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Abstract – A dual long-term 13C and 15N labeling was used to assess the contribution of winter assimilated carbon (C) and nitrogen (N) for the
spring growth flush of two-year-old cork oak plants. Changes in concentrations and partitioning of winter assimilated C and N, total C and N,
and total-non-structural carbohydrates were followed from January to August in the various plant parts (first year and second year leaves, stem,
branches, coarse and fine roots). No loss of winter C and N was observed with time suggesting that winter assimilates are retained within the
plant and contribute to storage. A strong mobilisation of C and N was demonstrated from first year leaves and fine roots during the spring growth
flush. Leaves from the second year and, to lesser extent, branches acted as sinks for winter C and N. At the beginning of the new leaf growth,
a significant decrease in starch concentration occurred in first year leaves. In August, before leaf fall we observed also a mobilisation from first
year to second year leaves, of N assimilated after labeling. We conclude that under these experimental conditions, both winter and current C
and N were used for the spring growth flush of the cork oak plants. The foliage grown during the previous year was a source of winter and
recently assimilated N and a source of C from recent assimilates for the new growth in the spring.
Quercus suber / 13C labeling / 15N labeling / remobilisation / carbohydrates
Résumé – Mise en réserve hivernale du carbone et de l’azote et remobilisation lors de la croissance saisonnière de chênes-lièges
(Quercus suber L.) âgés de deux ans. Un double marquage 13C et 15N à long terme a été réalisé afin d’évaluer la contribution du carbone (C)
et de l’azote (N) assimilés durant l’hiver, à la croissance printanière de chênes-lièges âgés de deux ans. Les évolutions concomitantes des
concentrations et de la répartition du C, du N, ainsi que la concentration en glucides totaux non structuraux, ont été suivies de janvier à août
dans les différents organes (feuilles préexistantes et printanières, tige principale, rameaux axillaires, grosses et fine racines) des jeunes arbres.
Le C et le N assimilés durant l’hiver ne sont pas perdus par les plants. Une forte mobilisation de C et de N est observée au printemps, pendant
la période de croissance aérienne, au niveau des feuilles préexistantes et des racines fines. Les feuilles développées au printemps et, dans une
moindre mesure les rameaux axillaires, importent le C et le N assimilés durant l’hiver. Lorsque la croissance des nouvelles feuilles démarre,
une diminution significative de la concentration en amidon est observée dans les feuilles préexistantes. En août, lors de leur sénescence, une
exportation d’azote nouvellement assimilé est aussi observée au niveau des feuilles préexistantes. Nous concluons que, dans nos conditions
expérimentales, il existe une coopération entre le C et le N assimilés en hiver et au printemps pour assurer la croissance printanière des plants
de chêne-liège. Il est démontré en outre que feuilles préexistantes sont une source de N hivernal et de C et de N nouvellement assimilés pour
cette nouvelle croissance.
Quercus suber / marquage 13C / marquage 15N / remobilisation / carbohydrates

1. INTRODUCTION
It has been widely demonstrated that in deciduous trees
wood and roots are major reservoirs for carbon (C) and nitrogen
(N) storage [4, 12]. Consequently, these organs will have an

