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ABSTRACT

In this paper we show spatial carbon isotope variations in black pine (Pinus nigra Arnold) needles, collected in
spring 2001 and autumn 2003, from trees at the coast of south-western Croatia island (Zirje) and southern Spain
(Benalmadena near Malaga), respectively. Needles were segmented perpendicularly to the longer axis (base, mid-
dle and top) and each segment was analysed separately. 8'3C values in needles from Croatia varied between
-26.65%o to -24.43%0 (2 months old needles) and from -28.25%o to -25.21%o (1 year old needles), while §!3C valu-
es in needles from Spain varied from -27.58%o to -25.27%o. The difference between &'3C, (base) and 8'3C, (top)
in the same needle (A13Cb_[) varied from 1.85 to 2.05%o (in young needles from Croatia), from 0,02 to 1,80%o¢
(young needles from Spain), and 1.16 to 2.32%o, (in old needles from Croatia). The average A'*C, , values were
0.78%0 and 1.73%o in Spain and Croatia, respectively. In each needle the base of the needle was always '3C-enri-
ched as compared to the top of the same needle. This evidences that carbon isotopes are not retranslocated after its
fixation into the leaf structure (after the growth process is over). Temperature variation was most probably negli-
gible for the discovered intraneedle carbon isotope distribution. Although, the intraneedle carbon isotope inhomo-
geneity can be partly the result of seasonal variation in 8'3C of atmospheric CO,, most probably the remarkably
high A3C, , values, and regular pattern, are predominantly resulting from isotopic and chemical composition of
primary and secondary products contained in the growing part of needle and kinetic isotope fractionation during
decomposition of storage materials at the base.
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INTRODUCTION

Historically, isotopes have played an important role in
earth sciences (studying origin of oil and ore deposits, cli-
matic changes etc.) and as diagnostic tools for assessing
anthropogenic impact on natural environment. Recently,
isotope analyses are widely used in plant studies and hu-
man modified experiments throughout a wide range of bio-
logical studies. Radiogenic “C-isotopic analyses allow to
evaluate the age of subfossil biological materials (e.g. tre-
es) and to follow metabolic processes, while short term
changes in key plant physiological parameters (such as sto-
matal conductance, carbon exchange rates and phloem
transport of carbon in shoots and roots) can be assessed
using the short-lived gamma-emitting isotope ''C. Stable
isotope analyses of 13C/!2C ratio in recent plants can help
better understanding of mechanisms of assimilation and dy-
namics of the plant growth and it is a standard method to
distinguish between C, and C, plants (e.g. O’Leary 1981,
1995; Leavitt and Long 1986; Farquhar et al. 1989; Cole-

man and Fry 1991; Schleser 1991; Robertson et al. 1997;
Hemming et al. 1998; Jedrysek et al. 2003).

Although our data are similar to those on stable carbon
isotope variations in single tree foliage obtained by other
authors (Leavitt and Long 1982, 1986; Hanba et al. 1997;
Schleser 1999), our results refer to segmented needles. The
main objective of this study was to determine homogeneity
of C isotope composition in single needles of pine trees.
This was done to better understand the mechanisms of car-
bon isotope fractionation in the atmospheric CO,-plant sy-
stem being the most important element of C cycling on
earth and a crucial step to calibrate the isotopic tool for pa-
leoenvironmental reconstructions.

MATERIALS AND METHODS

Needles samples from single stands of pine Pinus nigra
from Croatia (Zirje Island; N 44°00°, E 17°30’, 40 m altitu-
de a.s.l.) and southern Spain (Benalmadena near Malaga;
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Fig. 1. Schematic map showing location of
sampling sites.

N 36°58°, W 4°58°, 200 m altitude a.s.l.) were collected on
22nd of May 2001 and on 5th of October 2003, respective-
ly (Fig. 1). Young needles (about 2-3 and 7 months old)
and old needles (1 and 2 years old) have been selected for
carbon isotope analyses. The needles were cut, (perpendi-
cularly to the longer axis) into three segments (sections) —
the base, middle and the top (see Fig. 2, Table 1 and 2).
Needles Zr 1.3 and Zr 1.4 from Croatia (Fig. 2, Table 2)
were segmented into halves (two parts only) thus the re-
sults are not well comparable to all the other needles alwa-
ys segmented into three parts.

About 1-3 mg of each sample was combusted with CuO
wire in a sealed quartz tube, under vacuum at 900°C. The
obtained CO, gas was cryogenically purified using liquid
nitrogen and dry-ice ethanol mixture. The CO, was intro-
duced to mass spectrometer Finnigan-Mat Delta E (in La-

1.1

1.2

Fig. 2. Scheme showing the system of needle selection for C isotope analy-
sis. The numeral labels corresponds to sample names (see Tables 1 and 2).

boratory of Isotope Geoecology, University of Wroclaw)
for isotopic ratio analyses. The obtained results are shown
as § (delta) value quoted relative to the Pee Dee Belemnite
international standard, with precision 0.05%o and reproduc-
tibility ca. 0.5%c. The & value is defined:

813C -

[(R Rslandard)/ Rstandard] x 1000%0

sample ~
where R is the ratio between !3C and '2C in sample and
standard.

