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ABSTRACT
· Background and aims Mediterranean woody plants have a wide variety  of phenological strategies. 
Some authors have classified the Mediterranean phanaerophytes into two broad phenological 
categories: phenophase-overlappers (that overlap resource-demanding activities in a short period of 
the year) and phenophase-sequencers (that protract resource-demanding activities throughout the 
year). In this work the impact of both phenological strategies on leaf nutrient accumulation and 
retranslocation dynamics at the level of leaves and branches was evaluated. Phenophase-
overlappers were expected to accumulate nutrients in leaves throughout most of the year and 
withdraw them efficiently  in a short period. Phenophase-sequencers were expected to withdraw 
nutrients progressively throughout the year, without long accumulation periods. 
· Methods To test this hypothesis, variations in phenology and leaf NPK in the crown of a 
phenophase-overlapper Cistus laurifolius and a phenophase-sequencer Bupleurum fruticosum were 
monthly monitored during two years. 
· Key Results Changes in nutrient concentration at the leaf level were not clearly  related with the 
different phenologies. Nitrogen and phosphorous resorption efficiencies were lower in the 
phenophase-overlapper, and accumulation-retranslocation seasonality  was similar in both species. 
Changes in the branch nutrient pool agreed with the hypothesis that the phenophase-overlapper 
accumulated nutrients from summer until the bud burst of the following spring, recovering a large 
nutrient pool during massive leaf shedding. The phenophase-sequencer did not accumulate nutrients 
from autumn until early-spring, achieving lower nutrient recovery during spring leaf shedding. 
· Conclusions It is concluded that  phenological demands influence branch nutrient cycling. This 
effect is easier to detect  by assessing changes in the branch nutrient pool rather than changes in the 
leaf nutrient concentration. 
Keywords: Phenology, Mediterranean climate, phenophase-sequencers, phenophase-overlappers, 
nutrients, resorption efficiency, Cistus laurifolius L., Bupleurum fruticosum L.

mailto:rmilla@ipe.csic.es
mailto:rmilla@ipe.csic.es


INTRODUCTION
The seasonal arrangement of life cycle events (phenophases) is important for the survival 

and reproductive success of plants (Mooney 1983, Rathke and Lacey 1985). This is especially the 
case in strongly seasonal climates like the Mediterranean-type where two unfavorable seasons 
(summer drought and winter cold), alternate with two favorable periods (spring and early autumn) 
(Mitrakos 1980). Phenological adjustment to contrasted seasonality has been considered a symptom 
of proper acclimation (Mooney and Dunn 1970, Orshan 1989). However, a wide variety of 
phenological patterns have been identified among Mediterranean woody perennials (e.g. Orshan 
1989, De Lillis and Fontanella 1992, Cabezudo et al. 1993, Pérez-Latorre and Cabezudo 2002).

To simplify the observed diversity, some authors have classified species according to two 
types: phenophase-overlappers (species that tend to concentrate their phenological activity in a 
short favorable period, allowing overlapping among phenophases) and phenophase-sequencers 
(species that tend to protract their activity throughout the year, avoiding overlapping) (Mooney and 
Kummerow 1981, Mooney 1983, Castro-Díez and Montserrat-Martí 1998). Both strategies 
represent the extremes of a trade-off between the advantages of growing in the optimal period and 
the disadvantages of facing intraplant competition between different resource sinks.

Phenological events like vegetative growth, flowering or fruiting are resource-demanding 
processes (Oliveira et al. 1996, Bazzaz and Grace 1997, Rosecrance et al. 1998, Orgeas et al. 
2002), and may compete for resource investments with other sinks, e.g. reserves formation (Chapin 
et al. 1990). In seasonal climates, storage has been considered crucial to uncouple resource 
availability from resource use (Bloom et al. 1985, Millard 1996). If part of the nutrient demands for 
growth are supplied by  reserves, we may expect the dynamics of nutrient storage organs to be 
strongly affected by  the phenological calendar of the plant. However, to our knowledge, the impact 
of the above defined phenological strategies on nutrient storage dynamics has not been explored. 

To examine the interaction between phenology and nutrient use, an important nutrient 
storage structure should be selected for study. Some seminal papers advocate the function of leaves 
as nutrient storage organs in perennial evergreens living in nutrient poor environments (Loveless 
1961, 1962, Monk 1966, Small 1972, Reader 1978). Although recent research has highlighted that 
perennial leaves are multifunctional organs that connect the economy of different plant resources 
(Harper 1989, Kikuzawa 1995, Aerts 1996, Givnish 2002, Warren and Adams 2004), the nutritional 
significance of the evergreen habit cannot be ignored (Aerts and Chapin 2000 and refs. therein). 
Therefore, we selected leaves as nutrient storage organs and evaluated the impact of plant 
phenology on leaf nutrient accumulation and retranslocation dynamics. 

