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Abstract Age and shade effects on needle structure and

photosynthesis were determined within a lower part of

Abies alba crown along a horizontal increasing gradient of

branches self-shading. It was hypothesized that a decrease

in net CO2 assimilation rate with increasing needles’ age

would be related to: (1) structural age-related changes in

needles, (2) reduction of stomatal conductance, (3) nitro-

gen translocation from old to young needles, and (4)

decrease in efficiency of photochemical processes. Leaf

mass-to-area ratio increased non-linearly with needle age.

In a needle cross section, distance between the vascular

bundles decreased, and height of palisade parenchyma cells

increased with age. The structural changes observed in our

study might lead to an increase in internal resistance to

CO2 with greater needle age. Total needle nitrogen con-

centration linearly decreased with age due to dilution and/

or translocation to younger needles. When expressed per

needle area, nitrogen content was reduced in 6-year-old

needles compared with younger ones. Net CO2 assimilation

rate per needle area decayed and was accompanied by a

decrease in transpiration and water and photosynthetic

nitrogen use efficiency. Old needles maintained high pho-

tochemical efficiency which compensated to some extent

for light deficit in their micro-light environments. Our

results have suggested that there is a mechanism control-

ling the relation between efficiency of light and dark

photosynthetic processes along the needle age and shade

gradient in A. alba crown.

Keywords Chlorophyll a fluorescence � Leaf age � Needle

structure � Nitrogen concentration � Photosynthesis � Silver

fir

Abbreviations

E Transpiration rate (mmol m-2 s-1)

ETRmax Apparent maximum electron transfer rate (lmol

m-2 s-1)

Fv/Fm Maximum quantum yield of PSII

photochemistry

UPSII Quantum yield of PSII photochemistry

UPPFDsat Quantum yield of PSII photochemistry at

saturation photosynthetic photon flux density

gs Stomatal conductance (lmol m-2 s-1)

LMA Leaf mass-to-area ratio (g m-2)

NPQ Non-photochemical quenching of fluorescence

P Net CO2 assimilation rate per needle area (lmol

m-2 s-1)

PNUE Photosynthetic nitrogen use efficiency (lmol

CO2 g-1 N s-1)

Introduction

The life strategy of evergreen conifer trees consists in

long needle retention evolved in boreal or montane cli-

mate characterized by low temperatures, short growing

season and poor soil conditions. Extended needle reten-

tion in Scots pine and Norway spruce populations in low-

temperature habitats appears to be largely an
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environmentally phenotypic acclimation (Reich et al.

1996). The major advantages of evergreen leaves com-

pared with deciduous leaves are: longer photosynthetic

season, lower amortized costs of leaf construction, lower

amount of nutrients that must be absorbed each year from

the soil, and tougher laminae that can better endure frosts,

drought and herbivore attack (Givinish 2002). However,

many authors have shown that net CO2 assimilation rates

decrease with needle aging in the conifer species, e.g.: in

Abies concolor Lindl. and Gord., Pinus ponderosa Laws.,

Pinus nigra Arnold, Pinus strobus L., Picea pungens

Engelm. (Freeland 1952), Picea abies (L.) Karst. (Weikert

et al. 1989), Pinus sylvestris L. (Freeland 1952; Wang

et al. 1995; Jach and Ceulemans 2000), Abies amabilis

(Dougl.) Forbes (Brooks et al. 1996), Pinus heldreichii

Christ (Oleksyn et al. 1997), Pinus taeda L. (Crous and

Ellsworth 2004), Pinus pinaster Aiton (Warren 2006),

Pinus densiflora Sieb. et Zucc. (Han et al. 2008). Except

for Brooks et al. the authors, generally, did not separate

the light effect along the gradient in the crown from the

age effect. A balance between the costs and benefits of

needles construction, defense mechanisms and their long

retention compared with broadleaved deciduous trees has

remained an intriguing research subject.

Conifers have developed structural and physiological

patterns in needles, which allow them to photosynthesize

during the whole year. These adaptations are changing with

needle age (Kivimäenpää and Sutinen 2007; Wyka et al.

