
Sum mary Stud ies of small trees grow ing in pots have es tab -
lished that in di vid ual amino ac ids or amides are translocated in
the xy lem sap of a range of tree spe cies fol low ing bud burst, as
a con se quence of ni tro gen (N) remobilization from stor age.
This pa per re ports the first study of N translocation in the xy -
lem of large, de cid u ous, field-grown trees dur ing N remo -
bilization in the spring. We ap plied 15N fer til izer to the soil
around 10-year-old Pru nus avium L. and Populus tricho charpa
Torr. & Gray ex Hook var. Hastata (Dode) A. Hen ry × Populus
balsamifera L. var. Michauxii (Dode) Farwell trees be fore bud
burst to la bel N taken up by the roots. Re cov ery of unlabeled N
in xy lem sap and leaves was used to dem on strate that P. avium
remobilizes N in both glutamine (Gln) and asparagine (Asn).
Sap con cen tra tions of both amides rose sharply af ter bud burst,
peak ing 14 days af ter bud burst for Gln, and re main ing high
some 45 days for Asn. There was no 15N en rich ment of ei ther
am ide un til 21 days af ter bud burst. In the Populus trees, nearly
all the N was translocated in the sap as Gln, the con cen tra tion of 
which peaked and then de clined be fore the am ide was en riched
with 15N, 40 days af ter bud burst. Xy lem sap of clonal P. avium
trees was sam pled at dif fer ent po si tions in the crown to as sess if 
the amino acid and am ide com po si tion of the sap var ied within
the crown. Sap was sam pled dur ing remobilization (when the
con cen tra tion of Gln was max i mal), at the end of remo bi -
lization and at the end of the ex per i ment (68 days af ter bud
burst). Al though the date of sam pling had a highly sig nif i cant
ef fect on sap com po si tion, the ef fect of po si tion of sam pling
was mar ginal. The re sults are dis cussed in re la tion to N trans -
location in adult trees and the pos si bil ity of measuring N
remobilization by calculating the flux of N translocation in the
xylem.

Keywords: amides, amino ac ids, in ter nal cy cling of N, 15N la -
bel ing, Populus, Pru nus, xy lem sap.

In tro duc tion

Ni tro gen (N) de mand for tree growth can be met ei ther by up -
take of ex ter nal sources such as am mo nium, ni trate and or -

ganic N (Gessler et al. 1998, Nasholm et al. 1998), or by
remobilization of in ter nal stores (Millard 1996). Sev eral stud -
ies have shown that remobilization can pro vide the ma jor ity of
N used for growth each year by a range of tree spe cies (Millard 
and Proe 1991, Neilsen et al. 1997, Weinbaum and van Kessel
1998, Dyckmans and Flessa 2001). How ever, mea sure ment of
the N stor age ca pac ity of a tree is dif fi cult and stud ies have
usu ally in volved the use of iso to pic trac ers cou pled with se -
quen tial de struc tive har vest ing of small trees grow ing in sand
cul ture (Millard 1996). Be cause N con tent of the pe ren nial or -
gans of the tree in creases as the plant grows (Beets and Pollock 
1987, Smith et al. 1988, Har ri son et al. 2000), it is be lieved that 
large, ma ture trees rely more on the remobilization of stored N
for their growth each spring than do small, ju ve nile trees (e.g.,
Miller 1986). Un for tu nately, N bud gets con structed for larger
trees grow ing in soil are of ten im pre cise. For ex am ple, there
have been sev eral at tempts to quan tify remo bi lization by mea -
sur ing N with drawal from senescing leaves (e.g., Côté and
Camiré 1987, Helmisaari 1992), with out ac count ing for the N
up take in au tumn that con trib utes di rectly to stor age, which
has been shown to oc cur in a range of spe cies (e.g., Millard and 
Thomp son 1989, Millard and Proe 1991). Even when 15N la -
bel ing is used, N bud get stud ies in the field are dif fi cult to in -
ter pret be cause of the dif fi culty of uni formly la bel ing all the
soil N pools and the in com plete re cov ery of tree roots (es ti -
mated as be ing less than 65% of root mass, e.g., Le Goff and
Ottorini, 2001). There fore, there is a need to de velop a new ap -
proach to quan ti fy N stor age by trees grow ing in soil.

An al ter na tive ap proach to mea sur ing N remobilization by
trees is to con sider N flux in the xy lem dur ing bud burst and
leaf growth. In ev er green trees, N is of ten stored in the leaves
(Millard et al. 2001, War ren et al. 2003) and is translocated
from old to new leaves dur ing remobilization. This trans -
location is likely to be re stricted to short path ways, the N de -
mand of newly grown leaves be ing met by translocation from
old leaves nearby. In con trast, de cid u ous trees store N in their
roots and bark (Millard and Proe 1991, Cooke and Weih 2005)
from where is it translocated in the xy lem over the en tire
height of the tree. A sharp peak in the con cen tra tion of N in the

Au: Please check that all ed i to rial changes are OK, re word any that you do
not like, and an swer any ques tions. If you wish to make any changes to fig -
ures, please send a high qual ity print of the re vised fig ure(s). If this proof is
re turned by fax, please avoid writ ing in the outer 1 cm of the page, at tach a
type writ ten list of changes and mail the orig i nal. Thank you. 

Tree Phys i ol ogy 26, 000–000
© 2006 Heron Pub lishing—Vic to ria, Can ada

Translocation of nitrogen in the xylem of field-grown cherry and
poplar trees during remobilization

PETER MILLARD,1,2 RENATE WENDLER,1 GIACOMO GRASSI,3 GWEN-AELLE GRELET1

and MASSIMO TAGLIAVINI3

1 Macaulay Institute, Craigiebuckler, Aberdeen AB15 8QH, U.K.
2 Corresponding author (p.millard@macaulay.ac.uk)
3 Dipartimento di Colture Arboree, Università di Bologna, Via Fanin 46, 40127 Bologna, Italy

Re ceived May 31, 2005; ac cepted Au gust 13, 2005; pub lished on line …

Au: Hel-

misaari
1992 is
not in
the Ref -
er ences.



xy lem sap dur ing bud burst has been ob served and at trib uted to 
N remobilization (Glavac and Jockheim 1993, Schnei der et
al.1994, Drambrine et al. 1995). Use of 15N trac ers to la bel N
stor age pools in young trees has con firmed that remobilization 
in Betula pendula Roth. (Millard et al. 1998) and Malus
domestica Borkh. (Malaguti et al. 2001) co in cides with these
peaks in xy lem sap amino acid con cen tra tions. Spe cific amino
ac ids and amides in xy lem sap as so ci ated with N remo bi -
lization have been iden ti fied based on their 15N la bel ing pat -
tern (Millard et al. 1998, Malaguti et al. 2001, Frak et al. 2002,
Grassi et al. 2002). The flux of remobilized N in the xy lem has
re cently been cal cu lated by mea sur ing sap flux and the con -
cen tra tion of amino ac ids translocated dur ing remobi li zation.
This new ap proach to quan ti fy ing remobi lization gave good
agree ment with quan ti fi ca tion based on 15N and de struc tive
har vest ing for young Pru nus avium L. and Juglans nigra L. ×
regia L. grown in sand cul ture (Frak et al. 2002, Grassi et al.
2002) and young Malus domes tica grown in soil (Guak et al.
2003). This new method for quan ti fy ing remo bilization in de -
cid u ous trees has po ten tial for ap pli ca tion in field ex per i -
ments, par tic u larly to mea sure the N stor age ca pac ity of trees,
given that remobilization is a source- driven pro cess (Millard et 
al. 2001). How ever, for the method to be use ful, it is first nec -
es sary to es tab lish if the N translocation pat terns found in
small trees dur ing remo bi lization are also found in larger,
more ma ture trees grow ing in soil. In ad di tion, it has been
shown that the com po si tion of xy lem sap can vary, de pend ing
on the po si tion in the tree (Glavac et al. 1989, Schill et al. 1996, 
Smith and Shortle 2001). There fore, to de velop a sap sam pling 
strat egy for larger trees it is also nec es sary to as sess the spa tial
vari a tion in the amino com pounds pres ent in xy lem sap by
sam pling the sap at dif fer ent po si tions in the tree crown.