We expected the nutrient demands of growing shoots to compete with nutrient accumulation 
in old leaves. In this way, leaves from phenophase-overlappers would behave as nutrient storage 
organs throughout most  of the year, sharply withdrawing nutrients in the short growth period; 
whereas leaves of the phenophase-sequencers should not exhibit long accumulation periods 
(hypothesis 1). As a consequence, we expected higher nutrient levels in the leaves of phenophase-
overlappers before the onset of leaf senescence (as compared to phenophase-sequencers), to make 
the nutrient resorption process more efficient (hypothesis 2).

To test these hypotheses, we selected two Mediterranean shrubs, Cistus laurifolius L. and 
Bupleurum fruticosum L., with contrasted phenology, and monitored their nutrient dynamics in 
leaves and branches and phenology over two consecutive years.

MATERIAL AND METHODS
Study species



 Cistus laurifolius L. and Bupleurum fruticosum L. are evergreen monoecious shrubs, 1.5-2.5 
m high, with a similar leaf area and leaf habit (see Table 1). On the basis of previous field 
knowledge on the species, we selected C. laurifolius as a phenophase-overlapper, with lateral 
inflorescences that burst in late spring simultaneously  with the peak in vegetative growth. B. 
fruticosum was selected as a phenophase-sequencer, with terminal inflorescences that appear at the 
end of the vegetative shoot, therefore avoiding overlap between vegetative and reproductive shoot 
growth. 

Table 1. Leaf traits and nutrient resorption parameters in the studied species. 
n C.laurifolius B.fruticosum

Leaf traits La(mm2) 25 785.53(24.58)a 648.13(25.01)bLeaf traits

Lma(g m-2) 25 215.62(3.69)a 135.06(2.21)b

Leaf traits

Lt(mm) 25 0.48(0.01)a 0.31(0.00)b

Leaf traits

Ld(kg m-3) 25 447.97(9.90)a 432.69(4.60)a

Leaf traits

LLMEAN(years) 8 1.06(0.03)a 0.99(0.12)a

Leaf traits

LLMAX(years) 8 1.17(0.00)a 1.58(0.11)b

N u t r i e n t 

resorpt ion 
parameters

N-reff(ratio) 25 0.61(0.01)a 0.64(0.03)bN u t r i e n t 

resorpt ion 
parameters

P-reff (ratio) 25 0.62(0.01)a 0.65(0.00)b

N u t r i e n t 

resorpt ion 
parameters K-reff (ratio) 25 0.54(0.01)a 0.34(0.03)b

N u t r i e n t 

resorpt ion 
parameters

Nsen(g m-2) 25 1.29(0.01)a 1.00(0.02)b

N u t r i e n t 

resorpt ion 
parameters

Psen(g m-2) 25 0.13(0.00)a 0.05(0.00)b

N u t r i e n t 

resorpt ion 
parameters

Ksen(g m-2) 25 0.60(0.01)a 1.49(0.03)b

N u t r i e n t 

resorpt ion 
parameters

N-rPOOLBR(mg branch-1) 8 178.08(12.42)a 25.18(3.32)b

N u t r i e n t 

resorpt ion 
parameters

P-rPOOLBR(mg branch-1) 8 13.73(0.96)a 0.91(0.11)b

N u t r i e n t 

resorpt ion 
parameters

K-rPOOLBR(mg branch-1) 8 62.57(4.36)a -0.93(0.20)b

Values are mean (s. e. m.). Different letters in the same raw mean significant differences at P = 0.01.

Study area and study period
 The study was carried out from January 1999 to December 2000. One natural population 
was selected per species in the western part of the pre-Pyrenean mountain range foothills, NE 
Spain. The B. fruticosum site (Zaragoza, Orés, monte El Fragal, 760 m, U.T.M. 30TXM6682) was 
situated on the S-SW slope of a limestone hill. The population of C. laurifolius (Zaragoza, Luesia, 
Arba river watershed, 780 m, U.T.M. 30TXM6397) was 18 km away from the B. fruticosum, on a 
W oriented slope of a hill built with calcareous conglomerates. 
 At both sites, three horizon A soil samples were taken before the growing season. Soil pH, 
organic matter, total N, P (Olsen) and K (ammonium acetate), were measured in every sample 
(Table 2). Taken together, the nutrient contents were quite low in both plots, as compared with other 
Mediterranean sites (Specht, 1969; Rapp et al. 1999). 