2008). Thanks to thick epidermis, waxes layer, hypoder-

mis, and tracheid needles are generally more tolerant to

drought and other abiotic and biotic stressors than leaves of

broadleaf deciduous trees (Givinish 2002). Winter pho-

toinhibition and short-lasting stress-induced PSII down-

regulation have been considered as physiological needle

defense mechanism (Adams et al. 2004). Under low tem-

perature and sunny days, this is accompanied by a transient

reduction of chlorophyll concentration and an increase in

carotenoids, mainly xanthophylls allowing evergreen con-

ifers to dissipate excess energy as heat and maintain pho-

tosynthetic functions (Adams and Demmig-Adams 1994;

Anderson et al. 1997). However, there is little information

about an effect of aging on photoprotective mechanisms

and needle photochemistry (Weikert et al. 1989; Gielen

et al. 2000). Here, we investigated age-related changes in

photochemical functions of Abies alba needles.

Leaf aging is a complex phenomenon aggregating dif-

ferent processes at the molecular, physiological and

structural level. Long-lived conifer trees from the genus

Picea and Pinus have often been used to study needle age

effects on photosynthesis (Kayama et al. 2007; Han et al.

2008 and the citations above). In contrast, little attention

has been paid to the research of the genus Abies (Freeland

1952; Brooks et al. 1996).

Kayama et al. (2007) have found that in five species

from the genus Picea high growth rates are related with

high net CO2 assimilation rates in young needles, high

needle nitrogen concentration and short needle life spans.

In contrast, four other Picea species with low growth and

photosynthetic rates showed inverse relation between

needle age, nitrogen concentration and photosynthetic

nitrogen use efficiency (PNUE, lmol m-2 s-1). Slow-

growing species including silver fir have long-lived needles

with lower photosynthetic capacity than fast-growing spe-

cies with short-lived needles, but they can maintain

assimilatory functions over longer periods. Moreover,

PNUE is higher in fast-growing species compared with

slow-growing species, but the species having long needle

life span can maintain a high PNUE in older needles.

Much less is known about a variation of structural traits

and physiological functions in needles within a crown of an

individual evergreen conifer tree. The relation between the

needle traits and their age has rarely been studied in more

than three needle age classes along a light gradient within

an individual tree crown (Brooks et al. 1996; Oleksyn et al.

1997). Leaf mass-to-area ratio (LMA), which has often

been used as an indicator of variation in leaf structure,

depended on species, light environment and leaf life span

(Reich et al. 1998). Generally, LMA is higher in conifers

compared with the other functional groups of plants and

increased with leaf age. The physiological leaf traits such

as net CO2 assimilation rate (P), dark respiration (Rd), and

nutrients’ content in leaf are closely related to LMA (Reich

et al. 1998; Wright et al. 2004).

The striking adaptation to low nutrients availability

appears to be a retranslocation of nitrogen, phosphorous,

potassium and other nutrients from old to young needles

and other growing organs (Nambiar and Fife 1991). In A.

alba N, P, K, and Mg decreased exponentially, whereas Ca,

Mn and Zn increased exponentially with needles’ age

(Szymura 2009). Long needles’ retention is not for free—

some amount of resources is used to maintain old needles

despite that photosynthetic activity of needles decreases

with their increasing age. Old needles can have relatively

high respiration rate and their low net CO2 assimilation rate

does not compensate for a use of water, nitrogen and other

resources related with needle maintenance. Therefore, the

question can be addressed about the role of structural and

physiological changes in needles with their increasing age

in the carbon balance of an individual tree.

In this study, needle structure, photosynthesis and nitrogen

content were investigated as a function of needle age along the

light gradient within a bottom A. alba crown. The needle

structure was described using LMA and anatomical traits. Net

CO2 assimilation rate, chlorophyll a fluorescence, and nitro-

gen content in needles were determined to compare differ-

ences in photosynthetic capacity among seven needle age
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classes. It was assumed that net CO2 assimilation rate would

decrease with increasing needle age as it was shown for other

species. However, the mechanisms of net CO2 assimilation

rates reduction in function of needle age have only partly been

elucidated. In particular, it is difficult to separate needle

acclimation to self-shading with increasing needle age from

effects of senescence on photosynthesis. We tested the

hypothesis that a reduction of net CO2 assimilation rates and

photosynthetic resources use efficiency with increasing nee-

dle age would result from increase in LMA (Wright et al.

2004; Han et al. 2008), anatomical age-related changes in

needles (Miyazawa and Terashima 2001), decrease in stom-

atal conductance, nitrogen concentration (Brooks et al. 1996;

Han et al. 2008), and efficiency of PSII photochemistry.

