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Summary Early season leaf growth depends largely on ni-
trogen (N) provided by remobilization from storage, and many
studies have tested the effect of N availability to roots on the
amount of N provided for new leaf development by remo-
bilization. Althoughitiswell knownthat thelight regime expe-
rienced by aleaf influences the amount of N per unit leaf area
(LA), theeffect of thelocal light regime on theamount of N de-
rived either directly from root uptake or from remobilization
for early season leaf growth has never been tested at an intra-
canopy scale. The objective of this study was to quantify the
relativeimportance of (1) N availability toroots, (2) local light
regime experienced by the foliage (at the shoot scale) and (3)
leaf rank along the shoot, on the total amount of N allocated to
leaves and on the proportions of N provided by remobilization
and root uptake. To quantify the importance of N uptake and
remobilization as sources of leaf N, potted hybrid walnut trees
(Juglansnigra L. x regiaL.) were grown outdoorsin sand and
fed with alabeled (**N) nutrient solution. By removing the api-
cal bud, thetreeswere manipul ated to produce only two shoots.
The experimental design had two factors: (1) high (HN; 8 mol
N m~3) and low (LN; 2mol N m~®) N availability; and (2) high
(HL; 90% of incident photosynthetically active photon flux
(PPF)) and low (LL; 10% of incident PPF) light.

Total leaf N per tree was unaffected by either N availability
or irradiance. The HN treatment increased the amount of |eaf
N derived from root uptake at the whole-tree scale (typically
around 8 and 2% in the HN and LN treatments, respectively).
Nitrogen allocation within foliage of individual treeswas con-
trolled by the local light regime, which strongly affected indi-
vidual leaf characteristics as leaf mass per unit LA and area-
based amount of leaf N (N,). Decreasing the light availability
to abranch decreased the amount of N allocated to it, benefit-
ing the less shaded branches. In contrast, shading of the lower

branch did not affect the fraction of total leaf N remobilized
for either the lower, shaded branch or the upper, unshaded
branch. Therelevance of thesefindingsfor tree growth model -
ing is discussed.

Keywords: branch, leaf N, N allocation, N remobilization, N
uptake, °N, shading, shoot.

Introduction

Trees have to cope with spatial and temporal changes in soil
nitrogen (N) availability during their growth (Vlassak et al.
1969, Le Tacon 1972, Bauzon et a. 1974, Gallardo et 4.
2000). The N available for tree growth can be largely uncou-
pled from the immediate soil N supply because, while dor-
mant, trees store N that is subsequently remobilized for growth
(Chapinet al. 1990, Millard 1996), with N uptake over anum-
ber of years contributing to the pool of stored N (Weinbaum et
al. 1987, Millard 1996, Weinbaum and Van Kessel 1998). In
deciduous trees, remobilization can provide the majority of N
for foliage growth (Millard and Proe 1991, Neilsen et al. 1997,
Tagliavini et a. 1997, Weinbaum and Van Kessel 1998, Dyck-
mans and Flessa 2001, Frak et a. 2002a, Policarpo et al.
2002). However, the amount of leaf N derived by remobi-
lization and its importance compared with the amount of |eaf
N obtained by root uptake depends on tree size and N avail-
ability. Nitrogen taken up by roots in spring and summer pro-
vides about 50% of total leaf N in small appletrees (Neilsen et
al. 1997), but only 20—30% in mature pear trees (Sanchez et al.
1990), citrus (Feigenbaum et a. 1987) and amond trees
(Weinbaum et al. 1984) and 40% in mature wal nut (Weinbaum
and Van Kessel 1998). The greater contribution of remaobi-
lization to leaf N in mature trees could be explained by their
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larger pools of stored N (Millard 1996, Neilsen et a. 1997).
Because N remobilization is source-driven (Millard et al.
2001), the N available from soil in any oneyear doesnot affect
theamount of leaf N derived from remobilization (Millard and
Proe 1991, Millard 1996). In contrast, N availability during the
previous years affects the amount of stored N and conse-
quently the amount of N that can be remobilized for leaf
growth.