Table 2. Soil chemical characteristics of the study sites. 
pH O.M. (%) Total N (%) P Olsen (ppm) Total K (ppm)

C.laurifolius site (n=3) 7.69(0.06) 3.88(0.20) 0.23(0.02) 1.53(0.86) 152(18.00)

B.fruticosum site (n=3) 8.48(0.12) 3.16(1.11) 0.08(0.04) 1.42(0.27) 142(24.2)

Values are mean (s. e. m.).



 Data from the nearest weather station (Ayerbe, 580 m) were used to describe temperature 
and rainfall patterns at the study  sites. Climate is typically  Mediterranean with a cold winter due to 
the continental character of the area. The weather in 1999 was quite wet (818 mm), with 
considerable summer precipitation, and almost no precipitation during winter, mean annual 
temperature being 12.7ºC. In the year 2000, rainfall was normal (687 mm) and mostly in spring and 
autumn, mean annual temperature was similar to that of 1999 (12.2ºC). 

Phenological method
 To obtain a reliable phenological diagram we followed the semiquantitative method 
described in Montserrat-Martí and Pérez-Rontomé (2002). This procedure is based in Orshan’s 
qualitative method (Orshan 1989) modified to quantify the frequency of phenophases within the 
population on three levels (I: phenophase in more than 25% of the plants, II: phenophase in 5% to 
25%, III: phenophase in less than 5%). Ten adult individuals were monitored on a monthly basis to 
assess the intensity of dolichoblast vegetative growth (DVG), flower bud formation (FBF), flowering 
(FLO), fruit setting (FS), seed dispersal (SD) and leaf shedding of dolichoblasts (LSD). C. laurifolius 
bears long (dolichoblasts) and short  (brachyblasts) shoots, so two additional phenophases were 
assessed in this species: brachyblast vegetative growth (BVG) and leaf shedding of brachyblasts 
(LSB). In addition to the data from the ten individuals, more information from the rest of the 
population was used to draw the phenological diagrams. The degree of overlapping between 
vegetative and reproductive phenophases was quantified in each of the ten marked individuals using 
two indexes: the Phenophase Sequence Index (PSI) (Castro-Díez and Montserrat-Martí 1998) with 
values ranging from 0.33 to 1:
PSI   =   t ( DVG  +  FBF  +  FLO )  /  [ t ( DVG )  +  t ( FBF )  +  t ( FLO ) ] 
and the Phenophase Sequence Index of Fructification (PSIF) (Montserrat-Martí and Pérez-Rontomé 
2002) with values ranging from 0.5 to 1:
PSIF   =   t ( DVG  +  FS )  /  [ t ( DVG )  +  t ( FS ) ] 
t being the number of months required to complete the phenophase(s) in parentheses. High index 
values indicate a protracted arrangement of phenophases and lower ones indicate a higher degree of 
overlap.

Leaf survivorship and leaf longevity
 Leaf demography was monitored during 2000 to obtain leaf birth and shedding calendars. 
Ten well-developed two-year-old branches were randomly selected at the mid crown of the marked 
individuals. Green, senescent and dry leaves were carefully counted and recorded in a branch 
drawing every sampling date. Length of current-year shoots was also recorded, and used to estimate 
dolichoblasts and brachyblasts elongation period. 
 Leaf demography monitoring data were further used (i) to calculate mean (LLMEAN) and 
maximum (LLMAX) leaf longevities (in years); we assumed an average leafing date for each species, 
and counted the number of years from that  leafing date until 50% (LLMEAN) and 100% (LLMAX) of 
the leaf cohort fell; and (ii) to compute leaf nutrient contents of the whole branch (see below).

