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Summary Leaf nitrogen distribution pattern was studied
four times during the growing season in a 2-year-old Salix
viminalisL . and Salix dasyclados Wimm. plantationin Estonia.
We measured the vertical distributionsof leaf nitrogen concen-
tration, dry mass, leaf areaand light environment (asfractiona
transmission of diffuseirradiance, ag) in the canopy. Thelight-
independent nitrogen pool was evaluated astheintercept of the
leaf nitrogen concentration versus ag relationship, and the
nondegradable nitrogen pool was evaluated as the nitrogen
remaining in abscised leaves. A strong vertical gradient of
mass-based leaf nitrogen concentration was detected at the
beginning of the growing season, and decreased steadily during
canopy development. Thisdecline had at |east three causes: (1)
theamount of nitrogeninthefoliagewaslarger at the beginning
of the growing season than at the end of the growing season,
probably because of pre-existing root systems; (2) withincreas-
ing leaf area index (LAI) during the growing season, the
proportion of leaf nitrogen in total canopy nitrogen that could
beredistributed (light-dependent nitrogen pool) decreased; and
(3) the photosynthetic photon flux density gradient inside the
canopy changed during the season, most probably because of
changesin leaf area and leaf angle distributions. Total canopy
nitrogen increased almost proportionally to LAI, whereas the
light-dependent nitrogen pool had amaximumin August. Also,
the proportion of the light-dependent nitrogen pool in the total
canopy nitrogen decreased steadily from 65.2% in June to
17.2% in September in S, dasyclados and from 63.3 to 15.1%
in S viminalis. The degradable nitrogen pool was aways
bigger than the light-dependent nitrogen pool.

Keywords. acclimation, leaf nitrogen concentration, light ex-
tinction, light interception, willow.

Introduction

Inside aplant canopy, thevertical distribution of foliar nitrogen
parallelsthe distribution of photosynthetic photon flux density
(PPFD). Paralel changes in nitrogen and PPFD distribution
profiles have been demonstrated in herbaceous (Lemaire et al.
1991, Evans 1993, Hirose and Werger 1994) and woody cano-
pies(Field 1983, DeJong and Doyle 1985, Ellsworth and Reich
1993, Kull and Niinemets 1993). This pattern of nitrogen
distribution has been explained in terms of maximizing total

canopy photosynthesis (Field 1983), whole-plant carbon gain
(Hirose and Werger 1987a, Hilbert et a. 1991), or energy
consumption (Givnish 1988). All of these explanations are
based on the finding that leaf nitrogen content and photosyn-
thetic properties are closely correlated (Field and Mooney
1986, Evans 1989). However, experimental evidence shows
that actual nitrogen distribution differs slightly from the theo-
retical optimal distribution (Field 1983, Hirose and Werger
1987a). This discrepancy can be accounted for by the inade-
guate optimization scheme used and by the existence of severa
nitrogen pools in leaves (Kull and Jarvis 1995). Charles-Ed-
wards et al. (1987) have divided leaf nitrogen into two pools,
degradable and nondegradable, and associated the degradable
nitrogen pool with the photosynthetic apparatus of the leaf.
However, biochemical distinction between these nitrogen
pools can be difficult and problematic. When calculating opti-
mal nitrogen distribution it isimportant to consider that leaves
have several physiological functions besides photosynthesisin
which nitrogen isinvolved, and that not all of the nitrogen in
foliage may be distributed similarly to PPFD distribution. The
leaf nitrogen—PPFD relationship usually has a positive inter-
cept on the nitrogen axis (DeJong and Doyle 1985, Hirose and
Werger 1987b, Pearcy and Sims 1994). We define the leaf
nitrogen associated with thisintercept asthe light-independent
nitrogen pool.

In tree canopies where both buds and leaves develop at
different PPFDs, there is a strong relationship between leaf
nitrogen and PPFD, and there is also a possibility of distin-
guishing between light-dependent and light-independent ni-
trogen pools, if leaf nitrogen is evaluated on aleaf area basis.
In such a canopy, area-based nitrogen content changes along
the vertical gradient mainly as a result of changes in the |eaf
mass to area ratio (LMA), whereas the nitrogen dry mass
proportion may increase, decrease or remain constant (e.g.,
Ackerly 1992, Ellsworth and Reich 1993, Kull and Niinemets
1993, Reich and Walters 1994). A completely different situ-
ation occurs in herbaceous dicotyledonous canopies and in
young developing tree canopies where al new leaves are
formed at the top of the canopy in full sunlight and become
gradually shaded during canopy development. Inthissituation,
retransl ocation of leaf nitrogen occurs together with the accli-
mation of leaves to changing PPFD (Pons and Pearcy 1994).
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In some circumstances, nitrogen retranslocation may serve as
themain nitrogen sourcefor new foliage (Jonasson and Chapin
1985, Lemaire et al. 1991).