Previous studieshave mainly quantified N uptake and remo-
bilization fluxes on the whole-plant scale. Little is known
about possible variationsin the amount of leaf N derived from
remobilization and the N remobilization/N uptake balance
among leaves within tree crowns. Thelocal light regime expe-
rienced by leaves affects leaf N per unit leaf area (LA)
(DeJong and Doyle 1985, Le Roux et al. 1999), but itseffect, if
any, on therelative amount of N supplied for foliage growth by
remobilization versusthat supplied by root uptakeisunknown.
Therelativeimportance of remobilization for foliage N supply
generally decreases with time during the growing season
(Neilsen et al. 1997). Thus, leaves produced during the early
growing season are likely to depend more on N remobilization
than leaves produced later.

The objective of this study was to quantify the relative im-
portance of: (1) N availability to roots; (2) local light regime
experienced by the foliage (here at the shoot scale); and (3)
leaf rank aong the shoot, in determining the total amount of N
allocated to leaves and the proportions of leaf N provided by
remobilization and root uptake in hybrid walnut trees (Juglans
nigralL. x regial.).

Materials and methods

Plant material and growth conditions

In March 2000, 30 two-year-old hybrid walnut trees (Juglans
nigra x regia, NG38, Payre Nursery, Vinay, France), bred for
timber production, were planted in 35-dm?® potsfilled with fine

sand. Plantswere watered weekly and kept frost-free until bud
break. Inlate April, treeswere transferred outdoors. Thiswal-
nut hybrid exhibits strong apical dominance, which generally
preventsaxillary bud growth. However, to ensure each tree had
a suitable and similar shape, the apical bud and al but two
axillary buds were removed before bud break (Table 1). Six-
teen individuals exhibiting similar timing in bud break were
selected. After bud break (beginning of May), each tree re-
ceived 500 cm? of a complete nutrient solution three times a
week for 14 weeks. Half of thetreeswerefed with high N solu-
tion (HN; 8 mol N m~®) and half were fed with alow N solu-
tion (LN; 2mol N m~®). Nitrogen was applied as **NH,*NO;
enriched with >N to 5.0 atom percent excess. At the end of the
labeling period, trees in the HN and LN treatments had re-
ceived atotal N of 168 mmol and 42 mmol, respectively. The
total labeled **N suppliedtothe HN and LN treatmentswas 8.4
and 2.1 mmol, respectively. Other nutrients were supplied as
described by Millard and Proe (1991). Depending on evapora-
tive demand, the trees were watered automatically every other
day.

To test the effect of contrasting light regimes for |eaves of
the same plant, the lower branch on each two-branch seedling
was placed under controlled light conditions, whereas the up-
per branch remained in full sun. Immediately after bud burst,
the lower branch was placed under acrylic screens (Altuglas,
ALTUMAX, Cergy Pontoise, France) transmitting either 90%
of incident photosynthetically active photon flux (PPF) (HL)
or 10% of incident PPF (LL). The HL screenswere neutral fil-
ters, whereas the LL screens induced green shade conditions
mimicking natural shading within the canopy (for screen char-
acteristics, see Frak et al. 2002b). Four treeswere used in each
of the HN-HL, LN-HL and LN-LL treatments, and three trees
were used in the HN-LL treatment because one tree died.
Plants were grown in the light treatments for 3 months until
leaf expansion was complete. Incident radiation was recorded
from late March to late August with a JYP 1000 sensor

Table 1. Number of buds removed per tree before bud break and morphol ogical characteristics of 2-year-old walnut trees at harvest. The main ef-
fects of nitrogen (N) availability and light regime were tested by 2-way ANOVA. Abbreviations: HN = high N treatment; LN =low N treatment;
HL = highlight treatment; LL =low light treatment and ns= not significant (P > 0.05). Valuesare means+ SE. For HN-HL, LN-HL and LN-LL, n

=4andfor HN-LL, n=3.

Treatments Main effects
HN-HL HN-LL LN-HL LN-LL N availability ~ Light regime
Before bud break
No. of buds removed? 228+ 0.85 20.0+ 2.52 253+ 0.75 20.5+ 0.66 ns -
At harvest
Basal diameter (mm) 408+ 23 43.7+24 475+7.1 43.0+ 38 ns ns
Tree height (m) 1.25+ 0.06 1.39+0.14 143+ 0.04 1.24+0.08 ns ns
Total tree dry mass (g)? 689 + 35.7 699 + 57.9 675+ 84.0 627 +12.2 ns ns
Total leaf dry mass (g) 87.6+32 101.8+ 35 83.8+11.2 88.2+42 ns ns
Total no. of leaves 30.5+0.87 3231145 325+ 0.96 320+ 0.71 ns ns
Total leaf area (m?) 1.16+0.04 1.31+0.09 1.16+0.16 1.22+0.08 ns ns

1 In 2-year-old hybrid walnut trees, only one bud (generally the apical bud) develops and prevents the growth of any other shoots.
2 Total tree dry mass corresponds to whole above- and belowground tree compartments.
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Figure 1. Time course of incident radiation from late March to late
August 2000. Bud break and sampling periods are indicated.