Sampling of plant material
 During every  field visit, 15 well-developed two-year-old, sun-oriented branches from 15 
individuals per species were randomly collected at the mid crown. Current-year and 1-year-old 
(when present) leaves were separated at the lab, and each fraction was pooled to get a unique 
composite sample per leaf cohort and species. In the period of maximum leaf abscission, fully 
senesced leaves (senescent leaves easily detached with a gentle touch), were also harvested. Leaves 
were oven dried to a constant weight at 60 °C. The N concentration was measured with an 



elemental analyzer (Elementar varioMAX N/CN, Hanau, Germany), P concentration was 
determined by vanado-molybdate colorimetry  (Allen et al. 1976), and K content was measured with 
a flame photometer.
 To determine leaf morphological parameters, 25 additional leaves per cohort and species 
were also harvested every sampling date. Leaf area (La) was measured with a Delta-T Image 
Analysis System (Delta-T Devices LTD, Cambridge, England). Leaf thickness (Lt) was measured 
with a caliper, avoiding the main leaf veins. Leaves were oven dried to a constant weight at  60°C 
and their leaf mass per area (Lma) was calculated by  dividing their dry  weight by La. Leaf density 
(Ld) was determined by multiplying Lma x Lt-1. Average values of mature leaves are presented in 
Table 2.

Nutrient calculations
Leaf nutrient data were calculated on the basis of mass (mg g-1) and area (g m-2). Leaf nutrient 

content of the whole branch (NBR, mg) was computed according to the following formula:
NBR   =   n  Lw  Nw

where “n” is the number of leaves per marked branch of leaf demography, “Lw” is the average dry 
weight of a leaf, and “Nw” is the mass based concentration of N, P or K. NBR was calculated 
monthly from January to December 2000.

Nutrient resorption from senescing leaves was estimated at both leaf and branch levels. Leaf 
level resorption efficiencies (reff, ratio) were computed as:

reff   =   ( Nmax  –  Nsen )  /  Nmax 
where Nmax is the maximum nutrient content (on an area basis) before the onset  of senescence and 
Nsen is the nutrient content in senesced leaves. 
 Using the nutrient content of the whole branch (NBR) values described above, the amount of 
nutrients recovered before leaf abscission per 2-year-old branch unit (rPOOLBR, mg) was calculated 
as:
 rPOOLBR  =   NMAXBR  –  NSENBR

where NMAXBR is the maximum leaf nutrient pool per branch before the onset  of senescence, and 
NSENBR is the amount of nutrients shed from the branch due to leaf abscission.

Statistics
 T-tests were performed to assess differences between the two species regarding leaf traits 
and retranslocation parameters. A two-way ANOVA was used to compare PSI and PSIF values 
between species and years. Phenophase sequence indexes and K-reff values were arcsin[sqrt(x)] 
transformed before comparisons to achieve normality and homoscedasticity. Analysis were 
performed using SPSS 11.0 software.
 
RESULTS
Phenological patterns and phenophase overlapping
 The phenological diagrams of both species are shown in Figure 1. C. laurifolius exhibited 
BVG almost all year round. Although the BVG long period apparently discards C.laurifolius as a 
phenophase-overlapper, some considerations must be taken into account. First, brachyblasts in this 
species are lateral sylleptic branches of dolichoblasts, and their elongation period is synchronous 
with that of dolichoblasts (see Fig.1); thus, although brachyblasts contribute significantly to the leaf 
biomass, they  produce most  of their leaves at the same period than dolichoblasts do. Second, 
brachyblasts show a remarkable heteroblasty, producing big leaves during spring and emerging very 
small ones (most of them hypsophyll-like) during summer and autumn.  Third, the frequency of 
shoots carrying out BVG in an individual crown out  from the spring period was nearly negligible, 



although BVG was detected in everyone of the ten marked individuals almost  all year round, our 
phenological method did not allowed us to assess the frequency  of the phenophases in the crown. 
Therefore, we considered that DVG period comprises nearly  all of the vegetative biomass production 
by C. laurifolius, and when comparing both species we did not consider BVG. 

Fig. 1. Phenophase diagrams of C. laurifolius and B. fruticosum. DVG = dolichoblast vegetative growth, BVG = 
brachyblast vegetative growth, FBF = flower bud formation, FLO = flowering, FS = fruit setting, SD = seed 
dispersal, LSD = leaf shedding of dolichoblasts and LSB = leaf shedding of brachyblasts. The levels of 
frequency in the population are indicated by double line (level I); single line (level II); and broken line (level 
III). The lengths of current-year shoots per one two-year-old branch per individual (10 individuals) are plotted 
below the phenophase diagrams; in C. laurifolius, dolichoblasts and brachyblasts are plotted separately. See 
methods for more details.

The main resource-demanding phenophases (DVG, FBF, FLO and FS) started earlier and 
finished later in B. fruticosum. Both vegetative and reproductive activities were more protracted in 
this species, maintaining important growth activities from January-February to mid-November. In 
C. laurifolius almost all the branch growth took place in a short period between the end of the 
spring and the beginning of the summer. The LSD period was much longer in B. fruticosum. 