RESULTS

The 8'3C value in needles from Croatia and Spain varied
from -28.25%0 to -24.43%0 and from -27.58%c to -25.27%o,
respectively (Tables 1 and 2). The difference in §!3C valu-
es between the base 3'3C, and the top and 3'°C, of a single
needle (A3C, ) varied from 0.02%o (Spain, B 2.3, Table 1,
young needle) to 2.32%o, (Croatia, Zr 2.3, Table 2, old nee-
dle). The average A'3C, , values of all needles varied from
0.78%0 and 1.73%o in Spain and Croatia, respectively (Ta-
bles 1 and 2).

The A'3C,, value in young needles from Croatia varied
from 1.85 to 2.05%o, with an average 1.95%o, while A*C, , in
older needles varied from 1.16%o to 2.32%o, with an avera-
ge of 1.51%o (Table 2). Therefore, in general, older needles
show higher A3C, , values than younger ones (Table 2,
Fig. 3).

DISCUSSION

Whole needles — growing conditions

As atmospheric carbon dioxide is the only source of car-
bon for plants, 3'3C in plants is controlled by 8'3C of CO,
and isotope fractionation during assimilation. Atmospheric
313C(CO,), due to buffering by the global ocean, is rather
stable throughout the time, (see e.g. Freidli et al. 1986;
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TABLE 1. §!3C values in needles from Spain about 7 moths old needles. All needles in both series sampled on 5th of October 2003.

Spain Isotopic composition Whole needle Difference [%o]
Sample name 313C, d13C,, 313C, Average ABC
B 1.1 -27.58 -26.57 -25.78 -26.64 1.80
B1.2 -27.21 -26.38 -26.56 -26.72 0.65
B13 -26.17 -25.89 -25.86 -26.64 0.31
B14 -26.94 -26.48 -26.41 -26.72 0.53
Average -26.97 -26.33 -26.15 -26.68 0.82
B2.1 -26.88 -26.03 -25.27 -26.49 1.61
B22 -26.85 -25.70 -26.04 -26.20 0.81
B23 -25.83 -26.23 -25.81 -26.06 0.02
B24 -26.62 -26.41 -26.13 -26.20 0.49
Average -26.55 -26.09 -25.81 -26.23 0.73
Average of all -26.62 -26.13 -25.87 X 0.78

B — Benalmadena (Spain); t — top; m — middle; b — base; X — not relevant

TABLE 2. §'3C values obtained for each needle from Croatia. Needles Zr 1.1 to Zr 1.4 are up to 3 months old needles, sampled on 22" of May 2001. Nee-
dles Zr 2.1 to Zr 2.4 are more than a year old needles, sampled on 22" of May 2001.

Croatia Isotopic composition Whole needle Difference [%o]
Sample name 313C, d13C,, 313C, Average ABC,,
Zr1.1 -26.65 -26.52 -24.80 -25.99 1.85
Zr1.2 -26.48 -26.13 -24.43 -25.68 2.05
Zr 1.3 -26.26 n.a. -26.02 -26.14 0.24
Zr 1.4 -25.99 n.a. -25.06 -25.53 0.93
Average -26.35 -26.33 -25.08 -25.83 1.95%
Zr2.1 -28.25 -27.53 -26.97 -27.58 1.28
Zr2.2 -27.76 -26.05 -26.60 -26.80 1.16
Zr2.3 -27.53 -26.97 -25.21 -26.57 2.32
Zr2.4 -26.99 -27.08 -25.70 -26.59 1.29
Average -27.63 -26.91 -26.12 -26.89 1.51
Average of all 26.56 -26.47 -25.25 X 1.73*

Zr — Zirje (Croatia); t — top; m — middle; b — base; X — not relevant

n.a. — not analyzed because samples Zr 1.3 and Zr 1.4 were segmented into halves (two parts only) — thus, the results are not well comparable to all the

other needles always segmented into three parts.
* the average value do not represent samples Zr 1.3 and Zr 1.4.

Top

Middle

Base

Fig. 3. Scheme showing the segmentation of needle for C isotope analysis.