(SDEC, Reignac sur Indre, France) (Figure 1). At sampling,
no difference was observed between the four treatmentsin tree
basal diameter, tree height, total dry mass, total leaf mass, total
leaf number or total LA (Table 1).

Leaf harvesting and foliage dry mass, total N and **N
contents

In early August, leaves from each branch of the two-branched
trees were harvested and LA (m?) was measured with an
area meter (LI-3100, Li-Cor, Lincoln, NE). The other tree
parts were freeze-dried and their dry masses (M; g) measured.
Leaves on the lower, shaded branch were sorted into three or
four groups according to leaf rank along the branch (i.e., rank
1 contained the first four leavesin order of appearance, etc.),
whereas |eaves from the upper, unshaded branch were pooled.
Leaf samples were freeze-dried, weighed to determine mass
per unit LA (M, g m~2) and then milled. The amount of N per
unit M (N %) and the >N abundance in each milled sample
were determined with a Tracer Mat continuous flow mass
spectrometer (Finningan MAT, Hemel Hempstead, UK). Total
leaf N was expressed per unit area(N,) as (N, x M)/(LA x 100).
The recovery of **N in leaves was used to quantify the amount
of leaf N derived from remobilization and from direct root up-
take as described by Millard and Neilsen (1989).

Satistical analyses

The effectsof soil N availability, light regime, and N x light in-
teraction on the amounts of total N derived from root uptake
and from remobilization were tested by two-way analysis of
variance (ANOVA) (SPSS Version 9.0.1, SPSS, Chicago, IL).

Analysis of foliage N measured for the whole tree and for the
lower and upper brancheswas adapted for the unbalanced data
sets. Themain effectsof N availability and light regime ontree
morphological characteristics and on individual leaf charac-
teristics were analyzed by two-way ANOVA. The effectsof N
availability to roots, light regime experienced by the foliage,
leaf rank, and the different corresponding interactions on the
fraction of current-year leaf N provided by root uptake and by
remobilization were tested by three-way ANOVA.

Results

N availability and light regime effects on the total leaf N

Nitrogen availability and light regime did not significantly in-
fluencetotal leaf N on thewhole-tree scale (Table 2). Total |eaf
N in the upper branch was greater in the HN treatment than in
the LN treatment (Figure 2, Table 2). Total leaf N in the lower
branch was significantly higher inthe HL treatment thanin the
LL treatment, whereas nutrient availability had no effect (Ta-
ble 2, Figure 2).

N availability and light regime effects on the leaf N derived
from root uptake

Nitrogen availability significantly influenced the amount of
leaf N derived from root uptake on the whole-tree scale,
whereas|light regime had no effect (Table 2, Figure 3). MoreN
was taken up by roots of trees grown with HN than with LN
(0.2 and 0.025 g N tree™*, respectively). In the lower branch,
leaf N derived from root uptake was significantly higher in the

Table 2. Results (P values) of a2-way ANOVA showing effects of ni-
trogen (N) availability, light regime and N x light interaction on total
leaf N, leaf N derived from root uptake, from remobilization, and the
fraction of total leaf N derived from remobilization as measured on
whole-tree scale and branch scales. Values of P lessthan 0.05 indicate
significant effects. Abbreviation: ns = not significant (P > 0.05).

Leaf nitrogen
Total Uptake Remobilized Remobilized/
total

Tree scale
N availability ns <0.0001 ns < 0.0001
Lightregime ns ns ns ns
N x Light ns ns ns ns
Upper branch
N availability 0.057 <0.0001 ns <0.0001
Lightregime ns ns ns ns
N x Light ns ns ns ns
Lower branch
N availability ns <0.0001 ns < 0.0001
Lightregime  0.003 0.041 0.003 ns
N x Light ns ns ns ns
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Figure 2. Total leaf nitrogen (N) content of lower and upper branches
of walnut trees during the third year of growth. Abbreviations: PPF =
photosynthetic photon flux; HN = high N treatment; LN =low N treat-
ment; HL = high light treatment and LL = low light treatment. Bars
are SE: n=4for HN-HL, LN-HL and LN-LL and n=3for HN-LL.