Dataon changesin leaf nitrogen distribution in adeveloping
tree canopy are scarce. Kull et al. (1995) compared different
tree canopies and showed that total foliar nitrogen increased
morerapidly withincreasing canopy leaf areaindex (LAI) than
did light interception. Based on the assumptions that the cost
of acquiring aunit of nitrogen is constant in units of photosyn-
thesis, and that photosynthesis is proportiona to intercepted
light, Kull and Jarvis (1995) hypothesized that there exists a
critical value of theratio of total canopy nitrogen tointercepted
PPFD that cannot be exceeded.

The purpose of this study was to follow leaf nitrogen and
PPFD distributions in a developing tree canopy during the
growing season, and to evaluate the possibility of identifying
the structural nitrogen pool based on the leaf nitrogen—-PPFD
relationship. Another objective of the study was to evaluate
nitrogen redistribution during leaf acclimation to PPFD in the
canopy, and to determine how closely changes in total foliar
nitrogen are correlated with the amount of PPFD intercepted
by the canopy.

Materials and methods

The study was conducted in 1994 at the Kambja energy forest
plantation which was established in May 1993 under the aus-
pices of the Estonian-Swedish Energy Forest Project. The
plantation is located in southern Estonia, at 58°15¢ N and
26°45¢E, on well decomposed organic soil. The basic soil
parameters (in the upper 20-cm layer) include: apH (KCI) of
5.7, a total nitrogen content of 1.8%, and phosporus and
potassium contents (estimated as soluble in 0.2 N HCI) of 5.7
and 13.4 mg/100 g soil, respectively. No additional fertilizer
was applied. Mean annual rainfall in this areais 650 mm, the
mean temperature in July is 17.0 °C, and in January it is
—6.7 °C. The vegetation period usually lasts 175-180 days
from mid-April to October.

Two willow clones originating from the Swedish Energy
Forestry Project, Salix dasyclados Wimm., Clone 81090, and
Salix viminalis L., Clone 78183, were studied. The plantation
was established from cuttings at adensity of 20,000 plants per
hectare (double rows, distance between rows0.75 and 1.25 m,
distance between plants in a row 0.5 m). Weed control was
performed mechanically three timesin 1993 and once in May
1994. In March 1994, the first-year shoots were cut at a height
of 5 cm above the ground to promote denser sprouting. Thus,
the shoots investigated in the present study were of current-
year growth on 1-year-old roots. The mean number of shoots
without secondary branches that developed from each root
system was seven in S. dasycladosand 12 in S viminalis.

M easurements were made four times during summer 1994:
onJune 15, July 15, August 15 and September 9 beforethefirst
autumn frosts. On every measurement occasion, eight ran-
domly chosen shoots per clone were studied. Each shoot was
divided into three to five vertical sections depending on shoot
height. In every section, one leaf was selected for detailed

investigation. A “fish-eye” photograph was taken from the
position of attachment of every marked leaf; leaf height from
the ground and the sequential number from the top were
determined. The leaves were removed and dried (at 70 °C for
48 h) and dry mass and |eaf areawere measured. Leaf areawas
determined with a computer scanner. After leaf area measure-
ments, the sameleaveswere sampled for nitrogen analysis. For
each species and harvest date, al investigated shoots were
combined and total foliar and stem dry masses were deter-
mined. Starting in July, recently abscised leaves were also
collected for nitrogen analysis.

Light environment at the leaf surface was determined by
using hemispherical “fish-eye” photographs (Anderson 1964).
From each photograph, canopy gap fraction distribution was
determined with respect to the zenith angle. Fractional trans-
mission of diffuse irradiance on the horizonta plane (ag) was
calculated as:

85°
ad:%é_ 0. Sina cosa, (D]
a= 5°15%

where g, isthe gap fraction within a10° zenith angle interval
(a —5° a + 5°). The value of a4 was used as the measure of
relative PPFD ontheleaf. No correction for direct sunlight was
made. Canopy relative light interception was estimated from
the mean ag4 value of the lowest leaves of the eight shoots.

Total leaf area and the foliar nitrogen of shoots were calcu-
lated with data obtained from the sampled leaves and the
number of leaves per shoot. To obtain the canopy LA and total
canopy nitrogen per ground area (Ng), data on single shoots
were multiplied by shoot density and the mean value was
calculated.