* Corresponding author: sofiac@isa.utl.pt

important role during winter and early spring in supplying C
and N for maintenance metabolism and new growth. In evergreens, pre-existing leaves can also behave as sources of C and
N as new growth occurs. Starch is often considered as the main
form of C storage in plants. The mobilization and utilization of
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stored C implies the hydrolysis of starch and the synthesis of
sucrose, which is the main form of transport in plants [15]. Consequently, mobilisation of starch results in a depletion of its
concentration in organs where it accumulated. In stem of deciduous species like hybrid poplar [33] and silver birch (Betula
pendula Roth) [25], as in wood and roots of young walnut trees
(Juglans regia L.) [11] the lowest starch concentrations were
observed just before bud break. In evergreens, a similar
decrease was observed in wood [5] in roots [10], and also in
one and two-year old needles [5]. In evergreens species starch
depletion was to a lesser extent than in deciduous consequence
of storage mobilisation, whereas the major fraction of starch
depletion was due to the decrease in the flow of photosynthates
directed downwards when the sink strength of sprouts
increased.
Also patterns of N storage and remobilisation show particularities inherent to deciduous and evergreen species. In deciduous
trees such as peach (Prunus persica (L.) Batsch), N is massively
withdrawn before leaf senescence from leaves to shoots and
roots where it is stored until the next growing season, when it
is used to support new leaf growth [30]. In evergreens, N is
translocated from previous years’ leaves, not only before their
fall [19] but in contrast to deciduous trees, also during the whole
leaf lifetime [32]. Similarly to deciduous species, N remobilisation in evergreens was demonstrated not only from leaves but
also from roots and wood, as shown in Sitka spruce (Picea
sitchensis (Bong.) Carr.) [18] and orange trees (Citrus sinensis
(L.) Osbeck) [13].
Cork oak (Quercus suber L.) is a broadleaved evergreen
from Mediterranean region with a leaf life span of about one
year, a short longevity compared to leaf lifetime of other evergreens such as conifers [6]. In adult trees, previous year’s leaves
usually fall along with the spring growth flush of new leaves
at the beginning of summer [8]. A second growth flush, less
intense, can also occur in autumn if environmental conditions
allow it [23]. Little is known about C and N balances in cork
oak, either in young or adult trees grown under natural conditions. Some studies examined seasonal dynamics of N concentration in leaves [20] and in litterfall [27]. However, at our
knowledge, only one study investigated mechanisms of N storage and remobilisation in cork oak during winter and following
spring [1] and none considered together dynamics of C and N
during these periods. Nevertheless, as seen above, these processes are important prerequisites for evergreens to ensure new
growth in spring and to resist to biotic and abiotic stresses [2].
Moreover, as a consequence of global climate change, more
arid conditions are predicted to occur in the Mediterranean
region [21]. A basic knowledge on the utilisation of reserves
could be of great help for future investigations endeavouring
to understand the ability of this species to survive to future challenges.
Previous studies demonstrated that dual labeling of plants
with stable isotopes of C and N is a powerful tool to follow their
partitioning within the plant [16] and to distinguish recycling
from new uptake [22]. In the present study, cork-oak saplings
were subjected to a dual long-term labeling with 13C and 15N
isotopes in winter, when no growth was expected. In this way,
C and N stored in winter were labeled, allowing to evaluate,
the next spring, the relative contribution for the growth of new

organs, of C and N remobilised from storage tissues or recently
acquired by new N uptake and C assimilation.
With this approach we attempted to answer to the following
questions: (1) What is the contribution of winter stored C and
N for next spring and summer flush growth; (2) Which organs
in cork oak act as sources of stored C and N and which are their
respective sinks; (3) Whether sinks’ strength can induce modifications in the C/N equilibrium under non-limiting conditions
for C and N assimilation.

2. MATERIALS AND METHODS
2.1. Plant material and experimental conditions
Eight-month-old cork oak (Quercus suber L.) saplings were transplanted in July 1996 into 7.7 dm3 pots filled exclusively with washed
sand. Cotyledons were removed to induce early autotrophy. The
experiment took place outdoors at the Instituto Superior de Agronomia
(Lisbon, Portugal). Plants were regularly watered and, twice a week,
fertilised with a complete nutrient solution (6 mol m–3 N in the form
NH4NO3) as detailed in [17]. Spring growth flush began in March and
lasted until July 1997. Between June and July new leaf emission was
monitored.