The aim of the study was to as sess the pat tern of N trans -
location in xy lem and to de ter mine if spe cific amino com -
pounds are translocated as a con se quence of N remobilization
from stor age as op posed to N up take by the roots. We sam pled
xy lem sap of 10-year-old Pru nus avium and Populus tricho -
charpa Torr. & Gray ex Hook × balsamifera L. trees grow ing
in the field dur ing their pe riod of N remobilization. Ad di tion -
ally, sap was col lected from dif fer ent po si tions within the
crown of P. avium trees dur ing remobilization to de ter mine if
the con cen tra tion of amino com pounds in xy lem sap var ied
with position in the crown.

Ma te ri als and meth ods

15N labeling experiment

Ten-year-old cherry trees (Pru nus avium L.), grow ing at the
Macaulay In sti tute in Aberdeen, Scot land (57°08′ N, 2°09′ W) 
at 52 m a.s.l. with a mean an nual rain fall of 800 mm, in a soil
clas si fied as a hu mus-iron podzol of the Countesswells se ries
were used. The trees were 4.5–5.7 m tall and were grow ing in
a stand of 20 trees with a spac ing of 2 m be tween in di vid u als.
In ad di tion, 10-year-old hy brid pop lar trees (Pop ulus tricho -
charpa var. Hastata (Dode) A. Henry × Populus balsami -
fera var. Mi chauxii (Dode) Farwell) grow ing at Hartwood in

North Lan arkshire, Scot land (55°48′ N, 3°50′ W), at 210 m
a.s.l. with a mean an nual rain fall of 1100 mm, in soil clas si fied
as a poorly drained gley of the Rowanhill se ries were studied.
The trees, which were 5.8–6.2 m tall, were grow ing in ex per i -
men tal plots de scribed by Proe et al. (1999), with a spac ing of
1.5 m be tween in di vid u als.

When the trees were still dor mant, four of each spe cies were
cho sen from within the re spec tive stands. A square area of
ground with a tree at the cen ter was then marked out. The ar eas 
were 8.0 and 4.5 m2 for cherry and pop lar, re spec tively, cor re -
spond ing to the main root ing area as as sessed by soil ex ca va -
tions else where in the stand. The area was hand-weeded to
re move all her ba ceous plants and the soil sur face was raked.
With in each square, three pro gres sively smaller con cen tric
squares were marked out. The di men sions of the squares gave
four equal ar eas. Di ag o nals of all squares were marked out to
pro vide four tri an gles around each tree, re sult ing in 16 equally
sized ar eas (four sub di vi sions in four main ar eas). This al -
lowed for a sub se quent ran dom iza tion of the soil sam pling
(see be low). The time of bud burst was de ter mined for each of
the cho sen trees of each spe cies. On April 3, be fore bud burst
for each cherry tree, four ran domly cho sen twigs be tween 20
and 30 cm in length were re moved and xy lem sap col lected
(see be low). Ten ran domly cho sen buds/leaves were re moved
from each tree on the same day. These leaf sam ples were
freeze-dried, weighed and milled be fore 15N anal y sis. Im me di -
ately af ter tak ing the sam ples, a so lu tion of 15NH4

15NO3 (150 g
N m – 2) en riched with15N to 6.453 atom per cent ex cess (APE)
was ap plied to the cleared area. This same pro ce dure was re -
peated for the pop lar trees on April 11, ex cept that the N was
ap plied at 120 g N m – 2 and a 15N en rich ment of 6.025 APE. At
bud burst (des ig nated as the first day when be tween 5–10% of
all buds were open), which oc curred be tween April 8–11 for
cherry and on April 16 in pop lar, four twigs for xy lem sap and
10 leaves for 15N anal y sis were re moved as de scribed pre vi -
ously. There af ter, the cherry trees were sam pled twice a week
un til the end of June, then once a week un til the end of July
(26 har vests in to tal). The pop lar trees were sam pled twice a
week un til June 10, then once a week un til the end of June
(21 har vests in to tal). To en sure com plete ran dom iza tion of
leaf and twig sam pling, the fol low ing method was used. All
main branches on each tree were counted. Each branch was di -
vided into quar ters along its length and each quar ter of each
branch was given a num ber so that the to tal num ber for each
tree was the num ber of the main branches × 4. These num bers
were used to gen er ate ran dom num bers for iden ti fy ing po si -
tions for leaf and twig sam pling at each har vest date. Num bers
of leaves/twigs re moved dur ing sam pling were con sid ered in -
sig nif i cant in re la tion to the to tal bio mass.

At each xy lem sam pling date, two soil cores were taken,
with a screw au ger, from one ran domly cho sen sub di vi sion
within each of the four main ar eas to a depth of 20 cm. The
sam ples were sieved, bulked and split to give du pli cate sam -
ples for each tree. One of the sam ples was oven-dried over -
night at 105 °C to de ter mine wa ter con tent. The other sam ple
was ex tracted in 1 mol m – 3 KCl for 2 h, fil tered and stored
over night in a plas tic bot tle at 4 °C. This ex tract was used to
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de ter mine the con cen tra tion and 15N en rich ment of am mo -
nium and ni trate in the soil as de scribed by Williams et al.
(1999).

Spatial variation of sap composition

The spa tial vari a tion in xy lem sap com po si tion dur ing remo -
bilization was as sessed by sam pling trees in a 7-year-old
clonal cherry plan ta tion, lo cated at the Uni ver sity of Bo lo -
gna’s re search sta tion at S. Ma rino, Bo lo gna, It aly, (44°35′ N,
11°27′ E, 33 m a.s.l., an nual rain fall 552 mm). The soil in the
ex per i men tal area is an al lu vial clay loamy soil (Calcaric
Fluvisol), very deep, well-drained and slightly cal car e ous.
Within the plan ta tion, eight trees from a row were se lected
for uni for mity (three whorls, height 4.9–5.4 m, di am e ter at
1.30 m 47–55 mm) and as signed to one of two groups of four
trees each. One group was sam pled be fore the other, to al low
the xy lem sap to be sam pled dur ing remobilization in the same
in di vid u als and so re duce any vari abil ity in the data caused by
tree-to-tree dif fer ences in the tim ing of the peak of N con cen -
tra tion. From March 2002, the se lected trees were mon i tored
ev ery 1–2 days. The day when a leaf had first emerged from
the api cal shoot was des ig nated as the date of bud burst (which
oc curred be tween March 16–18). On days 5, 11 and 19 af ter
bud burst, xy lem sap was col lected from a lat eral 2-year-old
branch of the in ter me di ate whorl (po si tion “b” in Fig ure 1) of
the four trees in the first group. The same pro ce dure was ap -
plied on days 29, 50 and 68 af ter bud burst on the trees of the
sec ond group. In ad di tion, on three dates (days 11, 19 and 68
af ter bud burst), xy lem sap was also col lected along a ver ti cal
and a ra dial gra di ent, i.e., from positions “a” (1-year-old twig), 
“c” (3-year-old branch) and “d” (2-year-old branch).

