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In mature fruit trees, internal recycling is an important source of N for the growth of new wood, leaves and fruits.
Using l5N-depIeted fertilizer, i.e. 14N-enriched, N-uptake efficiency and the magnitude of internal N cycling were studied in
mature walnut trees. Two kg of 14N-labelled ammonium sulfate N were applied per tree, and compartmentation of N was
followed over a period of 6 years by analyzing catkins, pistillate flowers, leaves and fruits each year for total N content and
isotopic composition. Subsequently, two of the six labelled trees were excavated and analyzed for labelled-N content. The
data indicate that mature walnut uses most of the N accumulated from soil and fertilizer for storage purposes, to be
remobilized for new growth within 2 years, and about half of the total-N pool in a mature tree is present as non-structural
compounds, available for recycling.

1. INTRODUCTION

Increasing societal concern with nitrate contamination of ground water has brought orchard
fertilization practices under increasing scrutiny [1]. Horticultural studies that typically monitor site-
specific tree responses to various fertilizer application rates [2,3] may have local relevance, but do
not necessarily promote more efficient usage of fertilizer N. That is, a quantitative relationship is
seldom established between the level of fertilizer N applied and actual N usage by the tree. That
fertilizer-N recovery and annual-N usage by mature trees has received scant attention may be
associated with the difficulties inherent in excavation and analysis of their large woody biomass
and/or the expense associated with the use of stable isotope methodology. The possibility of
meaningful extrapolation to mature trees from study of immature trees, even of the same species,
appears remote because the magnitude and patterns of tree N demand and the availability of N from
internal cycling vary with age [4]. Also, unlike immature trees, the N contents and biomass of the
"perennial" parts of mature trees remain essentially constant from year-to-year. Consequently, in
mature trees, net annual N uptake may reflect the quantity of N lost in deciduous and transient organs
including the harvested fruit, leaf litter, pruning wood, abortive immature reproductive organs and
root turnover [5,6].

Besides the year-to-year constancy of the "perennial" biomass in mature trees, the current
study was founded on the following assumptions:

- accumulation of labelled N is essentially complete within one year of application [7,8] and,
perhaps within 2 to 3 months of application [9],

- uptake of soil N during dormancy, i.e. between autumn leaf fall and spring growth
resumption, is minimal [10,11].

Our objectives were to a) determine annual N uptake by mature walnut trees, b) determine
the magnitude of internal cycling, i.e. size of the N-storage pool in "perennial" tree parts. (Other
methods, such as whole-uce N budgets are often in error because root systems are not fully
recovered, leaf-N resorption prior to senescence is not quantified adequately, etc. [11], c) assess the
efficiency of fertilizer-N recovery by mature, field-grown trees under commercial conditions, and d)
estimate the magnitude of N demand relative to total annual-N usage.
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2. MATERIALS AND METHODS

2.1. Plant material

Mature (9-year-old) walnut trees (Juglans regia L. cv. Hartley) were growing in a Tajunga
loamy sand (mixed thermic typic xeropsamment) in a commercial orchard at Oakdale, California
(37°41rN, 120°50'W). 'Hartley' was selected because it is the most widely grown walnut cultivar in
California.

2.2. Isotopic labelling

Six individual tree replicates were pulsed with a 40% solution (w/v) of 15N-depleted
(NBLt̂ SCU, at 1.5 kg N tree'1 equivalent to 180 kg N ha"1, during February (year zero) as described by
Deng et al. [13]. Labelled N was "chased" with annual applications of 2 kg tree"1 of non-labelled
(NH4)2SO4 through year 5.

2.3. Sampling

Leaves and fruit were sampled periodically between March and November throughout each
of the 6 years of experimentation. At each sampling date, five representative fruiting spurs between 2
and 4 m from the ground and within 0.6 m of the tree's periphery were excised and transported back
to the laboratory packed in ice. Also, twenty catkins and twenty pistillate flowers per tree were
sampled each year in March and April, respectively.