2.2. 13C and 15N labeling
Between December 1996 and January 1997, 45 plants were labeled
with 13CO2 and 15NH415NO3, respectively. Labeling was performed
when no growth was expected. Three sets of 15 plants each were
placed for five days in a growth cabinet (FITOCLIMA 700 EDTU,
ARALAB, Portugal) where atmospheric CO2 was provided by a commercial cylinder with a 13CO2/12CO2 ratio of 3.24 atom% (CK Gas
Products, ltd. UK). This 13CO2 labeling cycle (5 days) was repeated
for each set of plants. At the same time, all 45 labeled plants were fed,
every two days, with a nutrient solution enriched in 15N (6 atom%) in
the form 15NH415NO3 (CK Gas Products, ltd. UK). Plants were placed
in the cabinet the evening before the beginning of the labeling cycle.
Just before to that, plant pots were enclosed individually in a plastic bag,
tied at the collar by a rubber to improve adherence and to limit the emission of CO2 from root respiration. Temperature (min: 15 °C, max:
25 °C), relative humidity (55%), and CO2 concentration (350 ppm)
were controlled in the growth cabinet. Light (provided by incandescent
and fluorescent lamps) switched on at 9:30 am and off at 5:30 pm. Its
maximum intensity (1000–1300 µmol m–2 s–1) was reached half an
hour later. Every day, in order to prevent discrimination against 13C
during C assimilation [3], CO2 supply was stopped two hours before
the end of the photoperiod (8 h) and CO2 concentration was let to decrease
down to the compensation point (about 100 ppm), as was assessed by
a preliminary test. A ventilator in the lower part of the growth cabinet
ensured a uniform CO2 concentration. The isotopic composition of
atmospheric CO2 was indirectly assessed in the chamber and in the glasshouse by isotopic analysis of leaves of one-month-old Zea mays seedlings [24]. Maize leaves were harvested on day 3 and day 5 of each
cycle in the growth cabinet.
Along the three labeling cycles, labeled and unlabeled plants stayed
temporarily in a greenhouse. In this way differences between growth
conditions of the 15 labeled plants in the cabinet for five days and of
the remaining 30 labeled and 45 unlabeled plants were limited. Temperature and relative humidity in the greenhouse were controlled and
similar to those in the growth-cabinet, while light irradiance was natural. Lateral windows allowed a continuous renewal of the air in the
greenhouse. At the end of labeling, plants were transferred outside.
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2.3. Plant harvest and isotopic analyses
Destructive harvests were performed in January 1997 at the end of
labeling, in March at the beginning of the new growth flush, and in
August when new leaves were mature. For each harvest, 12 plants, six
labeled and six at natural abundance of 13C and 15N, were collected.
Biomass was divided into first year leaves (developed in 1996, before
labeling), second year leaves (developed from March to July 1997)
stem, branches, and coarse and fine roots. Plant material was dried in
an oven (70 °C) for 48 h, weighed and finely ground in a laboratory
mill (MM2000, Retsch, Germany). Isotopic analyses were performed
partly in an elemental analyser (NA 1500 NCS, Carlo Erba, Milan,
Italy) coupled with a mass spectrometer (VGA optima, Fisons Micromass, England) at the “Institut de Biotechnologie des Plantes”, Université de Paris Sud (Orsay, France), and partly in an elemental analyser
(EA, Carlo Erba, Milan, Italy) coupled with a mass spectrometer (VG
Sira, Serie II, England) at the “Istituto de Biologia Agroambientale e
Forestale”, Consiglio Nazionale delle Ricerche (Porano, Italia). The
two machines were inter-calibrated.
Calculations were similar for 13C and 15N [3, 31]. Only formulas
for carbon (C) are shown below, for nitrogen (N) the suffix C should
be substituted with N. Parameters used are:
The relative specific allocation (RSAC), expressed in percentage,
which corresponds to the fraction of the all C (labeled and not labeled)
incorporated during the labeling period, and allows estimating in each
plant compartment the turnover rate of this element after the labeling
period.
A labeled sample % – A unlabeled sample %
RSA C = -----------------------------------------------------------------------------------A labeled source % – A unlabeled source %
where A represents the isotopic abundance and was calculated as
described in Deléens et al. [3]. Alabeled sample% is the isotopic abundance
in a specific compartment of a labeled plant and Aunlabeled sample% is
the average isotopic abundance of the respective compartment of the
unlabeled plants. 13C atom% enrichment of Zea mays leaves, subjected to the same labeling cycle than cork oak saplings, was used to
calculate Alabeled source% (1.36%, 1.53% and 1.41% for the three labeling cycles). Aunlabeled source% (1.097%) was obtained from Zea mays
leaves not subjected to the enriched atmosphere in the growth cabinet.
Alabeled source% and Aunlabeled source% for nitrogen were obtained from
15N atom% in the labeled (6 atom%) and unlabeled (0.39 atom%)
nutrient solution.
The winter C content was calculated for each plant part considering
its dry mass and C concentration: Winter C (mg tree–1) = RSAC × dry
mass × C concentration.
Partitioning of labeled C in plant was determined for each part as:
winter Cpart
P winter C % = ------------------------------- × 100
winter C plant
where the plant winter C content is given by the sum of the content of
every individual part. Partitioning of winter N and total C and N were
calculated with a similar procedure.