Analysis of leaf and soil samples

The quan tity of 15N and to tal N in bud and leaf sam ples and soil 
ex tracts was de ter mined with a Tracer MAT con tin u ous flow
mass spec trom e ter (Finnigan MAT, Hemel Hempstead, UK).
The up take of la beled N was cal cu lated from the 15N en rich -
ment (Mil lard and Neilsen 1989).

Collection and analysis of xylem sap

Dur ing the 15N la bel ing ex per i ments, sap was col lected be -
tween 0830 and 1030 h and, in the spa tial study, sap was col -
lected be tween 1000 and 1200 h to avoid con found ing of the
re sults due to di ur nal vari a tion in sap com po si tion. Xy lem sap
was ex tracted from ex cised twigs with a Scholander pres sure
cham ber (de scribed in Millard et al. 1998) af ter re mov ing the
bark to avoid con tam i na tion with phloem sap. The pres sure in
the ves sel was in creased un til xy lem sap was ex uded and col -
lected in mi cro cap il lary tubes. A pres sure of 0.2 MPa was not
ex ceeded, be cause ini tial tests (cf. Malaguti et al. 2001) on
both tree spe cies showed that up to this pres sure there was no
con tam i na tion of sap by cel lu lar com po nents. Dur ing the 15N
la bel ing ex per i ments, all xy lem sap col lected from an in di vid -
ual tree at each sam pling was pooled and weighed. We de ter -
mined ATP con tent of a small aliquot with the Sigma Luci -
ferine-Lu ci fer ase kit, as a test for con tam i na tion with phloem

sap. Sap sam ples were stored at –80 °C and amino ac ids an a -
lyzed by gas chro ma tog ra phy linked to mass spec trom e try
(GC-MS) for the 15N la beled ma te rial or by gas chro ma tog ra -
phy of unlabeled sam ples. Par tic u late ma te rial was re moved
by centrifugation for 5 min at 5800 g (MSE Mi cro-Cen taur
cen tri fuge). Sam ples (20 mg) were then di luted with 0.5 cm3

of de min er al ized wa ter and a 100 mm3 aliquot of the di lute sap
along with an in ter nal stan dard of nor-valine (25 mm3 con tain -
ing 0.18 µg) was added to a 1-CWV, clear glass, crimp-top,
tapered vial (Chromacol Ltd, Welwyn Gar den City, U.K.)
and freeze-dried. The derivatization re agent (100 mm3), con -
sisting of N-(tert-butyldimethyl silyl)-N- methyl tri fluoro acet a -
mide con tain ing 1% tert-butyl dimethyl silyl chlo r ide (Sigma-
 Al drich, Gillingham, Eng land) in aceto nitrile (1:4 v/v), was
add ed to the dried ma te rial and left at room tem per a ture for
10 min. The so lu tion was then heated at 70 °C for 35 min to
con vert the free amino ac ids to their tert-butyl di methylsilyl
de riv a tives (t-BDMS).

The de riv a tives were an a lyzed by GC-MS with a Trace 2000 
gas chromatograph, fit ted with an AS 2000 autosampler and
in ter faced to a Finnigan Trace Quadrupole mass spec trom e ter
in the sin gle ion re cord ing (SIR) mode. Sep a ra tion of the
t-BDMS de riv a tives was ef fected with a fused sil ica Zebron
ZB-S cap il lary col umn, 30 m × 0.25 mm id × 0.25 µm phase
thick ness (Phenomenex, Maccles field, U.K.). The col umn was 
op er ated with a tem per a ture programme of 60 °C for 1 min, in -
creased to 225 °C at 10 °C min –1, held for 1 min, in creased to
325 °C at 7.5 °C min –1 and held for 5 min. The sam ple was in -
tro duced to the col umn by a splitless tech nique (splitless for
1 min fol lowed by an 80:1 split). The in jec tor tem per a ture was
held at 240 °C and the in ter face line tem per a ture was a con -
stant 250 °C. The mass spec trom e ter was op er ated in elec tron
im pact ion iza tion mode with an ion iza tion en ergy of 70 eV
and a source tem per a ture of 200 °C. En rich ments of 15N in in -
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Fig ure 1. The po si tions from which xy lem sap was sam pled from the
cherry trees to de ter mine the spa tial vari a tion in sap com po si tion. Tree 
height and whorl in ser tions are to scale.



di vid ual amino ac ids were cal cu lated from the ra tio of the ion
mon i tored at nat u ral abun dance and in en riched amino ac ids
(Camp bell 1974). Amino acid con cen tra tions were cal cu lated
by use of re sponse fac tors de rived from the anal y sis of so lu -
tions con tain ing known weights of amino ac ids. Qual ity con -
trol was as sured by an a lyz ing a stan dard so lu tion of amino
ac ids. Un der the GC-MS con di tions em ployed, the pre ci sion
of the iso tope ra tio anal y ses were 0.70 APE, so the APE value
of an in di vid ual com pound had to be higher than this value be -
fore it was con sid ered en riched. Unlabeled de riv a tives were
an a lyzed by gas chro ma tog ra phy un der the con di tions de s -
cribed previously.

Statistical analyses

Data for xy lem sap amino N con cen tra tions and 15N en rich -
ment and the re cov ery of la beled and unlabeled N in buds/new 
grown shoots or leaves, were re lated to the stage of leaf de vel -
op ment based on num ber of days from bud burst (D) as a mea -
sure of time. For the 15N la bel ing ex per i ment, amino N con -
cen tra tions and N con tents were ex pressed as a pro por tion of
the max i mum value mea sured for that type of data for each
tree. Be cause sap and shoot sam pling on the one hand and bud
burst, on the other hand, were syn chro nized for all four pop lar
trees, means and stan dard er rors were cal cu lated based on four
rep li cates for each value of D. For cherry trees, bud burst was
spread over 3 days. When the num ber of ob ser va tions (ei ther
amino N con cen tra tion in the xy lem or bud/leaf N con tent) for
each value of D was less than 3, means were cal cu lated af ter
group ing ob ser va tions made over 2 or 4–5 D, be fore and af ter
80 D, re spec tively. Means and stan dard er rors of cherry data
were there fore com piled over 3–4 rep li cates. The tim ing of
events, such as peak amino N con cen tra tion or ap pear ance of
en riched amino N in the sap, was de ter mined for each rep li cate 
tree based on orig i nal data and a mean D value and its stan dard
er ror was then cal cu lated as an av er age of the four rep li cate
trees.

To com pare the pat terns of ap pear ance of la beled and unla -
beled N in the buds, new leaves or shoots, the re la tion ships be -
tween (1) la beled or (2) unlabeled N con tent and D were
an a lyzed by curve re gres sion anal y sis us ing Genstat for Win -
dows Re lease 6.1 (VSN In ter na tional, Ox ford). The anal y sis
com prised two steps. First, the best fit curve was de ter mined,
as sum ing a sim i lar type would fit both (1) and (2) for the same
tree spe cies. Sec ond, the sig nif i cance of set ting dif fer ent val -
ues for the pa ram e ter of the se lected curve for relationship (1)
or (2) was assessed.