HN treatmentsthaninthe LN treatments. |n addition, the over-
all light regime had a significant effect (Table 2).

N availability and light regime effects on the leaf N derived
from remobilization

Nitrogen availability and light regime did not significantly af-
fect the amount of leaf N derived from remobilization on the
whole-tree scale (Table 2). The amount of N derived from
remobilization ranged from 1.9t0 2.4gN tree . InLL, lessN
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Figure 3. Amount of leaf nitrogen (N) provided by current-year root
uptake measured on lower and upper branches of walnut trees during
thethird year of growth. Abbreviations: PPF = photosynthetic photon
flux; HN = high N treatment; LN =low N treatment; HL = high light
treatmentand LL =low light treatment. Barsare SE: n=4for HN-HL,
LN-HL and LN-LL and n=3for HN-LL. Notethedifferencein scale
between Figures 3 and 4.
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Figure 4. Amount of leaf nitrogen (N) derived from remobilization
measured on lower and upper branches of walnut trees during the
third year of growth. Abbreviations: PPF = photosynthetic photon
flux; HN = high N treatment; LN = low N treatment; HL = high light
treatment and LL =low light treatment. Barsare SE: n=4for HN-HL,
LN-HL and LN-LL and n=3for HN-LL. Notethe differencein scale
between Figures 3 and 4.

was remobilized for leaf growth on the lower branchesthanin
HL, whereas N supply had no effect (Table 2, Figure 4). The
proportion of total leaf N from remobilization was affected by
N availability but not by light regime (Table 2), varying from
9210 98% of total leaf N inthe HN and LN treatments, respec-
tively (data not shown).

N availability and light regime effects on leaf number and
individual leaf characteristics

On the whole-tree scale, the total number of leaves, individual
LA and leaf M were unaffected by N availability or light re-
gime (Table 1). However, in the LL treatments, the upper
branch exhibited a significantly greater leaf number, M and
M,, and alower leaf N, thanintheHL treatments. Light had no
effect on the upper branch individual LA or N, (Table 3). In
HL, leaves on the lower branch always had significantly
greater M, M, and N, than in LL, whereas leaf Ny, individual
LA and leaf number were unaffected by local light regime (Ta-
ble 3). Nitrogen availability had no observable effect on leaf
number or on individual leaf characteristics (Table 3).

N availability, light regime and leaf rank effects on the
sources of current-year leaf N

Nitrogen availability significantly influenced the fraction of
leaf N derived from root uptake (P < 0.001), whereas|eaf rank
and light regime had no detectable effect. For each leaf rank,
the fraction of total leaf N derived from root uptake was al-
ways greater in HN than in LN (about 8.5 and 1.2% of total
leaf N, respectively; Figure 5). The fraction of total N derived
from root uptake was similar among leaf ranksalong the lower
branch and values did not differ between leaves of the upper
and lower branches (Figure 5).

TREE PHYSIOLOGY VOLUME 26, 2006
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Table 3. Effects of nitrogen (N) availability and light regime on leaf number per branch and individual leaf characteristics (mass-based N concen-
tration (Np,), dry mass, area, mass-to-arearatio (M), and N on an areabasis (N,)). The main effects were tested by two-way ANOVA. Values of P
lessthan 0.05 indicate significant effects. Abbreviations: HN = high N treatment; LN =low N treatment; HL = high light treatment; LL = low light

treatment; and ns = not significant (P > 0.05).