2.4. Non-structural carbohydrate analyses
Samples of leaves, stem, lateral branches and coarse roots were collected for non-structural carbohydrate determinations in six plants at
each harvest. Leaf samples were always collected early in the morning
(8:00 h). First order branches were collected near their insertion point
on the stem. Stem samples were collected below the insertion of the
lower branch and coarse root samples few centimetres below the collar. The proportion of wood and bark tissues in samples was maintained equal to the original. Fresh material was immediately frozen in
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liquid nitrogen and stored at –80 °C until analyses. Soluble sugars were
extracted in ethanol (70%, v/v), the residue was incubated in HCl
(1.1%, v/v) for 30 min at 95 °C for starch extraction. Both soluble sugars and starch were determined colorimetrically at 625 nm with
anthrone reagent [28]. Results are expressed as the percentage of C in
the carbohydrate per total C.

2.5. Statistical analyses
For every variable a one-way ANOVA was employed to analyse
differences among harvest independently in each plant part as in the
whole plant and in the biomass ratios. In order to compare C and N
concentration as well as of the ratio C:N between first year and second
year leaves a t-test was performed for each harvest. Statistical analyses
were performed following the procedure GLM of SPSS (SPSS Inc.
Chicago, Illinois, USA, version 10.0.5). Transformations of the variables were performed when the necessary condition of homogeneity
of variance was not verified. Tables and figures show always the original values. Morphological measurements done before the beginning
of the experiment, height and leaf number were tested as covariates,
in order to avoid misleading due to genetic differences between saplings. Their influence on the factor was always found not significant
in biomass as in labelled C and N distributions. Consequently they
were excluded by the analysis.

3. RESULTS
3.1. Biomass accumulation and seasonal changes
in total-non-structural carbohydrates concentration
Total plant biomass increased about 6 times from March to
August 1997 in labeled saplings (Tab. I). About 45% of the
plant biomass corresponded to coarse roots. Leaves (20%),
coarse roots (45%) and stem (17%): plant ratios remained
unchanged with time indicating a proportional biomass increase
of these organs along the experiment. The same was not true
for fine roots, which proportion to total plant biomass decreased
from 18 to 8% between January and August and consequently
also total root: plant ratio decreased significantly from March
to August. The importance of wood in plant biomass increased
with time reaching 30% in August as a consequence of branch
growth.
Coarse roots had the highest concentration in total nonstructural carbohydrates (TNC) (about 20% of total C) (Tab. II)
followed by stem (16%), leaves (13%) and branches (11%).
Starch and TNC concentrations and starch/TNC ratio were
never significantly different in the analysed plant parts (leaves,
branches, stem and coarse roots). Only first year leaves showed
in March a temporary decrease in starch concentration. This
decrease affected the starch/TNC ratio but not TNC concentration.
3.2. Seasonal changes in C and N concentration
and C:N ratio
In March C concentration and the C:N ratio (Tab. III) were
higher in first year than in second year leaves. (t-test, respectively P < 0.01 and P < 0.05). In first year leaves C concentration was constant along the experiment whereas in second year
leaves it increased from March to August. As a consequence,
at the end of the experiment, no more differences were appreciated between leaves of different age.
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Table I. Biomass of different plant parts of cork oak saplings, of the whole plant and the ratios of parts to the whole plant (%). Values are the
average of 6 replicates ± one standard error. Different letters in the same line indicate significant differences to a One-way ANOVA (P < 0.05)
within the same plant part or ratio.
Part

January

1st year leaves
2nd year leaves
Branches (g)
Stem (g)
Coarse root (g)
Fine root (g)
Plant (g)
Stem:plant ratio (%)
Coarse root:plant ratio (%)
Fine root:plant ratio (%)
Leaves:plant ratio (%)
Wood:plant ratio (%)
Root:plant ratio (%)