Differences between mean and maximum leaf longevities also underlined the protracted leaf 
shedding pattern in this species. 

PSI and PSIF values are presented in Table 3. Both species differed strongly in the degree of 
overlap between vegetative and reproductive growth (PSI: Fspecies=359.9, p<0.001; PSIF: 
Fspecies=5294.7, p<0.001). C. laurifolius grew its vegetative and reproductive dolicoblasts at the 
same time, therefore its PSI was much lower than B. fruticosum. The latter delayed the development 
of inflorescence until the end of vegetative shoot growth. Fruit  growth was also very  fast in C. 
laurifolius, where fecundation and ovary growth started during vegetative development, and the 
fruit matured only 15 days after the arrest of dolichoblast growth. On the other hand, B. fruticosum 
postponed the beginning of fruit growth until August, completely avoiding overlap  with vegetative 
growth. 

Table 3. Mean (SEM) values of PSI and PSIF for B.fruticosum and C.laurifolius in 1999 and 2000. Different 
letters in the same column indicate a significant (p<0.01) F value in a two-way ANOVA (species x year) 
analysis for the species factor.

PSI PSIF

1999
C.laurifolius 0.50(0.00)a 0.67(0.00)a

1999
B.fruticosum 0.97(0.03)b 1.00(0.00)b

2000
C.laurifolius 0.50(0.00)a 0.68(0.04)a

2000
B.fruticosum 0.98(0.02)b 1.00(0.00)b

Leaf emergence and shedding patterns
 In Figure 2, leaf birth and shedding percentages per sample date are plotted. Leaf emergence 
started earlier in B.fruticosum, but stopped when reproductive growth was initiated (see Fig.1). 
C.laurifolius exhibited a more sequential leaf emergence, however, 75% of the total leaf production 
was accomplished during FBF, FLO and FS (from early  May to late July). In the later species, there 
was a remarkable (20%) leaf emergence during late-summer and early-autumn; as noted in the 
previous section, these brachyblasts late-emerging leaves are very  small in comparison with those 
borne during spring and early summer and do not contribute significantly to the leaf biomass pool 
per branch.
! Leaf fall was more gradual in B.fruticosum, this species shed overwintering one-year-old 
leaves during spring, and part of current-year ones during summer and autumn (Fig.2), although 
occasional longer leaf longevities (nearly 2 years) were also observed within the population. In 
contrast, C.laurifolius shed its leaves during late-spring and early-summer; although most of the 
shed leaves were one-year-old, during July  part of the fell leaves were current-year ones, mainly 
small leaves from the lower nodes of the expanding dolichoblasts, and probably shed because of 
stronger sink-strength of the upper leaves in the growing shoot. 

Seasonality of nutrient content variations and nutrient resorption from senescing leaves
 Figure 3 shows the variations in leaf nutrient content at both organ and branch levels. 
Nutrient data are plotted on a leaf age scale. Nutrient patterns at the leaf level (Fig.3A) differed 
between area (g m-2) and mass (mg g-1) basis for N and P. Regarding N and P variations, three 
important facts should be highlighted. First, the maximum nutrient content before spring resorption 
occurred earlier in B. fruticosum (December-January), than in C. laurifolius (May-July for N and 
March for P). Second, both species kept N and P mass-based levels constant, or slightly  decreased, 
from the end of leaf expansion (July-August) until the maximum in late winter-early spring. Third, 
area-based series tended to enhance decreasing or constant tendencies in mass-based series, as a 
consequence, area-based N and P data showed constant or increasing tendencies over the leaf life-
span.  Changes in K were very  different between species. An early K maximum was detected in B. 



fruticosum during summer, after which it was exported continuously until the next spring. In C. 
laurifolius there was no summer peak and the K maximum was the following spring, prior to leaf 
senescence and shedding. 
 