Treatments Main effects

HN-HL HN-LL LN-HL LN-LL N availability ~ Light regime
Upper branch
Leaf number 17.0+0.71 20.0+0.58 17.3+0.63 195+ 1.04 ns 0.007
Nm (%) 2.84+0.09 2.60+ 0.08 2.89+0.10 2.60+ 0.09 ns 0.02
Total leaf dry mass (g) 59.4+1.82 85.3+ 0.67 479+ 10.0 69.8 £ 5.57 ns 0.003
Individual leaf area (cm?) 4252 +16.2 4755+ 17.3 343.0+53.9 405.9 + 32.6 ns ns
Ma (g m~?) 82.4+0.70 89.9+1.93 79.2+1.95 88.7 + 3.68 ns 0.005
Na(gNm™2) 2.34+0.07 234+0.12 2.29+0.10 2.29+0.02 ns ns
Lower branch
Leaf number 135+ 0.29 123+ 1.76 153+ 0.95 125+ 0.64 ns ns
Nm (%) 270+ 0.14 252+0.13 270+ 0.11 2,71+ 0.07 ns ns
Total leaf dry mass (g) 28.3+1.94 16.5+ 3.90 359+55 184+ 2.01 ns 0.002
Individual leaf area (cm?) 313.1+20.2 286.7 £ 27.9 352.1+34.2 351.9+ 449 ns ns
Ma (g m™2) 645+ 171 449+ 1.39 64.4+1.04 427+152 ns < 0.0001
Na(gN m™2) 1.78+0.11 1.12+0.04 1.77 £0.07 1.22+0.07 ns <0.0001
Discussion ous study on 2-year-old walnut trees showed that N remobi-

N availability effect on total leaf N and on leaf N derived
from remobilization and root uptake

Nitrogen availability did not influence the total amount of |eaf
N per individual walnut tree 3 monthsafter bud burst, when the
foliagewasnearly fully devel oped. Nitrogen remobilized from
storage provided about 95% of total leaf N and mainly sup-
ported leaf growth during spring and early summer. A previ-

-

2

OHN-HL EIHN-LL BALN-HL HLN-LL

V sz gz 2

Vi a2

N derived from root uptake (% total leaf N)
D

rank 1 rank 2 rank 3 rank 4 all leaves

Lower branch Upper
branch

Figure 5. Percentage of total leaf nitrogen (N) derived from root up-
take according to leaf rank along the lower branch and for al leaves
from the upper branch. Abbreviations: HN = high N treatment; LN =
low N treatment; HL = high light treatment and LL = low light treat-
ment. Barsare SE: n=4for HN-HL, LN-HL and LN-LL andn=3for
HN-LL.

lization during the third year of growth (derived from N stored
during the second year), provided 54% of the total leaf N,
3 monthsafter bud burst (Frak et al. 2002a). Thisvaluewasde-
termined without accounting for remobilization of N stored
during the first year of growth and, as suggested by the au-
thors, presumably underestimated the importance of total re-
mobilization for leaf N. Generally, remobilization to leaf N is
expected to be greater in big trees than in small trees, because
bigtreeshave alarger pool of stored N (Millard 1996). Theim-
portance of remobilization asasource of leaf N, asobservedin
this study, is consistent with the results reported by Neilsen et
al. (1997) for apple spur leaves (87% 2.5 months after bud
burst). In contrast, Deng et a. (1989) and Weinbaum and Van
Kessel (1998) found smaller percentages in field-grown ma-
turewal nut trees (47% of new shoot N 2 months after bud burst
and 60% of total tree N demand over the whole year, respec-
tively). The lower remobilization rates reported by other au-
thors may reflect differences in experimental design. In the
studies by Deng et al. (1989) and Weinbaum and Van Kessel
(1998), labeled fertilizer was applied to soil to label N stored
during the previousyears, without accounting for the uptake of
native soil N during the same period, thereby likely underesti-
mating remobilization (cf. Millard 1996).

It could be argued that restricting the number of buds on the
tree before bud break could alter the balance between bud
number and N storage pool, leading to an overestimation of the
importance of N remobilization for current-year foliage
growth. This is the case when N remobilization is source
driven rather than sink driven, so removing buds should result
inmoreremobilized N per remaining bud (Millard et al. 2001).
However, our hybrid walnut, which has been selected for tim-
ber production, normally exhibits strong apical dominance
(Fady et al. 2003) and, asaresult, only the apical, and possibly

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com
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one or two lateral buds, typically grow after bud break. Thus,
selecting one apical and one lateral bud and removing all the
other buds would not have gresatly altered the natural source—
sink balance and probably did not greatly alter the overall pro-
portion of leaf N derived from remobilization in our trees.

On the branch scale (for lower or upper branches), N avail-
ability significantly enhanced the amount of leaf N derived
from root uptake but did not influence the amount of leaf N de-
rived from remobilization. Thus, the N uptake:N remobili-
zation ratio for each branch was higher in HN than in LN. In
contrast, no changeinthe N uptake/N remobilization ratio was
observed between branches, regardless of the light regime.
This suggests a constant balance between the two leaf N
sourcesin any location withinthetree crown. Thisfinding isof
key importancefor the extension of the recently proposed non-
destructive method of quantifying N remobilization by cou-
pling sap flow velocity or whole-tree transpiration and amino
acid concentration in largetreesin thefield (Frak et al. 2002a,
Grassi et al. 2002).