March

August

0.98 ± 0.20 a

1.28 ± 0.19 a
0.56 ± 0.16 a

0.67 ± 0.13 a
1.83 ± 0.29 a
0.78 ± 0.18 a
4.26 ± 0.71 a

1.22 ± 0.21 a
3.97 ± 0.75 a
1.73 ± 0.22 b
8.77 ± 1.23 a

0.75 ± 0.15 a
7.64 ± 1.76 b
6.38 ± 1.65
8.49 ±1.11 b
22.00 ± 1.69 b
4.02 ± 0.55 c
49.28 ± 5.76 b

16.55 ± 2.00 a
44.58 ± 1.73 a
17.61 ± 2.30 a
21.26 ± 1.18 a
16.55 ± 2.00 a
62.19 ± 2.44 a

14.05 ± 1.33 a
44.19 ± 2.44 a
20.04 ± 0.92 a
21.71 ± 1.46 a
14.05 ± 1.33 a
64.24 ± 1.93 a

17.45 ± 2.05 a
45.96 ± 3.02 a
8.08 ± 0.36 b
16.33 ± 1.90 a
29.63 ± 3.03 b
54.04 ± 3.10 b

Table II. Starch, Total-non-structural carbohydrates (TNC) concentration, expressed as the percentage of C in the carbohydrate per total C,
and the ratio starch/TNC (%) in 1st and 2nd year leaves, branches, stem and coarse roots in two-year-old cork oaks. Each value is the average
of six replicates ± one standard error. Different letters in the same line means significant differences to a one-way ANOVA among harvests
(P < 0.05).
Part
1st year leaves

2nd year leaves

Branches

Stem

Coarse root

Starch
TNC
Starch/TNC
Starch
TNC
Starch/TNC
Starch
TNC
Starch/TNC
Starch
TNC
Starch/TNC
Starch
TNC
Starch/TNC

January

March

August

5.11 ± 0.33 a
14.47 ± 0.83 a
35.32 ± 1.32 a

3.54 ± 0.23 b
12.95 ± 1.27 a
28.38 ± 2.28 b
4.89 ± 0.47 a
15.03 ± 1.71 a
32.75 ± 0.90 a

9.96 ± 1.69 a
14.80 ± 1.88 a
66.64 ± 4.99 a
19.75 ± 0.66 a
24.16 ± 0.67 a
81.90 ± 2.75 a

10.11 ± 0.85 a
14.80 ± 1.15 a
68.16 ± 1.66 a
19.26 ± 1.95 a
22.59 ± 2.27 a
85.26 ± 1.45 a

4.78 ± 0.56 ab
13.08 ± 0.43 a
36.43 ± 2.42 a
4.65 ± 0.37 a
13.16 ± 1.37 a
35.64 ± 2.50 a
7.10 ± 0.70
11.37 ± 0.68
61.97 ± 2.86
11.47 ± 1.00 a
15.96 ± 1.05 a
71.71 ± 3.89 a
20.83 ± 3.09 a
25.78 ± 3.52 a
80.04 ± 1.39 a

N concentration decreased in both first year and second year
leaves from March to August. The decrease was greater in the
first year than in second year leaves. As a consequence, in
August, second year leaves had higher N concentration than
first year leaves (t-test, P < 0.05). The simultaneous increase
in C and decrease in N concentration from March to August in
second year leaves led to an increase of the C:N ratio in this
period. In first year leaves, similar changes in the C:N ratios
during the same period were only the consequence of the lower
N concentration observed in August.
In stem, coarse and fine roots N concentration decreased
from March to August. The C:N ratio was significantly higher

at the end of the experiment in stem and coarse roots, while in
fine roots a marked variability did not allow to distinguish significant differences among harvests. The decrease observed in
N concentration in all plant parts at the August harvest led to
a decrease of N concentration in the whole plant and to a consequent increase of the C:N ratio.
3.3. Seasonal changes of the relative specific allocation
of C and N assimilated the previous winter
From January to August, both RSAC and RSAN decreased
(Tab. IV) as a consequence of continuous assimilation of new