 The branch patterns plotted in Figure 3B reflect the nutrient pool in a leaf cohort from 
budburst to the shedding date of the last  leaf.  These patterns are dependent on leaf nutrient 
concentration (Fig.3A), biomass gain in individual leaves (Fig.4), and leaf emergence and shedding 
dynamics (Fig.2). The patterns were quite different between species. The nutrient pools in B. 
fruticosum reached their maximum three months after bud-burst, then progressively decayed, 
without autumn or winter accumulation. This pattern was remarkably sharper for K pools, probably 
because of the early K maximum in leaf concentration. In contrast, the pattern in C. laurifolius 
exhibited a drop in the nutrient pools from bud-burst until the end of the summer. This drop was 
probably  due to early leaf shedding (see above), however we cannot discard that some nutrients on 
recently borne leaves could be diverted towards nutrient-demanding structures such as 
inflorescences, thus, operating resorption could account for that drop as well. From this summer 
minimum, nutrient pools increased until the beginning of the final massive leaf shedding the 
following spring. Therefore, nutrient accumulation in C. laurifolius extended for 7-8 months. 
 The N-reff and P-reff values in Table 2 were similar to the average ratios compiled by  Aerts 
(1996) and corrected by van Heerwaarden et al. (2003) for perennials, being slightly higher for B. 
fruticosum. The K-reff values are lower than N-reff and P-reff, both for C. laurifolius and B. 
fruticosum, the latter being markedly  lower because most of the resorption was carried out from the 
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Fig. 2. Leaf birth and shedding curves. Data are sampling-date percentages relative to the total 
amount of emerged or shed leaves during the whole year. Values are ± s.e.m.; n =  10 branches 
per species. 



previous summer until winter (see Fig. 3). The rPOOLBR are also shown in Table 2. The amount of N, 
P and K recovered and available for spring growth or storage was much higher in C. laurifolius 
branches. Both a higher nutrient accumulation during autumn-winter and a higher leaf survival until 
the following spring could account for the higher nutrient pool before spring leaf senescence (Fig. 
3), that was partly recovered (54 to 62 %) before leaf shedding.

DISCUSSION
Annual patterns of nutrient depletion and accumulation in leaves as affected by plant phenology 

The seasonal variations in N and P concentrations in the leaves of B.fruticosum and C. 
laurifolius resemble those published for other Mediterranean woody plants (Mooney and Rundel 
1979, Oliveira et al. 1996, Fernández-Escobar et al. 1999, Cherbuy et al. 2001). Three phases can 
be identified during the life span of Mediterranean evergreen leaves: (i) an initial nutrient drop 
phase during dolichoblast growth and leaf mass gain (sharper in mass-based series). This drop is 
probably  due to dilution of nutrients during leaf expansion; however, as some recently-borne leaves 
are shed during this phase (see results for C.laurifolius), and resorption associated with sequential 
leaf development has been previously described (Jonasson and Chapin 1985), there could be 
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Fig. 3. Leaf NPK dynamics along the life span of the leaves of C. laurifolius (solid symbols) and B. 
fruticosum (open symbols). (A) Graphs of leaf nutrient concentration on mass (mg g-1) and area (g m-2) 
basis. (B) Graphs on the right are leaf nutrient pools per branch unit (mg branch-1). In part B, brachyblast 
and dolichoblast leaves were summed for C. laurifolius.



remobilization of nutrients from early-season to late-season emerged leaves or to reproductive buds 
within the growing shoot; (ii) a steady period with gentle variations towards accumulation or 
resorption during mature leaf life-span, and (iii) a final drop before leaf shedding. This general 
sequence can be modified by growth activities and climate variability  (Fernández-Escobar et al. 
1999). Growth demands may have induced the final drop in leaf nutrients in the species considered. 
This drop began earlier in B. fruticosum (phenophase-sequencer). Since nutrients in recently  borne 
leaves in perennial species are mainly supplied by internal reserves (Millard 1994, Mediavilla and 
Escudero 2003), the earlier drop is probably  related with the earlier bud-burst in B. fruticosum. It is 
quite remarkable that nutrients calculated in area-basis showed increasing tendencies when mass-
based series showed steady tendencies, or steady tendencies when mass-based decreased. This was 
specially  the case in N and P for C.laurifolius. As mass gain per unit leaf area grew until nearly leaf 
senescence (see Fig. 4) in C.laurifolius, nutrients were accumulated in the leaf without drastic 
changes in nutrient concentration. The K dynamics differed between species, especially at the 
dilution phase. K was accumulated in the leaves of B.fruticosum during the first months of the leaf 
life-span. Since K is a strong osmolyte (Hsiao and Läuchli 1986, Gucci et al. 1997), an increase in 
leaf K could be related with (i) a need for osmotic adjustment, which could be part of a water-
saving strategy (sensu Lo Gullo and Salleo 1988) to avoid water stress during summer drought; or 
(ii) a need for water lifting towards developing infloresences. The elongation of floral peduncles in 
B.fruticosum is carried out during the summer drought; thus, water supply towards the reproductive 
shoots would probably be achieved through osmotic water lifting (Boyer 1988, Hsiao and Xu 2000, 
Zimmermanm et al. 2002), and K is likely to be partly responsible of the osmotic gradient. In 
contrast, C.laurifolius exhibits maxima of branch K contents prior to leaf fall and thus concurrent 
with the following season´s vegetative and reproductive growth. Although soil water availability is 
moderate during that period, the establishment of a strong osmotic gradient in the soil-root-shoot 
system is probably facilitating water supply for the simultaneous growth activities of C.laurifolius 
during late spring and early summer. Nevertheless, more research is needed to understand the 
interesting differences in K dynamics between phenological types. 
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Fig. 4. Leaf mass per area (Lma) along the life-span of the 1999 leaf cohort in the studied species. Values are 
mean ± SEM, n =25 leaves per species.