For anal y sis of the spa tial vari a tion in sap com po si tion, the
ef fect of har vest date on the con cen tra tion of amino com -
pounds in xy lem sap was as sessed by a one-way ANOVA, af ter 
log10 trans for ma tion of the data to en sure ho mo ge ne ity of vari -
ance and nor mal dis tri bu tion of the re sid u als. To as sess whe -
ther sam pling po si tion af fected amino N con cen tra tion in the
three main amino N com pounds (Asn, Gln and Asp) found in
cherry xy lem sap and whether that ef fect dif fered be tween the
three com pounds, a Re sid ual Max i mum Like li hood (REML)
anal y sis was car ried out with sam pling date and po si tion, and

N com pound as fac tors. Sam ple num ber and tree num ber were
added in the ran dom model to ac count for tree to tree vari a -
tions and sam ple to sam ple vari a tion. Sta tis ti cal sig nif i cance
for each fac tor and their in ter ac tion was tested us ing χ2 tests on 
Wald sta tis tics. Be fore anal y sis, log10 trans for ma tion of the
data was re quired to com ply with the assumption of ho mo ge -
ne ity of variance and normal distribution of the residuals.

Re sults

15N labeling experiment

The con cen tra tion and 15N en rich ment of ni trate and am mo -
nium re cov ered from the soil dur ing the ex per i ment are shown
in Fig ure 2. At both sites, con cen tra tions of ni trate were higher 
than con cen tra tions of am mo nium, but both were en riched
with 15N for the du ra tion of the ex per i ment. For ni trate, the en -
rich ments were rel a tively con stant with a mean value of 3.98 ± 
0.101 APE at the cherry site and 4.29 ± 0.067 APE at the pop -
lar site. The 15N en rich ment of am mo nium at the first sam pling 
was sim i lar to that of ni trate at both sites, but there af ter de -
clined con com i tantly with a de crease in the con cen tra tion of
am mo nium. The rea son for this de cline in both the con cen tra -
tion and en rich ment of am mo nium is un clear, but may be as so -
ci ated with a com bi na tion of pref er en tial up take by the trees
and the bal ance be tween im mo bi li za tion and min er al iza tion
by the soil mi cro bial bio mass. As a con se quence, mean en rich -
ment of am mo nium was lower than that of ni trate, be ing 2.94 ± 
0.228 APE at the cherry site and 2.54 ± 0.241 APE at the pop -
lar site. How ever, be cause both the soil am mo nium and ni trate
pools were en riched with 15N for the du ra tion of both ex per i -
ments, re cov ery of labeled N in xylem sap was in dic a tive of
the translocation of N from root up take.

Ta ble 1 shows the amino ac ids and amides re cov ered in the
xy lem sap of the cherry trees. The ma jor ity of N was trans -
located as glutamine (Gln) and asparagine (Asn) and to gether,
these amides ac counted for 88% of the N re cov ered dur ing the
ini tial peak in N con cen tra tion in the xy lem sap (14 D) and
76% af ter the N con cen tra tion had de clined (58 D). Fig ure 3
shows the change with time in Gln and Asn con cen tra tions and 
APE in cherry xy lem sap. Im me di ately fol low ing bud burst,
the con cen tra tion of Gln in creased, peaked at 14 ± 2 D and
then de clined rap idly (Fig ure 3A). The con cen tra tion of Gln
ranged from 51 to 195 µg g –1 sap for the four trees at bud burst, 
whereas the max i mal con cen tra tion of Gln var ied be tween 245 
and 1074 µg g –1 sap af ter bud burst. The to tal du ra tion of the
peak was about 25 days. Glutamine was not sig ni f i cantly en -
riched with 15N un til 21 ± 2 D, dem on strat ing that the peak in
Gln con cen tra tion in the xy lem sap mainly rep re sented N
translocation as a con se quence of remobilization. In ter pre ta -
tion of the pat terns of the con cen tra tion and en rich ment of Asn 
(Fig ure 3B) were less clear than for Gln. At bud burst, the con -
cen tra tion of Asn ranged be tween 3 and 28 µg g –1 sap. The
con cen tra tion then in creased to a max i mum rang ing from 259
to 460 µg g –1 sap, al though the tim ing of the peak var ied be -
tween trees (be tween 26 and 82 D with a mean of 48 D). As a
con se quence, there was no sin gle peak in the con cen tra tion of
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sap Asn, as was found with Gln. No en rich ment of Asn was
found un til 21 ± 2 D (the same date as for Gln), sug gest ing that
the ini tial translocation of Asn was due to remobilization. This
was con firmed by the pat tern of re cov ery of 15N in buds and
leaves (Fig ure 3C). No 15N was found un til 25 ± 2 D, whereas
the unlabeled N started to in crease 18 ± 1 D, shortly af ter the
peak in Gln con cen tra tion in the xy lem sap, but be fore the sap
was en riched with 15N. Once in di vid ual leaves could be dis tin -

guished and sam pled sep a rately, the in creases in both la beled
and unlabeled leaf N con cen tra tion fol lowed a sim i lar pat tern,
sug gest ing that both sources of N reached the leaves through
the same N flux.

Ta ble 2 shows the main amino ac ids and amides re cov ered
in the xy lem sap of the pop lar trees. The ma jor ity of N was
translocated as Gln, ac count ing for 93% of the N re cov ered
dur ing the ini tial peak in con cen tra tion of sap N (at 27 D) and

TREE PHYS I OL OGY ONLINE at http://heronpublishing.com

N REMOBILIZATION IN DE CID U OUS TREES 5

Fig ure 2. Vari a tion in the con cen tra tion 
(j) and 15N en rich ment (h) of am mo -
nium (NH4) and ni trate (NO3) in the
soil be neath the cherry and pop lar
trees. Each value is the mean and stan -
dard er ror of four rep li cates.

Ta ble 1. Com par i son of the re cov ery of N in amino ac ids and amides (µg N g–1 sap) in the xy lem sap of Pru nus avium and Populus trichocharpa ×
Populus balsamifera trees har vested dur ing the pe riod of N remobilization and af ter remobilization had fin ished. Data are means ± stan dard er rors
of four rep li cates. Ab bre vi a tion: D = days from bud burst.

Compound Pru nus Populus

Dur ing (14 D)1 Af ter (58 D) Dur ing (27 D) Af ter (49 D)

Alanine       0.5 ± 0.1   0.9 ± 0.1     1.4 ± 0.5   0.5 ± 0.1
Glycine       0.2 ± 0.1   0.2 ± 0.0     1.0 ± 0.2   0.3 ± 0.1
Valine       4.2 ± 0.7   0.4 ± 0.1     5.2 ± 0.4   2.3 ± 0.3
Leucine       0.5 ± 0.1   0.1 ± 0.0     2.1 ± 0.2   0.9 ± 0.2
Isoleucine       1.6 ± 0.3   0.1 ± 0.0     2.8 ± 0.3   1.2 ± 0.2
Gaba       0.2 ± 0.1   0.3 ± 0.1     0.5 ± 0.2   0.2 ± 0.1
Proline       4.5 ± 1.0   1.6 ± 0.3     0.5 ± 0.2   0.2 ± 0.0
Serine       0.5 ± 0.2   0.4 ± 0.1     1.3 ± 0.5   0.4 ± 0.1
Threonine       6.9 ± 2.4   0.9 ± 0.2     4.2 ± 0.4   2.5 ± 0.4
Phenylalanine       1.5 ± 0.6   0.1 ± 0.0     2.7 ± 0.4   0.9 ± 0.2
As par tic acid     96.0 ± 21.0   9.1 ± 3.2     2.1 ± 0.8   0.8 ± 0.2
Glutamic acid       6.4 ± 1.3   2.1 ± 0.5     2.6 ± 1.1   1.1 ± 0.3
Or ni thine       1.9 ± 1.1   0.9 ± 0.3     0.9 ± 0.1   0.9 ± 0.3
Asparagine   189.6 ± 45.2 45.2 ± 7.9     2.6 ± 1.4   2.9 ± 1.3
Glutamine   693.0 ± 211.4   8.7 ± 2.3 436.0 ± 84.7 54.3 ± 13.5
TO TAL 1007.3 ± 263.8 71.0 ± 14.6 466.6 ± 263.8 69.4 ± 17.0