2.4. Total N and isotope analysis

The total-N contents of tissue sub-samples were determined by a modified macro-Kjeldahl
method [14]. Nitrate N was included in the total-N measurement by the pretreatment of samples with
salicylic acid. Analysis of labelled N was performed by Isotope Services, Los Alamos, NM. Samples
were oxidized to N2 gas, and isotopic composition determined by mass spectrometry. The results are
expressed as 14N atom % excess and N derived from labelled fertilizer, on the basis of standard
conversions [15,16]. The fraction derived from labelled fertilizer in each organ or tree part was then
multiplied by its N content to determine recovery of labelled N.

2.5. Tree excavation

Two of the six labelled trees were excavated during dormancy (February) exactly 6 years
after labelled-N application. Each tree was separated into three fractions above the graft union: new
wood, i.e. wood produced during the previous growing season, canopy branches, and trunk, i.e. the
part remaining above the graft union after removal of new wood and canopy branches. Two fractions
were below the graft union: the rootstock stump and the root, which were excavated using a back-
hoe. Soil from a pit with radius equivalent to half the distance to the next tree in the row and 2 m
deep was screened using pitchforks, and all visible roots were collected. An unknown quantity of fine
roots, presumably a small fraction, escaped detection and, therefore, was not analyzed.

Fresh weights of the various "perennial" fractions were obtained using a load-cell scale,
"perennial" organs were passed through a mechanical chipper, fresh weights of sub-samples
determined. All samples were transported back to Davis and dried to a constant weight at 60°C.
Determination of fresh-to-dry weight ratios permitted subsequent calculation of whole-tree N
contents. Samples were ground in a Wiley mill to pass a 30-mesh screen and analyzed for total and
labelled N as described above.

128



2.6. N removal in fruit and abscised leaves

The amounts of N loss per tree in senescent leaflets (leaf litter) and harvested crop were
determined annually. Twenty mature fruits were collected randomly each year from the four
quadrants of each tree just prior to harvest, separated into seed, shell and hull, and oven-dried,
weighed and analyzed for total N and isotope composition as described previously.

Each tree was harvested individually, and the crop was weighed. Total N and isotopic N
removal in the harvested crop were determined annually for each tree as the product of total dry
matter yield, percent N derived from labelled fertilizer and N concentration.

Nitrogen losses in senescent leaves were estimated using the previously established ratio of
4.29 leaves per fruit (unpublished data). Thus, at harvest, total fruit weight per tree was determined.
The average number of fruit in a 2 kg sub-sample was counted to permit extrapolation to total number
of fruits per tree. The product of fruit number per tree and 4.29 provides a realistic estimate of leaf
number. The product of leaf number, average leaf dry matter, and N concentration at leaf abscission
represents the amount of N carried to the orchard floor in leaf litter from each tree.

2.7. Calculations

The percent annual depletion (PAD) calculated as follows.

Ndffn-NdfFn+l
PAD(%) = ( )xlOO (1)

NdfFn

where

%NdfFn is N derived from labelled fertilizer in year n,
%NdfFn+i is N derived from labelled fertilizer in the same organ type and the same

developmental stage in the following year.

PAD is an indication of the magnitude by which the N in the tree is diluted with soil N [17]. The
validity of this interpretation and use is limited to fully-grown trees of which biomass and N content
remain stable from year-to-year.

TheNdfF is calculated as follows.

Atom % I4N excess(piant)
%NdfF = ( ) x 100 (2)

Atom % l4N excesS(labelled fertilizer)

Percent fertilizer use efficiency (%FUE) is the fraction of the total amount of the labelled fertilizer-N
applied that is recovered by the tree and is calculated as:

g NdfF(component)

%FUE = ( ) x 100 (3)
g 14N applied

%NdfF X total N(component)
where gNdfF = (4)