Additionally, we posited that there would be a trade-off

between efficiency of light and dark photosynthetic processes

along the needle age and shade gradient in A. alba crown.

Materials and methods

Material

An individual 20-year-old A. alba Mill. tree was chosen in

the Dendrological Garden of Poznan Life Sciences

University (N 52�25.5720; E 16�53.6500, 73 m a.s.l.). The

study tree was growing under a low shade of crowns of

other trees (canopy openness was 80%). The soil was

sandy. Slightly loamy sand and very loamy sand with pH

5.0–6.0 predominate in soil profile. A humus layer of

15 cm (pH & 4.5) was composed of decayed grass roots

and leaves of broadleaf and conifer trees. The type of soil

was defined as anthropogenic rusty soil (Sienkiewicz 1997,

unpublished). Our study tree was growing closely to three

other A. alba trees being at the same age and it was rep-

resentative for this group of trees with regard to age, size,

and number of needle age classes. The tree height was

8.8 m and d.b.h. was 13.7 cm. The selected individual was

characterized by a long crown (4/5 of a tree height) with

ten needle age classes. All needle age classes were repre-

sented in the bottom part of the crown. To sample needles,

five shoots from two neighboring whorls at a height of

1.5 m were selected in the lower part of crown exposed to

south. The shoots with the highest number of needle age

classes compared with other shoots in the upper crown

were used. The needle samples were collected from a

central part of each annual shoot increment from the 1- to

7-year-old shoot increment.

Light measurements

In July, on cloudy day, relative photosynthetic photon flux

(rPPFD) was determined along the chosen shoots using two

quantum meters (Spectrum Technologies, Inc., Plainfield,

USA). PPFD was measured simultaneously above a central

part of each shoot increment and in an adjacent outside

location. The relative values were determined with the

following formula: (PPFD above shoot increment/PPFD in

the open) 9 100 and the mean rPPFD values were calcu-

lated from five measurements and given in percent for each

needle age class.

Needle sampling

At the end of July, within 5 days, 25 needles were ran-

domly collected from each age class and each of the five

shoots. The average temperature during the needle sam-

pling was around 22 �C and the temperature in the labo-

ratory was around 23 �C. Needles were detached gently

from a twig and enclosed into Eppendorf’s tubes with a

scrap of moist filter paper. After accomplished gas

exchange measurements, the needles’ projected area was

measured using a scanner and imageJ. Next, the needles

were dried at 65 �C within a week and weighed. LMA was

calculated dividing needle dry mass per needle area and

needle water content subtracting needle dry mass from

needle fresh mass. To measure chlorophyll a fluorescence,

three needles from each increment were used. The needles

for water content determination, microscopic observations

and nitrogen concentration analyses were collected from

the central part of the same shoots.

Measurements of gas exchange

Net CO2 assimilation rate (P), transpiration (E), and

stomatal conductance (gs) in A. alba needles were mea-

sured in laboratory using LCA 4 open gas exchange system

(ADC Ltd., Hoddesdon, UK). Needles from one randomly

chosen shoot increment (one age class) were carried into

the laboratory within 5 min. Seven samplings coordinated

with the gas exchange measurements were accomplished

within a day. The needles were put on a frame made of a

thin cupper wire and immediately introduced into the

conifer chamber (PLC4C) for acclimation prior to the gas

exchange measurements. We observed that P of detached

1-year-old A. alba needles did not significantly differ from

P of attached 1-year-old needles. This observation is con-

sistent with the results of gas exchange measurements on

attached and detached needles of other conifer tree species

(Oleksyn et al. 1997; Maier et al. 2002). A custom-made

lamp consisting of sets of interspersed blue and red diodes

was used as a cool light source with intensity controlled at

the power adapter (Wyka et al. 2008). Light intensity at

needle surface was fixed at 400 lmol m-2 s-1 PPFD.

Relatively low PPFD was applied to avoid photoinhibition

in old needles. Carbon dioxide reference was established at
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360 lmol mol-1 and flow rate at 300 lmol mol-1. Mean

(±SE) needle temperature measured with a thermocouple

inside the conifer chamber was 29.6 ± 2.3 �C and relative

air humidity was 54 ± 5%. Needles were acclimated into

the conifer chamber microclimate within 35 min and all

gas exchange parameters were registered in 1-min inter-

vals. Usually, after this period all parameters were stable.