1 Num ber within brack ets in di cates sam pling date.



78% af ter the con cen tra tion of sap N had de creased (at 49 D).
Fig ure 4A shows the changes in con cen tra tion and APE of Gln 
in pop lar xy lem sap at each sam pling date. Fol low ing bud
burst, the con cen tra tion of Gln in creased rap idly and re mained 

high un til 35 D, af ter which it fell rap idly. At bud burst, the
con cen tra tion of Gln ranged from 36 to 44 µg g –1 sap and then
in creased to reach a max i mum rang ing from 210 to 423 µg g –1

sap. Glutamine was not sig nif i cantly en riched with 15N un til
40 ± 2 D, show ing that the ini tial peak in Gln con cen tra tion
rep re sented N translocated as a con se quence of remo bi li -
zation, as was also been found for the cherry trees. This was
con firmed by the pat tern of re cov ery of 15N in the leaves (Fig -
ure 4B). There was no re cov ery of 15N in the leaves un til 36 ±
2 D, whereas the unlabeled N started to in crease at 18 ± 3 D,
af ter the con cen tra tion of Gln in creased in the xy lem sap, but
be fore the sap was en riched with 15N. The in creases in la beled
and unlabeled N con cen tra tions in the new tis sues fol lowed
time courses that dif fered sig nif i cantly, indicating that the two
N sources reached poplar leaves in separate fluxes of N.
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Fig ure 3. Time courses of con cen tra tion (j) and 15N en rich ment (h)
of glutamine (GLN) (A) and asparagine (ASN) (B) in the xy lem sap
of cherry trees, and re cov ery of unlabeled (d) and la beled (s) N per
bud or leaf (C). In A and B, each value is the mean and stan dard er ror
of 3–4 rep li cates. Con cen tra tions of glutamine and asparagine are ex -
pressed as a pro por tion of the max i mum value mea sured for each tree
for each mol e cule. The hor i zon tal lines show the en rich ment thresh -
old (based on the pre ci sion of the 15N de ter mi na tions) be low which
the 15N atom per cent ex cess is not con sid ered sig nif i cantly dif fer ent
from zero. In C, each value is the mean and stan dard er ror of four rep -
li cates. A lo gis tic curve (y = 0.92 – 0.97 exp(–e0.06 (x – 60))) was the
best fit ting curve (r 2 = 85.7) to de scribe the in crease in leaf N through
time, with no sig nif i cant dif fer ences be tween unlabeled and la beled N 
in the leaf.

Fig ure 4. Ef fects of bud burst on the con cen tra tion (j) and 15N en rich -
ment (h) of glutamine (GLN) in the xy lem sap of pop lar trees (A) and 
the re cov ery of unlabeled (d) and la beled (s) N in the shoot (B).
Each value is the mean and stan dard er ror of four rep li cates. In A, the
con cen tra tion of glutamine is ex pressed as a pro por tion of the max i -
mum con cen tra tion mea sured for each tree. The hor i zon tal line shows
the en rich ment thresh old (based on the pre ci sion of the 15N de ter mi -
na tions) be low which the 15N atom per cent ex cess is not con sid ered
sig nif i cantly dif fer ent from zero. In B, Gomperz curves were the best
fit (r 2 = 94.2) to de scribe the in crease in shoot N through time, which
dif fered sig nif i cantly be tween unlabeled and la beled N, (P < 0.001;
unlabeled N: y = 0.03 + 1.01/(1 + e(–0.09(x – 155))) and la beled N: y = 0 +
1.11/(1 + e(–0.15(x – 167))).



Spatial variation in cherry sap composition

The cherry trees used for the study of the spa tial vari a tion in
sap com po si tion ex hib ited a sim i lar pat tern of N translocation
in the xy lem dur ing their growth fol low ing bud burst as de -
scribed for po plar. There was an in crease in the con cen tra tion
of N found in Asn and Gln fol low ing bud burst with the peak
last ing a max i mum of 19 D (data not shown). The sap col -
lected for anal y sis of their com po si tion from dif fer ent po si -
tions within the crown were taken when the Gln and Asn
con cen tra tions were high within the peak cor re spond ing to
remobilization (at 11 D), im me di ately af ter the end of remo -
bilization (at 19 D) and at the end of the ex per i ment (68 D).
Dif fer ences in sap con cen tra tions of the three ma jor amino
com pounds (AA) Asn, Gln and as par tic acid (Asp), sam pled at 
the three dates (Date) and four po si tions (Po si tion) were an a -
lyzed by three- way REML anal y sis (Fig ure 5). The ef fects of
Date and AA were highly sig nif i cant, as was the in ter ac tion
be tween Date and AA, mainly be cause the mag ni tude of vari a -
tion through time dif fered be tween Asn and Gln on the one
hand, and Asp on the other hand. There was no ef fect of crown
po si tion on Asn, Gln or Asp. How ever the in ter ac tion be tween
Po si tion and Date was sig nif i cant, be cause of a dif fer ence in
con cen tra tion be tween the dif fer ent po si tions at 2 D, whereas
sap amino N con cen tra tion remained unaffected by sampling
position at 11 D (peak remobilization) and at 68 D (Figure 5).

Dis cus sion

Temporal variation in sap composition

In both cherry and pop lar, the con cen tra tion of amino com -
pounds peaked in the xy lem sap shortly af ter bud burst. Sim i -
lar pat terns have been re ported for smaller trees (Millard et al.
1998, Malaguti et al. 2001, Frak et al. 2002, Grassi et al. 2002). 
The peaks were caused by two fac tors, N remobilization and
di lu tion of sap as a re sult of in creases in tran spi ra tion rates as
leaves grew. In creases in sap ve loc ity as a con se quence of leaf
growth caused a di lu tion of sol utes in the sap, re sult ing in
over all lower sap amino acid and am ide con cen tra tions af ter
remobilization had fin ished com pared with soon af ter bud
burst. How ever, the qual i ta tive dif fer ences in sap com po si tion
through time dem on strated that sap com po si tion was also in -
flu enced by the bal ance between N remobilization and root
uptake of N.