The variations in leaf nutrients at  the branch level suggested a strong relationship  between 
nutrient dynamics and phenological activity. As stated by  hypothesis 1, the leaves of C. laurifolius 
(phenophase-overlapper) accumulated nutrients from late-summer until following season’s bud-
burst, when there was no phenological activity  (apart from the slow growth of BVG). The 
maintenance and/or accumulation of nutrient contents in the whole branch can be triggered by three 
processes: 1.- increasing nutrient concentration within leaf biomass (leaf level process). 2.- 
increasing leaf mass per area (leaf level process). 3.- maintaining and/or enhancing the number of 
leaves per branch (branch level process). We observed neither significant mass-based N and P 
enhancements nor leaf birth from November until May, when the exponential gain of nutrients per 
branch unit was attained. Therefore, the accumulation of N and P in C.laurifolius branches was 
probably  due to increasing Lma throughout the leaf life-span (Fig. 4), and to the absence of 
remarkable leaf shedding out of June-July period (Fig. 3). 

In contrast, the leaves of B. fruticosum (phenophase-sequencer) progressively  depleted 
nutrients from the beginning of summer until late-autumn. Following the reasoning for C.laurifolius 
dynamics, the progressive leaf shedding together with the earlier arrest of mass gain per unit leaf 
area are likely to be responsible for this pattern, at least for N and P (Figs. 3 and 4). The drop in 
nutrient levels was concurrent with flower bud formation, flowering and fruit growth; therefore, the 
ability  to mobilize internal reserves in sub-optimal seasons could help phenophase-sequencers 
develop resource-demanding phenophases during periods like the Mediterranean summer (Castro-
Díez and Montserrat-Martí 1998). 

In both species, changes in leaf demography are likely to have more of an effect on the final 
N and P pool amounts than changes in nutrient concentration. Some authors point out that shoot 
growth implies leaf shedding costs within leaf-exchangers (Addicot and Lyon 1973, Osborne 1973); 
that is, the resource-demanding activities of growing organs can be strong enough to induce 
senescence in source leaves (Gil-Nam 1997). This seems to be the case in our study: B. fruticosum 
(phenophase-sequencer) carries out  resource-demanding activities during most of the year, which 
could imply  sink-driven leaf shedding costs through gradual abscission while C. laurifolius 
(phenophase-overlapper) concentrates its resource-demanding activities at the end of spring, 
avoiding sink-driven leaf shedding costs during the rest of the year. However, alternative factors 
such as drought-induced leaf shedding (del Arco et  al. 1991, Borchert et al. 2002) can also 
contribute to explain leaf shedding patterns in ecosystems existing under seasonal drought.

The patterns in K branch-level contents seem to be under a more complex control. Leaf 
mass gain, leaf nutrient  concentration variations and leaf demography dynamics have some 
influence on the final KBR pattern. As pointed out for K leaf-level dynamics, a need for osmotic 
adjustment or water lifting during periods of high water demands could be responsible for the 
sharply different K patterns. Strong water demands could be due to (i) reproductive development 
during summer drought (B.fruticosum) or (ii) phenophase overlapping during late spring 
(C.laurifolius). However, more specific research on K dynamics is needed to understand them 
properly.

The seasonal variability in the availability  of soil nutrients is driven by climatic factors 
(nutrient release) and root  uptake (Silla and Escudero 2003). The main pulses of nutrient release in 
Mediterranean soils are detected in early-spring and early-autumn (Serrasoles et al. 1999). C. 
laurifolius neither exhibited remarkable phenological activity in early-spring, nor in early-autumn. 
During these periods there was a net nutrient  accumulation in the leaves (Fig. 3B), suggesting a 
storage use of the soil availability pulses. In contrast, there was phenological activity in B. 
fruticosum in both periods, thus, probably making use of the soil pulses for current growth. 