Leaf nitrogen was determined with the standard Kjeldahl
method by using a Tecator Kjeltec Auto 1030 analyzer (Teca
tor, Hoganés, Sweden). Thelight-independent nitrogen pool in
a leaf was determined as the intercept of the a4 versus leaf
nitrogen regression line and was assumed to be the samefor al
leavesin the canopy at the time of the measurements. The total
canopy light-dependent nitrogen pool was calculated as the
difference between Ny and the total canopy light-independent
nitrogen pool. The nondegradable nitrogen pool in aleaf was
taken to be equal to the nitrogen concentration in abscised
leaves, and this pool was assumed to be the same for all leaves
in the canopy.

Results

A distinct vertical gradient occurred in mass-based leaf nitro-
gen concentration in both willow species (Figure 1). The
gradient was especially steep at the beginning of the growing
season with nitrogen concentration differing more than two-
fold between the upper and lower leaves. During the season
this difference gradually decreased. The same pattern was
observed for the mass-based |eaf nitrogen concentration versus
gy relationship (Figure 2). The slope of this relationship de-
clined considerably during canopy development (Table 1).
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7 Table 1 also presents mean nitrogen concentrations of the
lowest leavesin the canopy and the abscised leaves.

No obvious vertical gradient was detected in LM A (data not
shown). In S. dasyclados, LMA increased during the growing
season (Table 2), and the increase occurred almost simultane-
oudly in old leaves at the bottom of the canopy and in young
developing leaves at the top of the canopy. A steady increase
in fully developed leaf size was the most pronounced change
during the season (Figure 3). In S. dasyclados, the relationship
14 between leaf height and the dry mass of fully developed leaves
was almost linear.
°y 0 o0 1 20 250 200 The seasonal increase in total foliage nitrogen was almost

Height from ground _[om] proportional to the increase in total LAI, hence the ratio

Ng/LAI changed little during the season, although it exhibited

amaximum at the beginning of the season (Table 2). Both total
canopy nitrogen and LA increased simultaneously during the
vegetation period. A comparison of the acquisition of the two
main resources, nitrogen and light energy, revealed that the
young developing canopy intercepted light per unit of foliar
nitrogen very efficiently; however, the amount of foliar nitro-
genincreased up to the end of the season, whereas canopy light
interception had amaximum in August (Figure 4). Thisdiffer-
ence in the dynamics of light interception and LAl was
L mainly caused by tempora changes in the canopy light ex-
tinction pattern. Although LAl increased during the season,
0 0 5‘0 1;0 1;0 200 the efficiency of a mean leaf area unit to absorb light de-
Height from ground [cm] creased (Figure 5). The scattering of data points in Figure 5

was caused mainly by the calculation of LAI from the leaf

Figure 1. Seasonal changesin the vertical distribution of leaf nitrogen area data of the shoot, without considering spatial variability
concentration. A: S. dasyclados; and B: S viminalis; ¢ = June 15; Bl in shoot size
=July 15; A = August 15; and O = September 9. )
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Figure 2. Relationship between leaf nitrogen concentration and fractional diffuse irradiance (ag) in S dasyclados (¢, and solid line) and
S viminalis (O, and dashed line). A: June 15; B: July 15; C: August 15; and D: September 9. Regression parameters are given in Table 1.
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Table 1. Seasonal changesin basic leaf nitrogen parameters: linear regression parametersfor relationship of leaf mass-based nitrogen concentration
versusfractiona transmission of diffuseirradiance (ag), and mass-based |eaf nitrogen concentration (%) in the lowest attached and abscised leaves.

Species Date Leaf N concentration versus a4 regression parameters Leaf N concentration (%)
Slope+ SE Intercept + SE R % Lowest leaves Abscised leaves
Salixdasyclados ~ June 15 4,06 £ 0.68 1.47+0.50 66.1 331+014 -
July 15 220+0.22 253+0.12 76.9 2.75+0.08 105+ 0.04
August 15 1.71+0.20 2.60+0.10 66.7 245+ 0.07 1.32+0.06
September 9 146+0.20 230+0.10 63.0 2.17+0.07 1.30+0.07
Salix viminalis June 15 3.08+121 1.25+0.97 44.9 289+0.14 -
July 15 269+ 0.31 1.96+0.20 75.0 239+0.11 143+0.18
August 15 213+021 224+0.12 76.5 2.27+0.06 1.68 + 0.06
September 9 158+ 0.39 226+0.23 408 214+0.16 1.89+0.07

Table 2. Leaf, nitrogen and light parameters cal culated for the whole canopy: ag = fractional transmission of diffuseirradiance; LMA = leaf mass

to arearatio; Ng = total canopy N per ground area; LAl = leaf areaindex.