Light regime effect on total leaf N and leaf N derived from
remobilization and root uptake

Total foliage N measured on the whole-tree scale was unaf-
fected by light availability. Even if the apica bud was re-
moved, the upper branch devel oping from the highest remain-
ing bud maintained a clear dominance over the lower branch,
and alwayshad agreater N content, irrespective of thelight re-
gime. Walnut leavesare preformed in the bud and their number
per bud decreases from the top to the bottom of the stem
(Sabatier and Barthélémy 2001), although a second flush of
newly formed |leaves can occur on vigorous shoots. This bio-
logical trait can explain the higher number of leaveson the up-
per branches and thus, the greater amount of foliage N mea-
sured in upper branches compared with lower branches. Asthe
number of preformed leaves was higher in the upper branches
than in the lower branches, the upper branches responded to
shading of the lower branches by devel oping new leaves. This
trait explains why different degrees of shading (10 or 90% of
PPF) imposed on lower branches did not influence leaf num-
ber but changed leaf number of the upper branches. Conse-
quently, differences in the amount of foliage N measured in
lower branches in the HL and LL treatments resulted from
changes in the amount of N per leaf and not in leaf number.
These changes were caused by alterations in individual |eaf
M,, because LA and N, were unaffected by light availability.
The observed, light-induced changesin N, (i.e., higher values
inHL thanin LL) were consistent with resultsreported for ma-
turewalnut trees (Weinbaum et al. 1994, Le Roux et a. 1999),
and with the optimal N allocation theory (Hirose and Werger
1987, Hollinger 1996). The amount of shade (10 or 90% PPF)
imposed on individual lower branches also changed the pat-
tern of total N allocation between lower and upper branches.
Decreasing the irradiance experienced by the lower branch
(LL treatments) always enhanced N allocation to the upper
branch, partly because of the increase in leaf number and, to a
lesser extent, N, of the upper branch. Thus, N allocation
within thefoliage of anindividual treeisinfluenced by thelo-

cal light regime experienced by leaves, and decreasing the
light availability for a given tree branch decreases the amount
of N allocated to this branch, benefitting the less shaded bran-
ch(es). This is consistent with the results of Vos and van der
Putten (2001) who showed that shading of the primary axis
changed N alocation between axes and increased sink
strength for N of non-shaded apical branches in Solanum
tuberosumL.

In contrast, the local light regime experienced by the lower
branchesdid not affect thefraction of total leaf N derived from
remobilization. However, the amount of N allocated to lower
branches that was derived from both remobilization and from
current root uptake was lower in LL thanin HL.

Leaf rank effect on the balance between N provided by root
uptake and remobilization for current-year foliage growth

The relative importance of root uptake and remobilization as
sources of N for current-year foliage did not depend on leaf
rank along the shoot, perhaps because of the short duration of
foliage growth in walnut (around 50 days; Frak et a. 2002a).
We speculate that, in plant species with a continuous growth
pattern or with several flushes of leaf growth each summer, the
relative importance of root uptake and remobilization could
change with the period of leaf growth. In particular, late-sea-
son growth could depend more on N provided by root uptake
and retranslocation from other leaves than on N stored in pre-
vious years (Millard and Proe 1992, Wendler et al. 1995,
Stephenset al. 2001, Grelet et al. 2003). Thus, our results can-
not be generalized from walnut, which has a single flush of
leaf growth, to species with an indeterminate growth pattern.

In conclusion, we showed that, in young walnut trees over a
3-month period after bud break, |eaf growthrelieslargely onN
stored from root uptake in previous years. We aso demon-
strated that the light regime experienced by shoots influences
theamount of N derived from remobilization and, more gener-
ally, that it drivestheallocation of total N within thefoliage by
affecting shoot sink strength but has no effect on the balance
between N uptake and N remobilization. Because our study
was conducted on manipulated, two-branch trees, generaliza-
tion of our results would require additional studies in more
complex canopies (e.g., big tree crowns). However, our results
are consistent with the hypothesis of simple plant growth mod-
els, whereleaf N allocationisdriven by sink strength, whichis
modulated by irradiance (Thornley 1998) or photosynthesis
(Dewar et al. 1998).
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