Remobilisation of stored C and N in cork oak

725

Table III. Carbon (C) and Nitrogen concentration (N) and the ratio of the two (C:N) in different plant parts and in the whole plant. Values are
the average of 6 replicates ± one standard error. Different letters in the same line means significant differences to a One-way ANOVA among
harvests (P < 0.05). Differences between leaves of different age were tested at each harvest by a t-test (see Results). Plant values are weighted
averages of all analysed parts.
Carbon (%)

Nitrogen (%)

C:N

Part
January

March

August

January

March

August

January

March

August

1st year leaves 50.03 ± 0.54 a 49.89 ± 1.06 a 48.54 ± 0.29 a 2.35 ± 0.14 a

2.42 ± 0.09 a

1.48 ± 0.12 b 21.66 ± 1.30 a 20.73 ± 0.85 a 34.03 ± 3.08 b

2nd year leaves

2.40 ± 0.06 a

1.82 ± 0.09 b

43.43 ± 0.89 a 48.72 ± 0.34 b

Branches
Stem

45.91 ± 0.22
47.91 ± 0.69 a

1.06 ± 0.08

45.87 ± 1.28 a 45.56 ± 0.39 a 1.45 ± 0.07 ab 1.99 ± 0.20 a

18.14 ± 0.68 a 27.18 ± 1.56 b
44.37 ± 3.21

1.02 ± 0.13 b 39.77 ± 7.01 ab 24.12 ± 2.21 a 47.86 ± 5.05 b

Coarse Roots

46.87 ± 0.49 ab 48.83 ± 0.99 a 46.06 ± 0.37 b 1.73 ± 0.17 a

1.99 ± 0.21 a

1.07 ± 0.11 b 28.54 ± 2.85 a 25.94 ± 2.87 a 45.25 ± 4.87 b

Fine roots

47.20 ± 1.30 ab 50.66 ± 0.98 a 46.22 ± 1.14 b 1.91 ± 0.17 a

1.99 ± 0.13 a

1.21 ± 0.13 b 25.54 ± 2.04 a 26.04 ± 1.96 a 42.37 ± 9.49 a

Plant average

47.79 ± 0.66 ab 48.61 ± 0.33 a 46.47 ± 0.25 b 1.84 ± 0.10 a

2.08 ± 0.13 a

1.19 ± 0.09 b 26.68 ± 1.32 a 23.78 ± 1.46 a 40.09 ± 3.10 b

Table IV. Carbon (RSAC) and nitrogen (RSAN) relative specific
allocation and the ratio of the two (RSAC/RSAN) measured in different plant parts and in the whole plant. Each value is the average of
six replicates ± one standard error. Different letters in the same line
indicate significant differences to a one-way ANOVA (P < 0.05).
RSAC (%)
Part
1st year leaves