Species Date agatthelowestleaves LMA (gm’?d Ng (gm? LAI Ng/LAI (gm™?)
Salix dasyclados June 15 0.48+0.04 659+1.0 0.45 £ 0.06 0.16 £ 0.02 2.78

July 15 0.12+0.03 62.3+1.2 2.24+0.15 1.09 + 0.08 2.06

August 15 0.08+0.01 748+21 6.16 + 0.72 241+0.19 2.55

September 9 0.11+£0.02 91.1+20 6.49 + 0.68 257 +0.26 2.53
Salix viminalis June 15 058+0.21 675+22 0.28+£0.04 0.12 £ 0.02 2.29

July 15 0.23+£0.03 624+14 2.00+0.27 094+£0.14 2.13

August 15 0.06£0.01 73.0+£13 4.33+0.57 194+0.25 2.23

September 9 0.17+£0.01 62.7+15 5.03+0.56 3.01+£0.20 1.67

The calculated values of light-dependent and degradable
canopy nitrogen pools are given in Table 3. The size of the
degradable nitrogen pool was not calculated for June because
there were no abscised leaves at that time. In all cases, the
degradable nitrogen pool was bigger than the light-dependent
nitrogen pool, because the nitrogen concentration of the ab-
scised leaves was always lower than the intercept value of the
nitrogen versus aq relationship (Table 1). The relative propor-
tion of both light-dependent and degradable pools of nitrogen
in the total canopy nitrogen decreased considerably during
canopy development (Table 3). Moreover, although total foliar
nitrogen increased monatonically with increasing LAI, the
absolute amount of light-dependent nitrogen reached a maxi-
mum at LAI values of 2-2.5 (Figure 6). Hence, the light-de-
pendent nitrogen pool changed in parallel with canopy light
interception with amaximum in August. The absolute value of
the degradable nitrogen pool of the canopy aso had a distinct
maximum in August.

Discussion

During leaf canopy development in two Salix species, severa
changes occurred in foliage parameters, light interception and
nitrogen distribution. Although abscision of the lower leaves
began in July, total canopy LAI increased until September.
Total foliar nitrogen increased almost in proportion to leaf

area. The relatively high total nitrogen to LAI ratio in June
(Table 2) can be accounted for by the development of shoots
from the existing root systems. At the beginning of the growing
season, the amount of nitrogen available to |eaves was prob-
ably high as a result of both nitrogen stored in roots and the
relatively high root to shoot ratio. The vertical nitrogen gradi-
ent, which changed markedly during the season, appeared asa
result of changes in mass-based leaf nitrogen concentration,
because LMA changed little. In contrast, in a closed forest
canopy where leaves within the canopy develop under differ-
ent PPFDs, a vertical nitrogen gradient appears mainly be-
cause of changesin LMA (Kull and Niinemets 1993).

When the nitrogen gradient was defined as a change in
mass-based leaf nitrogen concentration per plant height unit
(Figure 1), it decreased with increasing LAl and canopy clo-
sure. This result contrasts with studies where the opposite
pattern has been shown (DeJong and Doyle 1985, Hirose et al.
1988, Schieving et al. 1992). In the present study, weidentified
severa causes leading to decreases in the nitrogen gradient
over the growing season. The steepness of the nitrogen gradi-
ent depends on the portion of the total nitrogen pool to be
distributed in relation to PPFD, provided that the PPFD gradi-
ent is the sole predictor of nitrogen distribution inside the
canopy. During the vegetation period, growth of leaf area and
the light-independent nitrogen pool, as well as the uptake of
nitrogen, were related in away that caused a steady declinein
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Figure 3. Seasonal changes in the dry mass of sampled leaves as a
function of leaf attachment height. Only data for fully developed
leaves are shown. A: S. dasyclados; and B: S viminalis; ¢ = June 15;
W = July 15; A = August 15; and O = September 9.

the proportion of total canopy nitrogen to be distributed ac-
cording to PPFD. In addition to changes in the size of the
relocatable nitrogen pool, the PPFD gradient and its distribu-
tion pattern aso changed during the season. Substantial
clumping as well asthe relatively small size and mainly hori-
zontal position of leaves in the young developing plants re-
sulted in a strong PPFD gradient in June. Later in the season,
leaf area distribution and probably also leaf angle distribution
became more random as a result of the bigger leaves, and the
PPFD absorption efficiency of the unit leaf areadeclined. This
decline in the PPFD gradient was an additional cause of the
decrease in canopy nhitrogen gradient.