100
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TABLE I. 14N-ENRICHMENT VALUES OF TREE COMPONENTS

Component/
Month

Catkins/
March

Flower/
April

Leaves/
April

Fruit/
June

Leaves/
June

Fruits/
October

Leaves/
October

Leaves/
November

0

o.ooooa

±0.0010

0.0040'
±0.0013

0.0055
±0.0019

0.0449
±0.0066

0.0233
±0.0032

0.0651
±0.0061

0.0507
±0.0040

0.0359
±0.0024

1

0.0689
±0.0089

0.0467
±0.0041

0.0466
±0.0043

0.0481
±0.0037

0.0466
±0.0043

0.0463
±0.0024

0.0453
±0.0027

0.0401
±0.0034

Years after
2

(atom

0.0353
±0.0041

0.0352
±0.0039

0.0324
±0.0010

0.0345
±0.0020

0.0335
±0.0020

0.0294
±0.0019

0.0279
±0.0016

0.0225
±0.0015

isotope application
3

%14N excess)

0.0288
±0.0046

0.0214
±0.0020

0.0154
±0.0013

0.0149
±0.0010

0.0154
±0.0020

0.0130
±0.0007

0.0131
±0.0006

0.0140
±0.0009

4

0.0143
±0.0008

0.0151
±0.0005

0.0139
±0.0008

0.0138
±0.0008

0.0139
±0.0008

0.0124
±0.000 2

0.0122
±0.0003

0.0116
±0.0008

5

0.0105
±0.0007

0.0106
±0.0005

0.0088
±0.0010

0.0085
±0.0008

0.0088
±0.0010

0.0090
±0.0008

0.0085
±0.0006

0.0080
±0.0007

Tvlean ± standard error ( n= 6).

where

No

N,
k
t

3.

The turnover of 14N stored within the tree followed an exponential decay function:

Nt = N0(efcl) (5)

is the atom %I4N excess value at time = 0,
is the atom %14N excess value at t years,
is the decline constant,
is the time since the application of 14N-enriched fertilizer.

RESULTS

3.1. Atom %I4N values and PAD

The atom %14N excess of all the tree components declined to approximately 0.01 at 6 years
after the pulse of labelled fertilizer N, but remained significantly different from natural abundance,
99.6315 atom %14M (Tables I and JJ). One year after the application of the 14N-enriched fertilizer, the
enrichment values for leaves and fruits became similar and remained so for the balance of the study.
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TABLE E. 14N ENRICHMENT IN TREE COMPONENTS 6 YEARS AFTER THE APPLICATION
OF LABELLED FERTILIZER

Tree component Atom %14N excess

New wood 0.0084+0.00093

Canopy 0.0124+0.0014
Trunk 0.0118+0.0011
Root stock 0.0124+0.0014
Root 0.0118±0.0027

''Mean+standard error (n=2).

TABLE m. PERCENT ANNUAL DEPLETION OF LABELLED FERTILIZER IN TREE COMPO-
NENTS, 2 AND 3 YEARS AFTER ITS APPLICATION

Tree component/ Years after labelled N application
Month 2 3

Catkins/April
Flowers/April
Leaves/April
Fruit/June
Leaves/June
Fruits/October
Leaves/October
Leaves/November

Average 34 ±2 46±2

aMean ± standard error ( n= 6).

In the first year (i.e. the year of isotope application), no labelled fertilizer was detected in the
early-spring catkins (Fig. 1, Table I). Similarly, in the first year, leaves and flowers collected in the
spring, showed lower atom %14N excess values than did fruits. In subsequent years, the 14N
enrichment values for flowers were generally higher than for leaves and fruits (Table I).

At the time of tree excavation, 6 years after the pulse of labelled fertilizer was applied, the
14N enrichment in new wood was significantly lower than in the trunk, root and canopy (Table II).

The NdfF values varied significantly among annual organs during the year of application, i.e.
year zero (Fig. 1). The atom %14N excess of annual organs increased with time during the season
(Table I). Thus, catkins, the earliest maturing organ, relied entirely on unlabelled storage N, whereas
organs developing later exhibited progressively greater labelling with the influx of I4N-enriched N.
The only exception to that generality was senescing leaves at the November sampling in which the
labelling declined relative to that of leaves sampled in October. In subsequent years, 1 through 5,
during which time the within-tree storage pool was labelled, the atom %14N excess in annual organs
declined between March and October with the progressive influx of unenriched N (Table I).
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FIG. 1. Percentage of N derived from 14N-enriched fertilizer in fruits, catkins and leaves of mature
walnut trees over a 5- year period.