In cherry trees, the main amino N com pounds re cov ered in
the xy lem sap were Gln and Asn. The pat tern of N trans -
location in the xy lem sap of the large trees in our study was
sim i lar to that ob served by Grassi et al. (2002) for sap lings in
sand cul ture. In both stud ies, N from remobilization was re -
cov ered in the grow ing leaves be fore that from cur rent root up -
take (18 days by Grassi et al. (2002) and 7 days in our study).
Grassi et al. (2002) sug gested that changes in xy lem sap com -
po si tion re flect the shift in N sources from remobilization to
root up take. In our study, Asn was the sec ond most abun dant N 
com pound in the xy lem sap when the N con cen tra tion peaked
at 14 D, but it was also the pre dom i nant amino com pound af ter 
N remobilization ended. In our first ex per i ment, the con cen tra -

tion of Asn in the xy lem sap in creased dur ing N remobilization 
and, al though it var ied be tween sam pling pe ri ods, re mained
rel a tively high for about 60 D. The 15N en rich ment (in di cat ing
translocation of N from root up take) of both Asn and Gln in
sap oc curred con cur rently, when Gln con cen tra tions had al -
ready fallen, but Asn con cen tra tions were still rel a tively high.
The prob a bil ity that N was de rived from soil sources other
than the 15N-la beled am mo nium or ni trate taken up dur ing the
course of the ex per i ment is re mote. The trees were grown in
min eral soils with rel a tively low or ganic mat ter con tent and
were well sup plied with fer til izer N. Hence the up take of or -
ganic N, via their mycorrhizal part ners or through di rect root
up take was un likely to have been sufficient to al ter the en rich -
ment pat tern of xy lem amino-N. There fore, our data in di cate
that Asn translocation was ini tially due to remobilization, but
switched to N from root up take. In con trast, Gln translocation
was due al most en tirely to remobilization (cf. Grassi et al.
2002). The amount of N translocated as nitrate by cherry trees
is un known.

In pop lar trees, the ma jor ity of N translocated in the xy lem
was as Gln (94 and 77% of to tal amino-N at 27 D and 49 D, re -
spec tively). Sim i larly, Sauter and van Cleve (1992) found
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Fig ure 5. Ef fect of sam pling po si tion on mean amino-N con cen tra tion
in the xy lem sap of cherry trees. Data are the means and stan dard er -
rors of the con cen tra tions of as par tic acid, asparagine and glutamine
of four rep li cates trees af ter log10 trans for ma tion. Xy lem sap was
sam pled in po si tions a (hatched bars), b (plain bars), c (clear bars) and
d (shaded bars) as de scribed in Fig ure 1, at 11, 19 or 68 days fol low ing 
bud burst. The as ter isk in di cates that the mean amino-N con cen tra tion 
for that po si tion dif fers sig nif i cantly (P < 0.05) from all other po si -
tions within the same sam pling date. The F prob a bil i ties for the
effects of sam pling date (Date), sam pling po si tion (Po si tion) and
amino- N com pound (AA) are given at P > 0.05 (ns), P < 0.05 (*), P <
0.01 (**) and P < 0.001 (***), re spec tively. Data were an a lyzed by
Re sid ual Max i mum Like li hood af ter sam ple num ber and tree num ber
were added in the ran dom model to ac count for tree-to-tree vari a tions
and sam ple-to-sam ple vari a tion.



more than 75% of sap N was in the form of Gln dur ing the
whole veg e ta tive sea son. A peak in the con cen tra tion of Gln in
the sap of pop lar of up to 13 mol m – 3 has been re ported in the
pe riod af ter bud break and dur ing leaf ex pan sion (Schnei der et
al. 1994) and was ex plained as Gln re sult ing from pro tein body 
mo bi li za tion be fore be ing re leased from the ray cells into the
ves sels (Sauter and van Cleve 1992). Our 15N stud ies showed
that, in pop lar, remobilization started be fore root up take of N,
but that Gln was translocated in the xy lem as a con se quence of
both pro cesses. Be sides this am ide, pop lar uses ni trate to trans -
port N to the shoot dur ing pe ri ods of rapid root N up take
(Siebrecht et al. 2003) and re gard less of soil N avail abil ity, ni -
trate reductase ac tiv ity in pop lar leaves is more than 10-fold
higher than in stems and roots (Black et al. 2002). Ni trate is
also a sig nif i cant com po nent of sap in other tree spe cies (e.g.,
Glavac and Jochheim 1993, Prima Putra and Botton 1998,
Toselli et al. 1999), al though in each of these stud ies greater
con cen tra tions of amino-N were re cov ered than of ni trate-N. It 
has been sug gested that a high ca pac ity for leaf ni trate re duc -
tion (and hence xy lem trans port of N as ni trate) is as so ci ated
with fast-grow ing, pi o neer spe cies, whereas late- sucessional
spe cies translocate amino-N (Aidar et al. 2003). In pop lar,
Siebrecht et al. (2003) re ported con cen tra tions of ni trate vary -
ing be tween 1 and 4 mol m – 3. Al though they did not mea sure
amino com pounds in their study, these val ues are roughly one
tenth the max i mum to tal amino-N con cen tra tions we mea -
sured in pop lar sap dur ing remobilization (33 mol m – 3), but
roughly equiv a lent to the val ues found af ter remo bilization
had fin ished (5 mol m – 3). There fore, it is likely that, al though
N de rived from remobilization is translocated as Gln by
poplar, a significant proportion of N from root uptake is
translocated as nitrate.

Spatial variation in cherry sap composition

Sev eral stud ies have re ported vari a tions in the com po si tion of
xy lem sap at dif fer ent po si tions within the crown; how ever,
these stud ies in volved com pounds other than amino ac ids
(e.g., sug ars, see Schill et al. 1996), for which the phys i o log i -
cal con trols of xy lem translocation, load ing and offloading
may dif fer from those for amino ac ids. Oth ers have stud ied
spa tial vari a tion of amino-N in the xy lem, by ei ther di rect
mea sure ment of amino-N con cen tra tion or in di rect quan ti fi ca -
tion such as el e men tal N con cen tra tion or sap den sity xy lem
sap (Lousteau et al. 1998, Lu et al. 2000, Smith and Shortle
2001, Mc Don ald et al. 2002, Escher et al. 2004); how ever, all
these stud ies fo cused on ev er green broad-leaved or co nif er ous
spe cies. Be cause of the po ten tially short dis tance over which
N is translocated in the xy lem af ter remobilization in ev er -
green trees (i.e., from old to new leaves), amino-N con cen tra -
tion in xy lem sap is likely to be spa tially het er o ge neous.
Hence, the com po si tion of xy lem sap at any one point would
not nec es sar ily re flect the flux of remobilized N reach ing the
buds and grow ing leaves.

In de cid u ous tress, spa tial vari a tion in the con cen tra tion of
N com pounds in xy lem sap has been stud ied in 5-month-old
pop lar (Siebrecht et al. 2003) and 35–42-year-old beech (Gla -

vac and Jochheim 1993). Ni trate con cen tra tion in the xy lem
was found to be spa tially vari able in the beech trees, al though
tree-to-tree vari a tion was greater than spa tial vari a tions within
each tree. Spa tial vari a tion in the con cen tra tion of amino ac ids
in the xy lem was also as sessed by Siebrecht et al. (2003), and
shown to in crease by about 50% to ward the grow ing apex of
pop lar seed lings. Escher et al. (2004) com pared the con cen tra -
tions of amino ac ids in xy lem sap sam pled be low or above the
point of at tach ment of mis tle toe on pop lar branches in a
60-year-old low land for est and found no sig nif i cant spa tial
vari a tion in xy lem sap amino-N con cen tra tion. We ob served
lit tle spa tial vari a tion (about 15%) in amino acid con cen tra tion 
in the xy lem sap of field-grown cherry trees, be cause the spa -
tial vari a tion oc curred on only one sam ple date dur ing N
remobilization. At that time, amino ac ids were, on av er age,
less con cen trated in the xy lem of lateral branches growing at
mid-height within the crown than in the upper crown.