The last five values of P, E, and gs were used to calculate

the means for each needle age class. Net CO2 assimilation

rate was expressed per needle area (P) and nitrogen con-

tent. Water use efficiency (P/E) was calculated as net CO2

assimilation rate to transpiration ratio.

Microscopic observations

Needles for microscopic observation were sampled in the

same way as for gas exchange measurements. Five needles

from each age class were used for a cross-cuts preparation.

The needles enclosed in Eppendorf’s tubes and in a volume

were transported into the Laboratory of General Botany,

the Adam Mickiewicz University of Poznan. Needles were

fixed in FAA (formaline 40%, ethanol 70%, acetic acid) for

24 h and then they were dehydrated in 30, 40, and 60%

ethanol. Needles were preserved in 70% ethanol (Krzy-

mińska et al. 2001). Cross sections were hand cut with a

scalpel using a medulla of Sambucus nigra.

A light microscope (Studar, PZO) was used for the

observations of cross sections. The following morpholog-

ical and anatomical needle traits were measured: height and

width in the central part of a cross section, central cylinder

height and width, height and width of five palisade par-

enchyma cells above the central cylinder, and distance

between the vascular bundles. The Marcet’s coefficient was

calculated with the following formula: distance between

the vascular bundles 9 needle width/needle height.

Chlorophyll a fluorescence

Chlorophyll a fluorescence was measured in needles using

Fluorescence Monitoring System (FMS 2, Hansatech, Nor-

folk, UK) operating in an online mode as it was earlier

described in Robakowski (2005). Prior to measurements,

needles were dark adapted for 30 min at ambient tempera-

ture, arranged tightly and stuck on a self-adhesive trans-

parent tape and introduced into a factory-provided clip. Two

or three needles were arranged such as to fill the entire

aperture of the clip. The fiberoptics encased in a light-tight

chamber was inserted onto the leaf clip and the needles were

exposed to modulated measuring light of 0.05 lmol m-2 -

s-1. After reading minimum fluorescence F0, a saturating

0.7 s pulse of light (PPFD = 15.3 mmol quanta m-2 s-1)

was delivered to induce a maximum fluorescence (Fm).

Maximum quantum yield of PSII photochemistry was cal-

culated according to the formula: maximum quantum

yield = Fv/Fm, where Fv = Fm - F0 is variable

fluorescence.

Subsequently, to generate light response curves of PSII

quantum yield (UPSII) needles in the clip were illuminated

with actinic light using an inbuilt halogen lamp. The

intensity of actinic light corresponding to values indicated

by the software was measured prior to the experiment using

a light sensor inserted in the leaf clip in the position of the

needles. Up to six levels of actinic light were applied in the

order of increasing intensity, and for each level, after a

steady state fluorescence (Fs) was reached after 2–3.0 min,

0.7 s saturating pulse was delivered and maximum light-

adapted fluorescence (F0
m) was determined. Quantum yield

of PSII was calculated by the built-in software as:

UPSII = (F0
m - Fs)/F

0
m (Genty et al. 1989). The course of

fluorescence and all the measured parameters were moni-

tored on the computer screen. At each actinic light level,

non-photochemical quenching of fluorescence (NPQ) was

calculated according to the formula: NPQ = (Fm - F0
m)/

F0
m (Maxwell and Johnson 2000).

For each light level, the apparent rates of photosynthetic

electron transport (ETR) were also calculated following the

formula ETR = 0.84 9 UPSII 9 PPFD 9 0.5 (Maxwell

and Johnson 2000; Lüttge et al. 2003). Assumptions were

made that the excitation energy is partitioned equally

between the two photosystems (hence the factor 0.5;

Maxwell and Johnson 2000) and that 84% of the incident

radiation is absorbed by the photosystems (Rascher et al.

2000; Lüttge et al. 2003). However, leaf absorptance might

slightly change with increasing needle age and self-shading

in a tree crown (Zhang et al. 2008). Therefore, our ETR

values should be considered as approximate.

The fluorescence measurements were taken at ambient

temperature in laboratory, which was monitored during the

fluorescence measurement using a thermocouple installed

in the leaf clip.