January
22.18 ± 3.90 a

2nd year leaves

March

August

11.55 ± 2.98 ab

7.80 ± 2.00 b

9.04 ± 2.74 a

1.90 ± 1.13 b

11.11 ± 0.97 a

1.26 ± 0.35 b

Branches
Stem

0.23 ± 0.05
15.82 ± 1.83 a

Coarse root

10.25 ± 2.24 a

6.27 ± 0.90 a

1.04 ± 0.24 b

Fine root

13.34 ± 1.96 a

8.91 ± 2.11 a

1.10 ± 0.34 b

Plant

14.22 ± 1.71 a

8.76 ± 0.80 a

1.20 ± 0.31 b

RSAN (%)
Part
1st year leaves

January

March

53.61 ± 3.56 a

29.09 ± 1.41 b

17.48 ± 3.39 c

51.21 ± 3.35 a

8.65 ± 1.69 b

2nd year leaves
Branches

August

4.71 ± 0.29

Stem

70.08 ± 1.25 a

32.35 ± 1.36 b

9.72 ± 1.16 c

Coarse root

70.99 ± 1.29 a

36.85 ± 2.08 b

11.15 ± 0.65 c

Fine root

67.80 ± 3.35 a

26.11 ± 1.45 b

5.96 ± 1.02 c

Plant

66.47 ± 1.96 a

33.87 ± 1.11 b

9.31 ± 0.69 c

RSAC /RSAN
Part
1st year leaves

January

March

August

0.41 ± 0.06 a

0.38 ± 0.09 a

0.42 ± 0.08 a

0.19 ± 0.06 a

0.18 ± 0.08 a

2nd year leaves
Branches
Stem

0.05 ± 0.01
0.23 ± 0.03 ab

0.34 ± 0.03 a

0.12 ± 0.03 b

Coarse root

0.14 ± 0.03 a

0.17 ± 0.02 a

0.09 ± 0.02 a

Fine root

0.19 ± 0.02 a

0.34 ± 0.08 a

0.19 ± 0.05 a

Plant

0.21 ± 0.02 ab

0.26 ± 0.02 a

0.13 ± 0.03 b

C and N, since RSA depends on the turnover rate of an element
in the plant.
In first year and second year leaves, both RSAC and RSAN
decrease from January to August in a parallel way and the ratio
of the two was always constant. The same was true for coarse
and fine roots, despite the decrease observed in RSAC was significant only between March and August. In stem and in the
whole plant, from March to August, the decrease in RSAC was
steeper than that in RSAN resulting in a significant decrease in
the ratio of the two.
3.4. Seasonal changes in content and partitioning
of winter C and N in plants
Winter C and N represent the amount of C and N assimilated
during labeling time, part of which accumulated as storage. The
amount of winter C decreased gradually in first year leaves
from January to August (Fig. 1), whereas total C content did
not change significantly. From March to August, a decrease in
the amount of winter C was also observed in fine roots. In other
plant parts (second year leaves, stem and coarse roots), winter C
was constant throughout the harvests. In branches the amount
of winter C was very small: about 50 times lower than in the
whole plant. Despite the decrease observed in August in first
year leaves and fine roots, the winter C of the whole plant was
not significantly different among harvests.
Both winter and total N decreased strongly from March to
August in first year leaves (Fig. 2). In second year leaves, stem,
coarse roots, and in the whole plant, winter N was constant
among the harvests, whereas total N increased continuously. In
fine roots, winter N decreased markedly from March to August
whereas total N remained constant.
The pattern of carbon partitioning among organs was different in August (when the seasonal shoot growth flush was completed) as compared to previous harvests (Fig. 3A): partitioning
of C to wood (stem + branches) was increased, whereas root C
partitioning decreased. Also N partitioning increased in August
in wood as compared to previous harvests (Fig. 3B). Both winter C and winter N partitioning did not change throughout the
harvests (Figs. 3C and 3D).
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Figure 3. Total C (A), total N (B), winter C (C) and winter N (N) partitioning among leaves, wood and root. Each Value is the average of six
replicates. Different letters for the same part indicate significant differences to a One-Way ANOVA among harvests.

4. DISCUSSION
4.1. Winter C and N internal mobilization
Contents of winter C and N of two-year-old cork oak plants
did not decrease significantly from harvest to harvest, indicating that saplings kept C and N assimilated during the previous
winter. This result suggests also that respiration does not use
stored C but rather more recent assimilates and that winter C
and N losses due to senescence or roots exudation did not occur
or was negligible in comparison to the whole plant pool.
Winter C and N were found in organs developed after labeling:
second year leaves, fine roots and branches, demonstrating that
internal mobilization of winter stored C and N occurred. However the allocation of winter C and N to branches was much
lower than to any other plant part. Time differences observed
in growth of leaves and branches led to differences in the use
of both reserves and new assimilates by these organs. Particularly, our results showed that spring leaves used more reserves
for their growth than branches formed later in the season. No
important mobilization was observed from stem or coarse
roots, confirming that cork oak behave mainly as an evergreen
plant [5, 19] mobilizing storage more from leaves than from
perennial organs, in spite of the relatively short leaf duration
(ca. one year) as compared to other evergreens [23].
4.2. Sources and sinks for winter C and N
First year leaves showed a decrease in the amount of winter
N in August just before senescence. A withdrawal of leaf