Szaran 1990; Keeling and Whorf 1996; Levin et al. 1996).
Therefore, fractionation during assimilation is rather cru-
cial. In general, the carbon isotope fractionation between
atmospheric CO, and assimilates is the combined result of
an enzymatic (RUBISCO) carbon isotope fixation effect,
which may be about -27%o, and a diffusion isotope effect
that may result in a -4.4%o isotope fractionation. This inte-
raction in higher plants is complex and discussed by many
authors (e.g. Farquhar et al. 1989; Robertson et al. 1997;
Hemming et al. 1998). The overall difference between the
isotopically lightest (3!3C = -28.25%o0) and isotopically he-
aviest (313C = -24.43%c) parts of different needles of the
same tree from Croatia reached A’C = 4.22%o (with an
average of 1.73%o), while, regardless the age class of nee-
dles, in Spain the ABC value was up to 2.31%o (with an
average of 0.78%0) and §'3C varied from -27.58%o to
-25.27%0c. We suggest that variation in humidity and isoto-
pic equilibrium of atmospheric CO, with oceanic DIC
(Dissolved Inorganic Carbon) was the main driving mecha-
nism of the difference in the A'3C between the Croatian
and Spanish needles. Namely, humidity has been noted as
a key climatic parameter that can influence leaf gas
exchange (ventilation) rate, through its effect on stomatal
aperture (see e.g. Farquhar et al. 1989; Saurer and Siegen-
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Stable carbon isotope composition of segment pine Pinus nigra needles
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Fig. 4. Stable carbon isotope composition of different segmented needles of Pinus nigra. Needles were collected in Spain and Croatia (see Fig. 1 and Ma-
terials and Methods). Samples Zr 1.3 and Zr 1.4 were segmented into halves (two parts only) thus the results are not well comparable to all the other nee-

dles always segmented into three parts.

thaler 1989) and recent calibration of 8'3C-temperature and
3!13C-precipitation clearly shows that water abundancy con-
trols C-isotope ratios in trees (Jedrysek et al. 2003). It can
be accepted that the Croatian needles have grown at unsta-
ble conditions with respect to humidity and 8'3C of atmo-
spheric CO,, because the sampled tree was on a small
island distant ca. 5 km from the continent very close to the
ocean (ca. 40 m a.s.l). In calm conditions or winds from
the ocean the plant-atmosphere carbon isotope fractiona-
tion system was totally controlled by the ocean, while du-
ring continental winds the air was dry and at isotopic dise-
quillibrium with the oceanic DIC. Therefore, any change in
the direction of the wind dramatically changed these two
parameters which are crucial for isotope ratios in plants.
The Spanish needles were taken from a tree growing about
1 km from the seaside and about 200 m above sea level.
The higher altitude and larger distance from the ocean sup-
pressed the role of the ocean thus, humidity of the air and
isotope composition of atmospheric CO, were probably
much less controlled by direction of winds, thus less varia-
ble. The role of atmospheric pollutions can be ignored as all
needles were sampled in rather pristine environment and
only dramatic atmospheric pollutions can move §13C to
more positive values by about 1.3%o (Jedrysek et al. 2003)

Whole needles — age classes

Here we demonstrate age trends i.e. the younger the nee-
dle, the higher 13C/'2C isotope ratios are observed (Fig. 3).
Possibly, differences in dynamics of photosynthesis and in
the structure of photosynthetic organs (K. Bielecki — perso-
nal communication) cause this trend. Likewise, younger le-
aves have lower contents of compounds responsible for
carbon fixation (chlorophyll and carotenoids) as compared
to the older ones (Oleksyn 1998). We postulate that effi-
cient assimilation by less developed stomatas during fast
grow of younger needles results in an enhanced kinetic iso-

tope effect, hence the higher 8!3C value, because the rate
between ventilation and fixation of carbon can be higher in
younger needles and 13C is assimilated from a limited CO,
dynamic pool.

Segmented needles

The question concerning the mechanism of carbon isoto-
pe fractionation within a single leaf growth remains unan-
swered. The base part of the needle is always enriched in
13C-isotope as compared to the top of the same needle, and
the middle of the same needle shows usually a middle ran-
ge of 813C value in the same leaf (Fig. 3). This can be cau-
sed by the mechanism of needle growth. Namely, because
the base shows intercostal growth (Hejnowicz 2002) it can
be suggested that needles grow at the base, so this part of
the needle is the youngest. Consequently, the top of the ne-
edle is the oldest one. However, in some cases the middle
part of the needle is isotopically heavier or lighter than its
base or top, respectively (Fig. 3). Therefore, some other
processes may also influence the intraneedle spatial §'3C-
-inhomogeneity.