The PAD values for various components were followed throughout the second and third
growing seasons (Table HI). As it is based on the NdfF (Equation 1), it is possible to calculate its
value for the entire experimental period. However, the differences in NdfF values from season to
season became too small towards the end of the experiment to support reliable estimates (data not
shown). Two years after the application of the 14N-enriched fertilizer, the atom %14N excess values
between two consecutive years still differed by >0.01 and the PAD values ranged from a high of 48%
for the catkins to a low of 26% for fruits and leaves in June (Table HI). In the following year, the
reverse occurred, with the lowest PAD value of 25% for catkins whereas the highest value, 57%, was
observed for fruits, collected in June. The PAD values averaged across all tree components and
throughout the growing season was 46% in the third year and 34% in the second. We have used the
average of years 2 and 3 (PAD = 40%) to provide an annual estimate of internal N cycling.

3.2. Total-N accumulation and fertilizer recovery

The 5-year average of the N content of fruits and senesced leaves (i.e. sampled just prior to
abscission) was estimated at 815 and 90 g tree"1, respectively (Table IV). Fruit N content, however,
fluctuated annually with the yield. A complete N budget for the entire tree was made 6 years after the
application of fertilizer. The canopy branches accounted for 1,366 g N tree'1, 44% of the total,
followed by root and the trunk. New wood contained 57 g N tree'1. In total, the N content was, on
average, 3,096 g N tree"1 of which 2,473 g, almost 80%, was above ground, and 962 g, 31%, was in
components formed the previous year: fruits, leaves, and new wood.
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TABLE IV. TOTAL N CONTENT AND RECOVERY OF LABELLED FERTILIZER IN FRUITS
AND SENESCED LEAVES OVER THE YEARS AND "PERENNIAL" TREE PARTS AT THE
TIME OF EXCAVATION

Year/
Component

Total N
(gtree"1)

TNdfF
(gtree"1)

FUE

Year zero
Fruits
Leaf litter

Year 1
Fruits
Leaf litter

Year 2
Fruits
Leaf litter

Year 3
Fruits
Leaf litter

Year 4
Fruits
Leaf litter

Year 5
Fruits
Leaf litter

Years 0-5
Fruits Average
Leaf litter

987±69a

84±4

922±65
95±6

581±59
76±5

686±37
67±4

760±33
95±5

l,043±63
123±7

815±26b

90±4

Year 6, spring tree excavation
New wood 57±8C

Canopy 1,366±59
Trunk 145±25
Root stump 139±35
Root 484±99

Total N accumulation 3,096± 106
N fertilizer recovery

120±20
4±1

124±14

49±5
5±1

25±2
3±0

27±1
3±0

27±3
3±0

Total 372±30
29±3

1±3
49±7
5±4
5±7
17±7

478

Total

6.0±l.l
0.2±0.0

6.2±0.7
0.6±0.1

2.4±0.2
0.3±0.

1.3±0.1
O.liO.O

1.3±0.1
0.2±0.0

1.4±0.2
0.1±0.0

18.6±1.5
1.4±0.1

0.1±0.0
2.4±0.4
0.2±0.0
0.2±0.0
0.9±0.4

23

^ean+standard error (n=6). Average for the 6 years. °Mean+standard error (n=2).

The greatest accumulation of labelled N in fruit and leaf occurred in the year of application
and the subsequent year (Fig. 2, Table FV). Senesced leaves, i.e. leaf litter, retained only small
amounts of labelled N and remained a small sink for fertilizer N. A sharp decline in the amount of
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labelled N in the second year continued into year 3 (Fig. 2). Nevertheless, fruits and leaves continued
to accumulate labelled N even 5 years after its application (Table IV). The maximum amount of N
derived from labelled fertilizer in fruits and senesced leaves was 135 g tree"1, in year 1; a slightly
lower amount was recovered in year zero.