Developing a method to measure N remobilization in
field-grown trees

Our data in di cate that the un der stand ing of N remobilization
gained through study ing young trees grow ing in pots also ap -
plies to larger trees grow ing in soil. Be cause the tem po ral pat -
terns of N translocation in the xy lem of cherry dur ing remo -
bilization were sim i lar to those re ported by Grassi et al.
(2002), it ap pears likely that the ap proach to mea sur ing N
remobilization based on the flux of N in the xy lem would also
ap ply to larger trees. How ever, the small but sig nif i cant spa tial
vari a tion in the com po si tion of cherry sap dur ing remobi -
lization, along with the pop lar data re ported by Siebrecht et al.
(2003) in di cate that de sign ing a sap sam pling strat egy for de -
cid u ous trees may also have to take the po si tion within the
crown into ac count. Nev er the less, be cause xy lem sap exudates 
were ob tained by ap pli ca tion of a pneu matic pres sure to cut
twigs, the er ror in sap com po si tion in tro duced by the sam pling
tech nique might be greater than the spa tial vari a tion ob served
in our study, or might be incon sis tent through out the crown.
More over, xy lem sap com po si tion in cut twigs might dif fer
from that of tran spir ing trees be cause of lat eral ex change
(Schurr 1998).

Siebrecht et al. (2003) sug gested that vari a tion in sap flow,
not com po si tion, reg u lated N flux in the xy lem of pop lar trees,
but this has never been dem on strated for any tree dur ing the
remobilization pe riod. How ever, at tempts to de velop a tech -
nique to quan tify N remobilization by trees based on sap N
flux (Frak et al. 2002, Grassi et al. 2002), have re vealed that
vari a tions in sap ve loc ity have a greater in flu ence on the es ti -
ma tion of remobilization than the changes in con cen tra tion of
amino com pounds in sap. This is be cause sap flux fol low ing
bud burst in creases by sev eral or ders of mag ni tude more than
the vari a tion in the con cen tra tion of amino-N com pounds
(Frak et al. 2002, Guak et al. 2003). The amount of N al lo cated
to stor age in the au tumn af fects the amount remobilized the
fol low ing spring (Millard 1996). How ever, the N sta tus of the
tree can also af fect leaf phenology di rectly. This can be seen by 
a de lay in leaf se nes cence in au tumn when trees are re plete
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with N (Millard and Thomson 1989) and ear lier bud burst
(Lumme and Smolander 1996, Grassi et al. 2002) and faster
leaf growth in the spring (Millard and Proe 1991, Lobit et el.
2001, Grassi et al. 2002). These phenological ef fects are likely
to have a large im pact on tran spi ra tion and hence sap ve loc ity
in the spring. Al though sap flux of amino com pounds de pends
on both sap ve loc ity and amino acid con cen tra tions, if ve loc ity 
var ies more than do amino acid con cen tra tions it may be pos si -
ble to com pare N remobilization be tween dif fer ent trees based
on their cu mu la tive sap flux, thereby elim i nat ing the need to
cal cu late the flux of amino com pounds; how ever, such an ap -
proach would re quire care ful val i da tion.

Ac knowl edg ments

We thank Donatella Malaguti and Elena Baldi for help with the xy lem
sap sam pling in It aly, Jeff Griffiths for all pop lar samplings, Alan
Hep burn for the GC-MS anal y ses and Andy Midwood for the 15N de -
ter mi na tions in leaf and soil sam ples. This work was funded in part by
the Scot tish Ex ec u tive En vi ron ment and Ru ral Af fairs de part ment
through their grant-in-aid to the Macaulay In sti tute and in part by the
Ital ian Min is try of Uni ver si ties (MIUR contributo ricerca ex quota
60%).

Ref er ences

Aidar, M.P.M., S. Schmit, G. Moss, G.R. Stew art and C.A. Joly. 2003. 
Ni tro gen use strat e gies of neo tropi cal rain for est trees in threat ened
At lan tic for est. Plant Cell En vi ron. 26:389–399.

Beets, P.N. and D.S. Pollock. 1987. Up take and ac cu mu la tion of ni -
tro gen in Pinus ra di ata stands as re lated to age and thin ning. N.Z.
J. For. Sci. 17:353–371.

Black, B.L., L.H. Fuchigami and G.D. Coleman. 2002. Par ti tion ing of 
ni trate as sim i la tion among leaves, stems and roots of pop lar. Tree
Physiol. 22:715–724.

Camp bell, L.M. 1974. In cor po ra tion and di lu tion: their cal cu la tion in
mass spec trally as sayed sta ble iso tope la bel ling ex per i ments. Bio-
 org. Chem. 3:386–397.

Cooke, J.E.K. and M. Weih. 2005. Ni tro gen stor age and sea sonal ni -
tro gen cy cling in Populus: bridg ing mo lec u lar phys i ol ogy and
ecophysiology. New Phytol. 167:19–30.

Côté, B. and C. Camiré. 1987. Tree growth and nu tri ent cy cling in
dense plan ta tions of hy brid pop lar and black al der. Can. J. For.
Res.17:516–523.

Dambrine, E., F. Mar tin, N. Carisey, A. Granier, J.E. Hallgren and
K. Bishop. 1995. Xy lem sap com po si tion: a tool for in ves ti gat -
ing min eral up take and cy cling in adult spruce. Plant Soil 169:
233–241.

Dyckmans, J. and H. Flessa. 2001. In flu ence of tree in ter nal N sta tus
on up take and translocation of C and N in beech: a dual 13C and 15N 
la bel ling ap proach. Tree Physiol. 21:395–401.

Escher, P., M. Eiblmeier, I Hetzger and H. Rennenberg. 2004. Spa tial
and sea sonal vari a tion in amino com pounds in the xy lem sap of
mis tle toe (Viscum al bum) and its hosts (Populus spp. and Abies
alba). Tree Physiol. 24:639–650.

Frak, E.W., P. Millard, X. Le Roux, S. Guillaumie and R. Wendler.
2002. Cou pling sap flow ve loc ity and amino acid con cen tra tions as
an al ter na tive method to 15N la bel ling for quan ti fy ing ni tro gen
remobilization by wal nut trees. Plant Physiol. 130:1043–1053.

Gessler, A., M. Schultze, S. Schrempp and H. Rennenberg. 1998. In -
ter ac tion of phloem-translocated amino com pounds with ni trate net 
up take by the roots of beech (Fagus sylvatica) seed lings. J. Exp.
Bot. 49:1529–1537.

Glavac, V. and H. Jochheim. 1993. A con tri bu tion to un der stand ing
the in ter nal ni tro gen bud get of beech (Fagus sylvatica L.). Trees
7:237–241.

Glavac, V., H. Koenies, H. Jochheim and U. Ebben. 1989. Min eral
com po si tion of the xy lem sap from beech (Fagus sylvatica L.) and
vari a tions of its ion con cen tra tion along the ax ial gra di ent. Angew.
Bot. 63:471–486.

Grassi, G., P. Millard, R. Wendler, G. Minotta and M. Tagliavini.
2002. Mea sure ment of xy lem sap amino acid con cen tra tions in
con junc tion with whole tree tran spi ra tion es ti mates spring N remo -
bilization by cherry (Pru nus avium L.) trees. Plant Cell En vi ron.
25:1689–1699.

Guak, S., D. Neilsen, P. Millard and G.H. Neilsen. 2003. De ter min ing
the role of N remobilization for growth of ap ple (Malus domes -
tica Borkh.) trees by mea sur ing xy lem-sap flux. J. Exp. Bot. 54:
2121–2131.