Keep in mind that the intraneedle spatial inhomogeneity
occurs in all needles analyzed, regardless the age class (2-
-3-months, about 7 months old needles and in the older
ones, 1 or 2-year-old needles) and season and place — nee-
dles collected at the beginning of vegetation season (in
May) show the same trend in §!3C value as needles sam-
pled at the end of vegetation season (October). Therefore,
the 3'3C trend can not be the result of seasonal variation in
313C value of atmospheric CO, which shows a small incre-
ase during the vegetation period and a reverse trend during
winter. The older part of needles (spring growth) should
show lower 8!3C value as compared to the younger part of
the needle (summer and autumn growth). This corresponds
to our results, but at the area close to the ocean this effect
should be smaller due to the dominating role of the oceanic
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DIC. The Croatian needles show the largest A*C, , value,
while it should be expected to be small, due to the buffe-
ring role of the ocean. On the other hand, differences in
carbon isotope composition between the base and the top
(A3C, ) are slightly smaller in younger needles (0.78%o in
Spain and 1.95%o in Croatia) than in the older ones (1.51%o0
in Croatia). This can be regarded to the short time of
growth, when seasonal changes in the atmospheric §!3C are
small, but it is doubtful to have more than 1%o increase in
813C(CO,) value in several weeks when the young needles
were growing, showing 8A’C, , = 1.95%c. Those results
may suggest that temperature variations or other seasonal
changes do not control the intraneedle carbon isotope di-
stribution and carbon isotopes are not retranslocated after
fixation into the structure when needle is not growing any-
more (when the process of growth is over). Moreover, the
smaller spatial C-isotope inhomogenity of needles from
Spain results probably from smaller variation of air humi-
dity and 8'3C of assimilated CO, at the growing site.

Intercostal tissue, which is placed in the needle base,
contains some compounds of storage tissue and primary
products in needles. According to Schleser (1999) interco-
stal tissue from different places of a leaf does not show dif-
ferent 8!3C values. The same author (Schleser 1991) sug-
gests that intercostal tissue is isotopically lighter than the
other tissues (except the initial parts of stem), such as leaf
lamina, ribs and petiole. Although this authors’ data con-
cern leaves of deciduous trees, different in their construc-
tion from conifers, some basic information could be help-
ful in determining the origin of the §!3C-inhomogeneity ob-
served. Unfortunately, the apparent intercostal tissue analy-
sed by Schlesser (1991) was not strictly intercostal tissue,
but rather an assemblage of several other tissues present in
the beech (Fagus silvatica) leaf studied. Therefore, the data
of that author are not directly applicable to our data.

It is well known that chemical composition of primary
and secondary products contained in the needle tissue va-
ries with time and age of needles. The primary products in
C,; plants are usually isotopically heavier in carbon, than
the secondary ones, e.g. carbohydrates (such as sucrose or
starch) are enriched in 8'3C as compared to cellulose and
especially lignin and lipids, which are isotopically the ligh-
test (Farquhar et al. 1989; Gleixner et al. 1993; O’Leary
1981, 1995; Van de Water 2002). Likewise, storage tissues
(e.g. roots and seeds) are isotopically heavier than the re-
maining tissues (Farquhar et al. 1989; O’Leary 1995; Glei-
xner et al. 1993). The young base of needle might contain
some primary or storage products. When growing needles
use storage material (e.g. starch) and '2C isotopes are acti-
vely incorporated into the new tissue, the remaining stora-
ge material enriches in 13C isotope. Consequently, the
older parts of needles are '3C-depleted (isotopically lighter)
as compared to the younger part at the base which are fo-
und to be !3C-enriched. This model avoids, what is hard to
accept, reequilibration or retranslocation of 13C isotopes.

CONCLUSIONS

1. Needles grow at the base, so this part of the needle is
the youngest. Consequently, the top of the needle is the
oldest one.
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2. Differences between the base and the top (A*C, ) of
a single pine needle (within segmented needles of Pinus ni-
gra) varied from 0.02%o to 2.32%o. Average A*C, , values
were 0.78%o and 1.75%oc in Spain and Croatia, respectively.
The base of a needle is always '*C-enriched with respect to
the top of the needle. Likewise, in general the middle of
the needle shows usually medium isotope values.

3. Intraneedle spatial inhomogeneity occurs in all needles
analysed, regardless age class and season — needles collec-
ted at the beginning of vegetation season (in May) show
the same trend in 8'3C value as needles sampled at the end
of vegetation season (October).

4. Temperature variation is not the governing factor for
the intraneedle distribution of carbon isotopes

5. Carbon isotopes are not retranslocated after fixation
into the structure of the needle (when the growth process is
over).

6. Although, the intraneedle carbon isotope inhomogene-
ity can partly resulted from seasonal variation in the
813C of atmospheric CO,, most probably the remarkably
high ABC, , values, and regular pattern, are dominantly
caused by isotopic and chemical composition of primary
and secondary products contained in the growing part of
a needle and kinetic isotope fractionation during decompo-
sition of storage materials at the base.

7. Smaller spatial C-isotope inhomogenity of needles
from Spain results probably from smaller temporal varia-
tion in: (i) the air humidity and, (ii) 8'3C of assimilated
CO, at the growing site.
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