reserves before their fall was already demonstrated for N in the
Mediterranean evergreen Quercus ilex L. [26]. Our results
showed also a decrease of winter C from January to August in
first year leaves. Since both starch and the starch/TNC concentrations did not decrease from March to August in first year
leaves, the results suggest that the eventual loss of winter C in
the form of carbohydrates was compensated by the accumulation of new carbohydrates in this period. At the same time the
remobilisation of winter N from first year leaves suggests that
hydrolysis of storage proteins and export of amino acids may
have occurred [29].
An export of winter C and N was also observed from fine
roots. The explanation for such a result should consider that the
ratio fine root: plant biomass decreased from March to August
suggesting that fine roots were subjected to a fast turnover [14].
So, similarly to what happens in first year leaves, cork-oak fine
roots export C and N before dying, as was already observed in
the evergreen Sitka spruce (Picea sitchensis (Bong.) Carr.) [7].
Despite the changes observed throughout the year in winter C
and N, their partitioning among the main classes of organs
(leaves, wood and roots) was never markedly different along
the experiment. Such a result suggests that, in cork oak saplings, the flow of C and N from source to sink organs operates
preferentially within the shortest source-sink distance, from
first year leaves to new leaves, from stem to branches and from
old fine roots to growing roots. Evidences for N translocation
from old to new leaves were already found in conifers [19] as
well as in broadleaf evergreens such as Eucalyptus globulus
Labill. [32].

Remobilisation of stored C and N in cork oak

Figure 1. Total (open bars) and winter (closed bars) carbon in first
and second year leaves, branches, stem, coarse and fine roots and in
the whole plant. Each value is the average of six replicates. Different letters indicate significant differences to a One-way ANOVA (P < 0.05)
among harvests.
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Figure 2. Total (open bars) and winter (closed bars) nitrogen in first
and second year leaves, branches, stem, coarse and fine roots and in
the whole plant. Each value is the average of six replicates. Different letters indicate significant differences to a One-way ANOVA (P < 0.05).
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4.3. Recent assimilates mobilisation and changes
in starch pool
Our results show that new assimilates cooperated with
reserves to sustain the seasonal flush growth of cork oak saplings. N partitioning in leaves did not show any change along
the experiment, whereas a decrease was observed in total N
content in old leaves in August. These results suggest that not
only winter N but also recently assimilated N were withdrawn
from old to spring leaves before their fall.
Only at the beginning of the growth flush, in March, the
decrease in the ratio starch/TNC observed in first year leaves
suggests a trend to export photoassimilates from old to new
leaves, as sucrose is the preferred form for the transport of carbohydrates within the plant [15]. The last result suggests that
remobilisation of C from old to new leaves is more dependent
on the presence of strong sinks, like new developing leaves than
on leaf senescence. In any other part plant (stem, branches and
coarse root) our results show no significant changes in starch
and TNC concentration among harvests. Anyway, the time gap
between harvests was quite big and did not allow excluding that
a temporary decrease in TNC amount or in the ratio starch/TNC
occurred. Anyway, if this is the case, TNC availability was
shortly re-established.
4.4. Carbon/Nitrogen equilibrium
The metabolisms of C and N in the plant are strictly interdependent [9]. As a consequence both C and N storage will be
mobilized when necessary to support new growth. In our experiment we observed that C and N reallocation proceeded in a parallel way as the ratio RSAC/RSAN was practically constant
along the experiment. Similarly, the partitioning of winter C
and N and the partitioning of the whole C and N in the plant
proceeded in a very similar way. As a consequence our results
suggest an equilibrate utilization of storage for both C and N
at the whole plant level under non-limiting conditions for their
assimilation. Obviously different experimental conditions could
influence results. For example, in Sitka spruce (Picea sitchensis
(Bong.) Carr.), it was demonstrated that trees grown at low N
conditions remobilised a bigger proportion of N from roots than
trees grown at high N conditions [18], affecting nitrogen partitioning.
Our results show the importance of pre-existing leaves for
the spring growth flush of cork oak plants. In the Mediterranean
type of climate an important pulse of nutrient availability may
occur in autumn when litter accumulated throughout the summer decomposes with the first rains. Cork oak, as other evergreen trees, may use this pulse of nutrient availability for uptake
and storage with existing foliage acting as reservoirs. Together
with the possibility of assimilating C in winter (when water is
available in the Mediterranean climate), this pattern of storage
and use may be one of the advantages of this species in keeping
older leaves until the new foliage is completely developed.
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