The recovery of fertilizer N (%FUE) by fruits and leaf litter reached maximum values in the
first and second years following application, but never reached 7% (Table IV). For the last three
years of the experiment, the annual recovery of labelled fertilizer of fruits remained just above 1%,
whereas for leaves it was between 0.1 and 0.2%. The accumulated recovery of labelled fertilizer for
the entire 6-year period was 19% for fruits and 1.4% for leaves.

The total amount of labelled N recovered, in leaf litter, fruits, canopy, trunk and root when
the experiment was terminated, was 478 g N tree'1, corresponding to 23% of the applied fertilizer
(Table IV). Six years after application, 77 g or 16% of the fertilizer-N accumulated by the tree was
recovered in the "perennial" components: trunk, roots and canopy.

200

0 1 2 3 4 5
Years after labelled fertilizer application

FIG. 2. Total amount of N derived from 14N-enriched fertilizer in fruits, leaves and fruits + leaves of
mature walnut trees over a 5-year period.
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4. DISCUSSION

Despite the small difference between the natural abundance of 14N in tree N, 99.6315 atom
%I4N, and the applied fertilizer, 99.9827, significant enrichments in N were observed 6 years after
application. Clearly, 14N-enriched, i.e. ' ̂ -depleted, fertilizer can be used successfully in long-term
labelling studies to follow the fate of N in mature walnut trees as was shown for pistachio [8] and
almond [17]. Whereas, conceptually, there is no difference between the use of 15N-enriched or 15N-
depleted fertilizer, the latter costs much less, therefore, in field experiments its use results in
considerable savings.

The N pool used to support growth of annual organs varies seasonally. The labelled fertilizer
was applied two months prior to the maturation of, and did not become a source of N for, the catkins
and was only a minor source of N for the flowers. A likely explanation is that walnut trees do not
accumulate soil N in early spring, and rely completely on internal N sources for the growth and
development of catkins. Similar conclusions were reached for sycamore (Acer pseudoplatanus L.)
and Sitka spruce (Picea sitchensis Bong. Carr) seedlings grown under controlled conditions in sand
culture [18,19] and also for immature prune [10] and mature almond trees [11].

4.1. Recovery and use efficiency of labelled N

The fruits were the dominant sink, and ultimately accounted for 78% of all the labelled
fertilizer-N recovered by the trees over the 6-year period. Leaves collected just prior to abscission in
the fall accounted for only 6% of the labelled N absorbed. This low value is presumably associated
with N resorption in the fall. As occurs in other deciduous trees [20], about 50% of the N stored in
the leaves of walnut was redistributed to "perennial" tree parts during fall senescence when proteins
such as the Rubisco enzyme complex are hydrolyzed and protein content declines [21,22]. Part of the
labelled 14N present in the various leaf proteins is resorbed, stored and remobilized the following
spring [17,23]. Because of this recycling, the importance of the leaves as a temporary sink for N
would be grossly underestimated if only the labelled N in senesced leaves were considered.

After 6 years, labelled N was still present in tree components considered "perennial:" root,
trunk and canopy (Tables II and IV). Labelled fertilizer-N represented <4% of the total N content in
the "perennial" tree components, which corresponded to 3.7% of all the labelled fertilizer that could
be accounted for in 6 years. The low recovery of the labelled fertilizer in the root, trunk and canopy is
likely caused by the annual recycling to fruits, leaves and shoots. Labelled N deposited in "perennial"
tree components may be stored only temporarily, with remobilization each spring and redeposition in
storage in late summer/autumn. The roots of fruit trees are known to store large amounts of N during
the winter months and to be an important source of N in the spring [24]. In young apple trees, 1SN-
labelled N accumulated in the fall was stored mainly in the roots, and at least 505 of the N in the new
leaves the following year were derived from root reserves [24]. A considerable concurrent decline in
the concentration of root N occurred during leaf expansion.

The overall N-fertilizer use efficiency was 23% of which only 6.2%, 26% of total fertilizer-N
accumulated, was recovered in fruits and leaves during the first year (Table IV). The rather low
fractional recovery of labelled N in the fruits and leaves during the first year provides a strong
indication that the majority of the fertilizer N was stored rather than utilized in the growth of annual
organs, i.e. leaves and fruits.

