) of the curve showing a very

slight decrease of FV/FM (3 to 5%) (Fig. 1). Copper also induced an

increase by 25% of the inhibited centres (Fig. 2). These effects were

attributed to an inhibition of the acceptor (quinones) and donor side

(OEC) of the PSII, respectively (Barón et al 1995). Diuron induced a
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