Analyses of nitrogen content in needles

Nitrogen content was determined in needles used for gas

exchange measurements. Total nitrogen content was

determined with the Kjeldahl’s method. The digestion of

needle samples was conducted with a digestion system

with sulfuric acid at 420 �C (Foss Tecator). Nitrogen was

determined by distillation with water vapor in the apparatus

of Parnas-Wagner. Nitrogen was analyzed spectrophoto-

metrically following Kjedahl digestion at the Agricultural

Chemistry Unit, the Poznan University of Life Sciences.

Nitrogen content was expressed per needle area (m2) or dry

mass (g).
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Statistical analyses

To compare the mean values of needle gas exchange and

chlorophyll a fluorescence parameters among the seven

needle age classes, the analysis of covariance (ANCOVA)

in General Linear Model (GLM) was applied (P\ 0.05).

The procedure of ANCOVA given in Stanisz (2007) was

followed. In the ANCOVA design, current rPPFD was a

continuous predictor variable; needle age class was cate-

gorical predictor variable; measured parameters were

dependent variables. To assure the normality of distribu-

tion, homogeneity of variance and to linearize the model,

the values of rPPFD in percent were transformed using the

Bliss’ function and the corresponding values of measured

parameters were ln-transformed. First, homogeneity of

slopes was checked to test whether the continuous and

categorical predictors interacted in influencing the

responses and, thus, whether the traditional ANCOVA

design or the separate slope design was appropriate for

modeling the effects of predictors. In all cases, the inter-

action was not statistically significant and, thus, the tradi-

tional ANCOVA was applied and followed by Tukey’s a

posteriori test (P\ 0.05). The following model of

ANCOVA was applied (Stanisz 2007): yij = l ? ai ? -

b(xij - x) ? eij, where yij is the corrected values of

dependent variable, l is the general mean value, ai is the

effect of i-level of factor (needle age), b is the coefficient

of regression, xij is the value of continuous predictor (light),

x is the mean value of continuous predictor, and eij is the

experimental error related to i-factor and j-observation.

ANCOVA could not be used for the needle anatomical

traits because the measured values did not have a normal

distribution. Thus, non-parametric Kurskal–Wallis’ test

was used to compare the means among seven age classes of

needles. To compare the mean values of rPPFD along the

light gradient in the crown, the one-way analysis of vari-

ance was conducted (ANOVA) with needles’ age as the

independent variable and rPPFD as the dependent variable.

Prior to analysis, rPPFD values were transformed using the

Bliss’ function. Normality of the data distribution was

checked with the Shapiro–Wilk’s test and homogeneity of

variance with Levene’s test. Linear or non-linear regression

was used to determine the functional relationship between

the needle age, LMA and the mean values or absolute

values of the measured parameters.

Results

Light gradient

Mean values ± SE of PPFD measured on cloudy day for

each needle age class from 1- to 7-year-old needles were:

21 ± 2, 18 ± 2, 16 ± 2, 12 ± 2, 9 ± 2, 6 ± 1, 4 ± 1.

rPPFD linearly decreased from the youngest 1-year-old

shoot increment towards the trunk (Fig. 1a). In one-way

ANOVA, there were significant differences among rPPFD

determined above a central part of each increment. rPPFD

decreased from 78 ± 5% at the 1-year-old needles to

13 ± 3% at 6-year-old needles. In Tukey’s test, the first

four needle age classes had the similar light environments

which differed significantly from two oldest age classes.

Needle structure

Needle water content decreased linearly and LMA

increased exponentially with needle age (Fig. 1b, c). A

growing trend in LMA attained the highest mean value of

194 ± 16 g m-2 in 4-year-old needles.

In needle cross section, the height/width ratio was

highest in the oldest needles, but there was no significant

relation between this ratio and needle age (Table 1). The

central cylinder height increased, but cylinder width did

not significantly change with needle age. Marcet’s coeffi-

cient (the distance between the vascular bundles x needle

cross section width/needle cross-section height) diminished

with an increasing needle age (Table 1). The mean height

of five palisade parenchyma cells increased and distance

between the vascular bundles decreased with needle age

(Table 1).

Gas exchange and photosynthetic use efficiency

Net CO2 assimilation rate declined exponentially with

increasing needle age (Fig. 2a). It is noteworthy that the

oldest needles showed a low P by 2.0 lmol CO2 m-2 s-1.