Effects of the phenological strategy on the resorption of nutrients from senescing leaves
 The N and P resorption efficiencies were lower for C. laurifolius. Hypothesis 2 states that 
the N and P contents of phenophase-overlappers will be higher before senescence, to make the 
resorption process more efficient. In fact, C. laurifolius started senescence with a higher nutrient 
content on an area basis (see Fig. 3A), but was not able to withdraw nutrients more efficiently  than 
B. fruticosum, shedding a nutrient richer litter. Therefore, our results do not support hypothesis 2. 
Controls on the nutrient resorption process during leaf senescence are complex, several authors 
have found different environmental and internal plant factors explaining part of inter and 
intraspecific variability  of resorption values (see Aerts and Chapin 2000). For instance, nutrient 
status (Nmax in this article) has been shown to enhance reff (Lajtha 1987, Nambiar and Fife 1987), to 
diminish reff (Boerner 1984), or even to have no effect upon reff (Staaf 1982, Chapin and Shaver 
1989, Schlesinger et al. 1989). However, Chapin and Moilanen (1991) point out that the pool of 
nutrients reabsorbed and shed are always high when the nutrient status is high. Although 
C.laurifolius did not perform N and P resorption more efficiently  than B.fruticosum, N and P 
contents in the litter of the later species were lower, and N and P pools withdrawn per gram of 
senescent leaf were lower as well (see Table 2), in accordance with Chapin and Moilanen (1991). 
The K-reff was different between species because of the progressive K withdrawal from B. 
fruticosum leaves. Nutrient  retranslocation before senescence decreases nutrient resorption 
efficiency ratios (Pasche et al. 2002). This is a bias that could account for the absence of a clear 
predictor of resorption efficiency. It is noticeable that nutrient resorption efficiencies computed for 
the whole life-span of the leaves, instead of during spring senescence, would produce significantly 
higher efficiencies in the case of K resorption for B.fruticosum, but lower ones in cases such as N 
and P for C.laurifolius.  

The branch-level nutrient  recovery in C. laurifolius was higher since there were more 
senescent leaves in spring, as opposed to a more efficient resorption process. Its internal nutrient 
availability could help to support  the high resource demands of simultaneous vegetative and 
reproductive growth (i.e., to be a phenophase-overlapper). This was also the case in Bistorta 
bistortoroides, an alpine herb with short growing season (Jaeger and Monson 1992). Facing 
different resource-demanding activities at the same time has an additional cost due to intraplant 
competition among growing organs differing in sink strength (Ho 1992, Mediavilla and Escudero 
2003). It has been suggested that sink strength and sink type (vegetative or reproductive) could 
regulate nutrient withdrawal from senescing leaves (Chapin and Moilanen 1991, Jonasson 1995), 
the carbon fluxes, i.e. phloem loading and unloading processes, being controlled by carbon 
demands of growing structures. If this hypothesis worked for C.laurifolius, not only nutrients, but 
also carbon demands could be partially satisfied by the large pool of previous-year leaves that are 
depleted of resources during current-year vegetative and reproductive growth. The possession of 
large amounts of nutrient reserves can alleviate internal competition between reproductive and 
vegetative growth, and thus allow overlap of phenophases (Jaeger and Monson 1992). In contrast, 
B.fruticosum has to build abundant current-year leaf biomass prior to reproductive development; 
those current-year leaves are partly used to supply carbon and nutrient requirements of subsequent 
reproductive growth. In addition, C.laurifolius produced 3 times more leaf biomass per branch in 
spring than B.fruticosum (data not  shown). Therefore, not only the degree of phenophase-
overlapping, but  also the growth rate, can be influenced by the way plants use the nutrient stores 
accumulated in old leaves. This result supports the view of earlier studies (Monk 1966, Cherbuy et 
al. 2001) that emphasize the role of old leaves as nutrient sources for further growth in evergreen 
species, and suggests that a high amount of resource reserves could be a prerequisite for concurrent 
activities.



In conclusion, we have shown that nutrient pools in old leaves can strongly depend on plant 
growth activities along the year. Moreover, our results suggest that the nutritional costs of 
phenological activity are more readily detectable by assessing variations in nutrient pools in 
branches than in leaves. The nutrient patterns at the branch level were consistent with hypotheses 1 
and 2. The phenophase-overlapper showed nonstop nutrient accumulation within the branch, 
sharply decreasing nutrient reserves during massive spring growth. The phenophase-sequencer 
progressively  shed leaves (and thus nutrients), throughout the year, probably as a consequence of 
sink-induced leaf senescence. 
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