Few studies have reported the percentage recovery of fertilizer-N in mature fruit trees grown
under natural conditions. The recovery after 8 months of applied fertilizer of 22-year-old orange trees
was dependent on the tree N status: trees that were starved for N accumulated 57% of the fertilizer,
whereas trees grown under an abundance of N accumulated 40% [25]. The majority of the labelled N
was found in the above-ground components with only 11% in the roots. Surprisingly, less than 5% of
the label was recovered from the soil organic matter pool, therefore, N losses must have been high.
Similarly, 6-year-old kiwi fruit (Actinidia delicosa) vines accumulated between 48 and 53% of
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fertilizer N, depending on the amount applied [26]; all of the fertilizer-N uptake had occurred by the
first harvest and a large portion (18-22%) was recovered in the soil where it remained largely
unavailable for plant uptake during the subsequent 2 years. The removal of labelled N in harvested
fruits in the first year was between 5 and 6% of the total amount applied, and the accumulated 15N
recovery in fruits did not exceed 85% in 3 years. Earlier work in California on mature almond trees
showed that 10 to 25% of the labelled N applied was recovered in the fruits [11]. Because the soil
was not analyzed for atom %I5N, the magnitude of the fertilizer loss from the system remains
unknown.

The reason for the low apparent N-fertilizer recovery by mature walnut trees is not well
understood. It is possible that the absolute amount of labelled-N uptake had been larger, but that
during remobilization of N in the spring and again in the fall, volatilization losses were high [27].

4.2. Internal cycling of N

Previous studies with fruit trees showed that internal cycling represents a major source of N
for new growth [17,28,29]. The PAD was used to estimate the percentage of N derived from internal
sources [17]. Using the 14N excess values of comparable organs, i.e. leaves, fruits, etc., for two
consecutive years (Equation 1), the percentage of the 14N dilution in the second year reflects the of
total N derived from the soil-N pool. The equation used for calculating the PAD is identical to the
equation used to calculate the N derived from soil when labelled fertilizer is applied and the plant has
only two sources of N: fertilizer and soil. Therefore, (100 - PAD)% is equal to the N derived from
internal cycling.

In the second year, 84% of the N in mature fruits, measured in October, was derived from
internal sources (PAD = 16%) which declined to approximately 50% the following year. A similar
decline in the N derived from remobilization was observed for all the other components harvested
throughout the growing season (Table HI). A clear explanation for the yearly fluctuations of the N
contribution from remobilization is not apparent. The occurrence of alternate bearing is, in some
instances, plausible; however, in our situation, the yield of fruits in years 2 and 3 were similar and
contained comparable total-N values (Table IV).

For mature almond trees, the average PAD over a period of 5 years for embryo, leaves and
blossoms was estimated at 50% [17]. In this study, the 2-year average PAD for all the various walnut
components was estimated at 40%. This would indicate that walnut is more dependent than almond
on storage N as a source for new growth. Using the 15N extracts of xylem sap from field-grown kiwi
fruit vines, a temporal change in the N derived from remobilization was observed [30]. Whereas up to
57% of the N in xylem sap was derived from remobilization early in the growing season, this value
declined to 25% as the season progressed. Using a somewhat similar approach, and analyzing the 15N
content of the xylem sap of mature walnut trees, Deng et al. [13] found that the ratio of storage
N/uptake N, i.e. N recently absorbed from soil was 18 early in the growing season, declining to 0.9
once the leaves were fully expanded. Neilsen et al. [31] used 15N-enriched fertilizer to determine the
source of N in leaves of 2-year-old apple (Mains domestica) trees and concluded that remobilization
contributed more than 50% of the total N for leaf growth. Based on the above, it is clear that soil N is
of minor importance early in the growing season, with new growth dependent primarily on internal-N
sources. After leaf expansion, the importance of remobilization declines and the soil becomes the
major contributor of N.