The current-year needles had the highest P by around

12.0 lmol CO2 m-2 s-1. The 1-year-old needles differed

in P from the 6-year-old needles in Tukey’s test. Needle

transpiration (E) and stomatal conductance (gs) also

declined exponentially with needle age, but in contrast to

P, according to ANCOVA, these parameters were signifi-

cantly modified by an acclimation to the current light

conditions (Fig. 2b, c). Photosynthetic water use efficiency

(P/E) linearly decreased with needle age; however, there

were no significant differences among the needle age

classes (Fig. 2d). PNUE diminished exponentially with

needle age and also there were no significant differences

among the needle age classes (Fig. 3a). Subsequently, P,

E and gs decreased exponentially with increasing LMA

which increased with age (Figs. 1c, 4a–c).

Needle nitrogen content

Needle nitrogen concentration expressed per needle dry

mass decreased linearly with age and there were significant
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differences between the age classes (Fig. 3b). Nitrogen

content per needle area was lowest in 6- and 7-year-old

needles compared with the younger ones (Fig. 3c).

Photochemistry

The needle age and acclimation to light micro-environ-

ments in A. alba crown did not affect Fv/Fm (the mean

value of Fv/Fm for all needle age classes 0.848 ± 0.009)

(Fig. 5a). At low actinic light (69 lmol m-2 s-1), UPSII

decreased slightly with age and it was lowest in 6-year-old

needles (Fig. 5a). Under higher actinic light, UPSII attained

maximal values in 2- and 3-year-old needles. The differ-

ences in UPSII among the needle age classes decreased with

a greater PPFD of actinic light. 1-year-old needles showed

the highest NPQ. NPQ decreased from the youngest nee-

dles to 2- and 3-year-old needles and then increased or

remained stable depending on the actinic light level

(Fig. 5b). There was no monotone trend in ETRmax with

increasing needle age. The 2-year-old needles showed this

parameter higher than 6-year-old ones (Fig. 6a). The oldest

and most shaded needles decreased remarkably UPPFDsat

compared with the younger ones growing in higher light

(Fig. 6b).

Discussion

The structure and photosynthetic characteristics of A. alba

needles have changed with age along the horizontal light

gradient within the crown (Fig. 1a). A decrease in P with

needle age has been chiefly attributed to the age- and light-

related structural adaptations in needles reflected by LMA

and anatomical changes, and decrease in needle nitrogen

concentration. We did not detect significant differences in

stomatal conductance among the needle age classes despite

a significant non-linear decreasing trend with age. This is

in agreement with the results obtained by Warren (2006)

for P. pinaster and Han et al. (2008) for P. densiflora. Our

initial hypothesis has been supported by the significant

increase in LMA (Fig. 1c), decrease in nitrogen content

with needle age (Fig. 3b, c), and statistically significant

relationships between LMA, P and gs (Fig. 4a, c). A

decrease in P with the foliage age has been reported by

many authors (Freeland 1952; Weikert et al. 1989; Wang

et al. 1995; Kitajima et al. 1997; Oleksyn et al. 1997; Jach

and Ceulemans 2000; Crous and Ellsworth 2004; Warren

2006). However, the foliage age and the current light

environment are correlated within a canopy and it is dif-

ficult to distinguish the age effect from the acclimation to
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Fig. 2 Net CO2 assimilation

rate per needle area (a),

transpiration (b), stomatal

conductance (c), photosynthetic

water use efficiency (d) vs. age

classes of A. alba needles

(mean ± SE, n = 5). The mean

values of the photosynthetic

parameters were fitted with

decreasing exponential (a–c) or
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one-way ANCOVA followed by
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and ‘‘Materials and methods’’
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current light conditions. Brooks et al. (1996) teased aging

apart from light environment within the A. amabilis crown.

Concomitantly with our findings, P of A. amabilis

decreased with both decreasing current light environment

of the foliage and increasing foliage age from 1-year-old

needles to 10-year-old ones. Our results obtained for

A. alba confirmed the conclusion of Brooks et al. (1996)

for A. amabilis that P was most closely tied to light, but age

also played a significant role.