Har ri son, R.B., G.G. Reis, M.D.G.F. Reis, A.L. Bernardo and D.J.
Firme. 2000. Ef fect of spac ing and age on ni tro gen and phos pho -
rous dis tri bu tion in bio mass of Eu ca lyp tus camaldulensis, Eu ca -
lyp tus pellita and Eu ca lyp tus urophylla plan ta tions in south east ern
Brazil. For. Ecol. Man age. 133:167–177.

Le Goff, N. and J.-M. Ottorini. 2001. Root bio mass and bio mass in -
cre ment in a beech (Fagus sylvatica L.) stand in north east France.
Ann. For. Sci. 58:1–13.

Lobit, P., P. Soing, M. Genard and R. Habib. 2001. Ef fects of tim ing of 
ni tro gen fer til iza tion on shoot de vel op ment in peach (Pru nus per -
sica) trees. Tree Physiol. 21:35–42.

Loustau, D., J.C. Domec and A. Bosc. 1998. In ter pret ing the vari a -
tions in xy lem sap flux den sity within the trunk of Mar i time pine
(Pinus pinaster Ait.): ap pli ca tion of a model for cal cu lat ing wa ter
flows at tree and stand lev els. Ann. Sci. For. 55:29–46.

Lu, P., W.J. Mulle and E.K. Chacko. 2000. Spa tial vari a tions in the xy -
lem sap flux den sity in the trunk of or chard-grown, ma ture man -
go trees un der chang ing soil wa ter con di tions. Tree Physiol. 20:
683–692.

Lumme, I. and A. Smolander. 1996. Ef fect of ni tro gen de po si tion
level on ni tro gen up take and bud burst in Nor way spruce (Picea
abies Karst.) seed lings and N up take by soil microflora. For. Ecol.
Man age. 89:197–204.

Mc Don ald, K.C., R. Zim mer mann and J.S. Kimball. 2002. Di ur nal
and spa tial vari a tion of xy lem di elec tric con stant in Nor way spruce
(Picea abies (L.) Karst.) as re lated to mi cro cli mate, xy lem sap
flow and xy lem chem is try. IEEE Trans. Geosci. Re mote Sens. 40:
2063–2082.

Malaguti, D., P. Millard, R. Wendler, A. Hep burn and M. Tagliavini.
2001. Translocation of amino ac ids in the xy lem of ap ple (Malus
domestica Borkh.) trees in spring as a con se quence of both N
remobilization and root up take. J. Exp. Bot. 52:1665–1671.

Millard, P. 1996. Ecophysiology of the in ter nal cy cling of ni tro gen for 
tree growth. Z. Pflanzen. Boden. 159:1–10.

Millard, P. and G.H. Neilsen. 1989. The in flu ence of ni tro gen sup ply
on the up take and remobilization of stored N for the sea sonal
growth of ap ple trees. Ann. Bot. 63:301–309.

Millard, P. and M.F. Proe. 1991. Leaf de mog ra phy and the sea sonal
in ter nal cy cling of ni tro gen in syc a more (Acer pseudoplatanus L.)
seed lings in re la tion to ni tro gen sup ply. New Phytol. 117:587–596.

Millard, P. and C.M. Thomp son. 1989. The ef fect of au tumn se nes -
cence of leaves on the in ter nal cy cling of ni tro gen for the spring
growth of ap ple trees. J. Exp. Bot. 40:1285–1289.

Millard, P., R. Wendler, A. Hep burn and A. Smith. 1998. Vari a tions in
the amino acid com po si tion of xy lem sap of Betula pendula Roth.
trees due to remobilization of stored N in the spring. Plant Cell En -
vi ron. 21:715–722.

TREE PHYS I OL OGY ONLINE at http://heronpublishing.com

N REMOBILIZATION IN DE CID U OUS TREES 9



Millard, P., A. Hester, R. Wendler and G. Baillie. 2001. Interspecific
de fo li a tion re sponses of trees de pend on sites of win ter ni tro gen
stor age. Funct. Ecol. 15:535–543.

Miller H.G. 1986. Car bon × nu tri ent in ter ac tions: the lim i ta tions to
pro duc tiv ity. Tree Physiol. 2:373–385.

Nasholm, T., A. Ekblad, A. Nordin, R. Giesler, M. Hogberg and
P. Hogberg. 1998. Bo real for est plants take up or ganic ni tro gen.
Na ture 392:914–916.

Neilsen, D., P. Millard, G.H. Neilsen and E.J. Hogue. 1997. Sources
of N used for leaf growth in a high den sity ap ple (Malus domestica) 
or chard ir ri gated with am mo nium ni trate so lu tion. Tree Physiol.
17:733–739.

Prima Putra, D. and B. Boton. 1998. Or ganic and in or ganic com -
pounds of xy lem exudates from five woody plants at the stage of
bud break ing. J. Plant Physiol. 153:670–676.

Proe, M.F., J. Craig, J. Grifiths, A. Wil son and E. Reid. 1999. Com -
par i son of bio mass pro duc tion in cop pice and sin gle stem wood -
land man age ment sys tems on an im per fectly drained gley soil in
cen tral Scot land. Bio mass Bioen. 17:141–151.

Sauter, J.J. and B. van Cleve. 1992. Sea sonal vari a tion of amino ac ids
com po si tion in the xy lem sap of “Populus × Canadensis” and its re -
la tion to pro tein body mo bi li za tion. Trees 7:26–32.

Schill, V., W. Hartung, B. Orthen and M.H. Weisenseel. 1996. The xy -
lem sap of ma ple (Acer platanoides) trees: sap ob tained by a novel
method shows changes with sea son and height. J. Exp. Bot. 47:
123–133.

Schnei der, S., J. Kreazwieser, R. Schums, J.J. Sauter and H. Ren -
nenberg. 1994. Thiol and amino acid com po si tion of the xy lem sap
of pop lar trees. Can. J. Bot. 72:347–351.

Schurr, U. 1998. Xy lem sap sam pling: new ap proaches to an old topic. 
Trends Plant Sci. 3:293–298.

Siebrecht, S., K. Herdel, U. Schurr and R. Tischner. 2003. Nu tri ent
translocation in the xy lem of pop lar: di ur nal vari a tions and spa tial
dis tri bu tion along the shoot axis. Planta 217:783–793.

Smith, K.T. and W.C. Shortle. 2001. Con ser va tion of el e ment con cen -
tra tion in xy lem sap of red spruce. Trees 15:148–153.

Smith, G.S., J.G. Buwalda and C.J. Clark. 1988. Nu tri ent dy nam ics of 
a kiwifruit eco sys tem. Sci. Hort. 37:87–109.

Toselli, M., J.A. Flore, B. Marangoni and A. Masia. 1999. Ef fects of
root-zone tem per a ture on ni tro gen ac cu mu la tion by non-bear ing
ap ple trees. J. Hort. Sci. Biotech. 74:118–124.

War ren C.R., E. Dreyer and A. Ad ams. 2003. Pho to syn the sis–Ru -
bisco re la tion ships in fo liage of Pinus sylvestris in re sponse to ni -
tro gen sup ply and the pro posed role of Rubisco and amino ac ids as
ni tro gen stores. Trees 17:359–366.

Weinbaum, S. and C. Van Kessel. 1998. Quan ti ta tive es ti mates of up -
take and in ter nal cy cling of N-14 la beled fer til izer in ma ture wal nut 
trees. Tree Physiol. 18:795–801.

10 MILLARD, WENDLER, GRASSI, GRELET AND TAGLIAVINI

TREE PHYS I OL OGY VOL UME 26, 2006