The amount of remobilized N in fruits and leaves versus from direct uptake from fertilizer or
soil can also be calculated by mass balance using the total-N content and the 14N-labelled fertilizer
budget. Of the 478 g tree"1 of I4N-labelled fertilizer accumulated during the entire 6-year period in
fruits, leaves and canopy, trunk and roots, 124 g tree'1 or 26% was recovered in the fruits and leaf
litter in the year the labelled fertilizer was applied (Table IV). During the subsequent 5 years, a total
of 276 g tree'1, equivalent to 58% of all the 14N-labelled fertilizer accumulated, was recovered in
fruits and leaves. The 14N-labelled fertilizer accumulated in the fruits and leaves during those 5 years
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would have been predominately stored, assuming that the accumulation of 14N-labelled fertilizer from
the soil became insignificant after the first year. As trees were grown on light textured, sandy soils,
the amount of 14N-labelled fertilizer in the soil that remained in a plant-available form would have
been small. Therefore, it can be argued that at least 58% of all the N in fruits and leaves is derived
from N that was stored initially and remobilized in subsequent years. The 58% corresponds to a PAD
value of 42%, which is close to the average PAD value for years 2 and 3 (Table HI).

The combined, average, annual-N content in fruit and leaf litter was estimated at 905 g tree'1

(Table IV), of which 58% or 525 g N tree"1 was derived from internal sources. As 124 g tree"1,
equivalent to 13%, of labelled fertilizer was accumulated in the year zero, the remaining 29% (100 -
58-13) or 262 g tree"1 was derived directly from the available soil-N pool. Therefore, the N-balance
approach confirms the finding obtained by the PAD approach that internal remobilization is the major
source of N for fruits and leaves.

4.3. Mean Residence Time of stored N

Because catkins were not enriched in 14N in the year during which labelled fertilizer was
applied (Table I, Fig. 2), it is possible to calculate the Mean Residence Time (MRT) of storage N.
Tree components that obtain their N from both remobilization and soil cannot be used to calculate the
MRT, as no distinction can be made between soil N and unlabelled N stored during previous years.
There is a possibility that the catkins accumulated soil N prior to labelled-N application, evidence
suggests that most if not all of the N in almond and walnut catkins is accumulated in the spring as soil
N; uptake by mature trees during the fall and winter months is minimal [13,17].

By solving for k in the exponential decline function (Equation 5) using the atom %14N excess
values of catkins in years 1 to 5 (Table I), k was found to be equal 0.50 yr.'1 Therefore the MRT,
equal to 1/k, was 2 years.

A MRT of 2 years indicates that, on average, N accumulated for storage is remobilized within
two years. That the calculated MRT is 2 rather than 1 year indicates that this species is conservative
with its N. If the MRT were 1 year and all the storage N were used in the first year, there would be
inadequate reserves with which to respond via secondary growth to insect damage, diseases or other
calamities.

Weinbaum et al. [17], following the decline in atom %14N in almond trees over a period of 5
years, calculated that, after 4 years, the contribution of labelled fertilizer-N represented 6.2% of the
storage-N pool which was equal to 3.1% of the total N in the tree, using a measured PAD value of
50%. It becomes apparent that most of the N accumulated by mature walnut trees in a particular year
is stored rather than used for new growth. Subsequently, N is remobilized in support of annual and
reproductive growth over a period of several years.

It is of interest to determine the size of the pools in "perennial" tree components that serve as
potential sources of N for new growth. The average total-N content in mature walnut was 3,096 g
tree"1, with 905 g present in fruits and leaf litter (Table IV). Therefore, 2,191 g N was present in
"perennial" components. As the average PAD value was 40% and the total N content in the fruits and
leaves was 905 g, 543 g was derived from internal N sources. With a MRT of 2 years, the size of the
internal pool that contributed N for new growth was approximately 1,100 g N tree"1, about 50% of the
total pool present in the "perennial" tree parts. Hence, half of the N that was present in the canopy,
trunk and roots was available for internal cycling, the other half appears to have been present in a
structural form that was unavailable for recycling.
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