In our study, an effect of senescence on photosynthesis

and needle structure has been modified by the light micro-

P
N

U
E

 ((
m

ol
 C

O
2 

g
N

-1
 s

-1
)

0

1

2

3

4

5

6

N
 (m

g 
g-

1 )

0

5

10

15

20

Needle age (year)
0 1 2 3 4 5 6 7 8

N
 (g

 m
-2

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

a

b

c

y=0.16+4.87e-0.24x

R2=0.99***

F6=0.12, ns
F1=1.4, ns

y=-1.04x+18.63
R2=0.95***

F6=4.74**
F1=0.58, ns

a      b     bc  bcd  cd   cd    d 

F6=2.65*
F1=0.34

 a      a     a    a     a    ab    b

µ

Fig. 3 Net CO2 assimilation rate per nitrogen content in needle (a),

needle nitrogen concentration (b), nitrogen content per needles’ area

(c) vs. age classes of A. alba needles (mean ± SE, n = 5). The results

of the analysis of regression and ANCOVA followed by Tukey’s a

posteriori test are given. R2 coefficient of determination, F Snedecor’s

function together with degrees of freedom in a lower index and

probability (asterisks)

P
 (

P
(

m
ol

 m
-2

 s
-1

)

0

5

10

15

20

E
 (m

m
ol

 m
-2

 s
-1

)

0

1

2

3

4

LMA (g m-2)
120 140 160 180 200 220

g s 
(m

m
ol

 m
-2

 s
-1

)

0

50

100

150

200

a

b

c

y=0.41+1035.91e-0.03x

R2=0.48***

y=0.39+325.25e-0.04x

R2=0.59***

y=-16.51+6204.27e-0.03x

R2=0.53***

µ

Fig. 4 Relationships between leaf mass-to-area ratio (LMA) and net

CO2 assimilation rate per needles’ area (PA) (a), transpiration of

needles (E) (b), and stomatal conductance (gs) (c) in A. alba crown.

The regression equation and coefficient of determination (R2) with

probability (asterisks) are given (n = 35)
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environments resulted from a self-shading of branches

increasing from the 1-year-old shoot increment to the

trunk. The size of A. alba needles decreased with their

growing age which was associated with age-related chan-

ges in LMA and water content. The former increased from

1-year-old needles to 4-year-old needles and stabilized in 5

and 6-year-old needles. In a similar experiment, LMA

increased with needle age along a light gradient within a

lower crown of P. densiflora (Han et al. 2008). The water

content in needles of our study tree ranged from 53 for the

current needles to 38% for the 6-year-old needles. The

needle water content in the same age classes of P. hel-

dreichii was 62 and 51%, respectively (Oleksyn et al.

1997). In our study, gs decreased with an increasing nee-

dles’ self-shading and was associated with a reduction of

gas exchange intensity. Additionally, low water content in

old needles of A. alba decreased transpiration and dis-

solved CO2 availability for photosynthesis.

In our experiment, nitrogen concentration in needles

decreased, but when recalculated per needle area, it was

less variable in function of needle age. As it was in case of

P. densiflora, a decrease in A. alba needles nitrogen con-

centration was due to dilution (Han et al. 2008). In contrast

to our results, in the A. amabilis foliage age explained little

of the variation in leaf nitrogen once the effect of current

light conditions was taken out (Brooks et al. 1996).

The structural needle adaptations (an increase in LMA

and decrease in water content with needle age) observed

with growing age together with anatomical modifications

as increase in cylinder size, decrease in Marcet’s coeffi-

cient, increase in height of palisade parenchyma, and

decrease in distance between the vascular bundles have

suggested that needle tissue density increased with age.

Increasing needle tissue density has lowered CO2 concen-

tration in intercellular spaces and probably increases mes-

ophyll resistance to CO2 that leads to a reduction of PNUE

with A. alba needle age (Niinemets et al. 2005, 2006). The

other authors showed that mesophyll (internal) conduc-

tance to CO2 (gi) was correlated with the surface area of

chloroplasts exposed to intercellular air space and gi

decreased with leaf age which might also be expected in

our study tree (Hanba et al. 2001; Miyazawa and Tera-

shima 2001).

Our results have supported to some extent the hypoth-

esis that the reduction of P results from lowering of pho-

tosynthetic resources use efficiency with needles’ aging.
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dependence of quantum yield of

PSII photochemistry (UPSII)
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quenching of fluorescence
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crown (mean ± SE, n = 5). In

a the values of quantum yield of

PS II photochemistry

determined at

PPFD = 0 lmol m-2 s-1 were

maximum quantum yield of PS

II photochemistry (Fv/Fm). In

the legends, the PPFD

(lmol m-2 s-1) of actinic light

prior to fluorescence

measurements is given. The

same letters indicate that the

mean values do not differ

significantly among the needle

age classes within the given

value of actinic light. Reprinted

from: Robakowski (2011).
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Although water and nitrogen use efficiency in photosyn-

thesis of A. alba declined with increasing needle age, there

were no significant differences among the needle age

classes. This has suggested that the declining trends

between P/E, PNUE and needle age classes resulted mainly

from the changing light environment due to self-shading of

branches.

In our study, when needle nitrogen concentration was

expressed per needle dry mass, there was evidence that

biochemical limitations of P resulted at least partially from

nitrogen translocation from old to young needles. However,

nitrogen was monotone distributed per needle area unit in

all age classes except for its remarkable decline in the

oldest needles. This result has indicated that the most

important age-related needle adaptations occurred in nee-

dle structure. Our conclusion has been supported by sig-

nificant correlations between LMA, P, E, and gs in A. alba

needles. Concomitantly to our results, Jach and Ceulemans

(2000) found that downregulation of photosynthesis was

due to a reduction of N concentration on needle area basis

when current and 1-year-old needles of P. sylvestris were

compared. Nitrogen translocation from older to younger

needles has been evidenced in conifers (Weikert et al.

1989; Nambiar and Fife 1991; Gielen et al. 2000).

In the present study, the needle age- and light-related

reduction of P was not in concert with optimal and

stable maximum quantum yield of PSII photochemistry,

which was not affected by aging and/or light gradient

within the crown. This suggests that maintenance of opti-

mal Fv/Fm with increasing needle age has allowed old

needles to absorb light and photosynthesize in the low-light

environment of tree crown. In contrast to our results, in P.

sylvestris Fv/Fm of current-year needles was lower than

that in 1-year-old needles (Gielen et al. 2000). High Fv/Fm

in all needle age classes of A. alba resulted from an

acclimation to the low shade environment of growth and

self-shading of branches, whereas a decrease in Fv/Fm of

current needles of P. sylvestris observed by Gielen et al.

(2000) might be an acclimation to high light.

Our results indicated that a decrease in P did not follow

changes in needle photochemical performance with age.

UPSII and NPQ were non-linearly related to the micro-light

environments associated with the foliage age classes. The

highest UPSII, ETRmax and lowest NPQ were in 2- and

3-year-old needles suggesting that these parameters have

been controlled by light conditions along the horizontal

gradient within the crown. These needles had the most

suitable light environment for photosynthesis compared

with current needles exposed to high light causing PSII

downregulation and older ones which had lower water

content and nitrogen concentration. Even an important

reduction of nitrogen concentration in the oldest needles

did not substantially affect their Fv/Fm suggesting that in

strong self-shading, nitrogen was translocated to the light-

harvesting complexes and photochemistry, probably at the

expense of ribulose-1,5-bisphosphate carboxylase/oxyge-

nase concentration. However, our observation has not been

corroborated by the results of Warren (2006) who found

that in P. pinaster Rubisco concentration was low in cur-

rent-year needles and did not show any trend with

increasing needle age. Interestingly, in accordance with

variation of ETRmax observed in our experiment, maximum

electron transfer rate (Jmax) obtained from A/Ci curves did

not significantly decrease with needle age in P. densiflora

and P. pinaster (Han et al. 2008; Warren 2006).

The results of the present study have suggested that

there is a mechanism controlling the relationship between

efficiency of light and dark photosynthetic processes along

the needle age and shade gradients in A. alba crown. Old

needles have fully functional photochemistry that allowed

them to absorb and use low light in a tree crown for pho-

tosynthesis. Simultaneously, in old needles, an energy sink
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of net CO2 assimilation is substantially reduced by modi-

fications of needle structure, reduction of stomatal con-

ductance, and nitrogen concentration. These changes can

lead to decrease in maximum carboxylation rate (Vcmax),

and Rubisco activity (Vcmax/Rubisco) (Niinemets 2002;

Warren 2006). The trade-off between photosynthetic pro-

cesses in the dark and photochemistry occurring with

needle aging along the light gradient in a tree crown can be

better elucidated with the study of nitrogen partitioning

into different photosynthetic processes.
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