The light-independent nitrogen pooal in leaves, measured as
the intercept of the leaf nitrogen versus aq relationship (Ta-
ble 1), approximated the amount of nitrogen measured in the
lowest leaves. Data from June were the only exception, but in
June the lowest leaves were relatively well exposed to light.
The nondegradable nitrogen pool, measured as nitrogen in
recently abscised leaves, was substantially smaller than the
light-independent nitrogen pool, especially in Salix dasy-
clados. When considering optimal nitrogen distribution, it is
important to know whether photosynthetic nitrogen is more
closely related to the light-dependent or to the degradable

Total canopy nitrogen [g m?]
H
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Figure 4. Seasonal changesin relationship between total canopy nitro-
gen per ground area unit and canopy relative light interception in
S dasyclados (¢) and S. viminalis ((J). Bars show standard errors of
the estimate (n = 8). The straight line denotes the maximum ratio of
total canopy nitrogen/intercepted light in the studied canopies.
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Figure 5. Seasonal changesin relationship between the leaf areaindex
(LAI) and fractional transmission of diffuse radiation. A: S dasy-
clados; and B: S. viminalis; ¢ = June 15; B = July 15; A = August 15;
and O = September 9. Data are fitted with exponential trendlines.
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Table 3. Seasona changesin light-dependent and degradabl e nitrogen pools calculated per ground area unit.

Species Date Light-dependent N pool Degradable N pool
g m? % of total canopy N gm? % of total canopy N

Salix dasyclados June 15 0.30 65.2 - -

July 15 0.53 23.6 153 68.3

August 15 147 239 3.78 61.4

September 9 111 17.2 3.45 53.2
Salix viminalis June 15 0.18 63.3 - -

July 15 0.85 426 1.16 58.0

August 15 1.16 26.7 1.95 45.0

September 9 0.76 151 146 29.0

Canopy nitrogen [g m?]
n

0 0.5 1 1.5 2 25 3 35
LAI

Figure 6. Total leaf nitrogen (solid ling) and light-dependent nitrogen
pool (dotted line) in relation to total canopy leaf areaindex (LAI) in
S dasyclados (¢, B) and S viminalis (A, O). Bars show standard
errors of the estimate (n = 8).

nitrogen pool. Several modeling approaches have led to the
conclusion that canopy photosynthesis is maximized if distri-
bution of the photosynthetic apparatus approximatesthe PPFD
profileinsidethecanopy (Marshall and Porter 1991, Wu 1993).
However, there is some evidence that the leaf photosynthetic
nitrogen pool isbigger than the light-dependent nitrogen pool.
Only afew studies have presented both photosynthesis versus
leaf nitrogen and leaf nitrogen versus PPFD relationships for
the same species (DeJong and Doyle 1985, Hirose and Werger
1987b). These studies show that leaf nitrogen content is higher
if it is extrapolated to zero PPFD than if it is extrapolated to
zero photosynthesis. Thus, it is possible that the nonphotosyn-
thetic nitrogen pool in the leaf is smaller than the estimated
light-independent pool. Also, the photosynthetic apparatus
may be distributed in such away that arelatively larger part of
it, expressed by its nitrogen content, is in shaded leaves com-
pared with illuminated leaves, as was suggested by Evans
(1989). Vapaavuori and Vuorinen (1989) obtained data from a
similar Salix plantation showing that qualitative changesin the
photosynthetic apparatus occurred in response to increased
shading during canopy development, and this may complicate
the relationship between total leaf nitrogen and leaf photosyn-

thesis. Based on numerous data, Field and Mooney (1986)
demonstrated that, if photosynthesis and leaf nitrogen are
evaluated on the basis of dry mass, extrapolation of nitrogen
concentration to zero photosynthesisyieldsapositiveintercept
on the nitrogen axis, equal to 0.5 mmol g %, which is about
0.7% of the dry mass. This value is half of that obtained for
abscised leavesin our study and indicatesthat the real nonpho-
tosynthetic nitrogen pool may be smaller than the nondegrad-
able nitrogen pooal.

Kull and Jarvis (1995) hypothesized that there is a limit to
theratio of total canopy nitrogen to intercepted PPFD, because
energy for acquiring nitrogen originates from intercepted
PPFD. Thislimit probably depends on nitrogen availability in
the soil and on the plant growth form, as well as on available
light energy. In Salix dasyclados, the maximum total canopy
nitrogen per unit of intercepted PPFD occurred in August and
equalled 7 g nitrogen m™2 of ground area, assuming that all
availablelightisintercepted (Figure4). Thisvalueiswithinthe
limits (3.5-8.5 g m?) of total foliar nitrogen estimated for a
range of Estonian natural and seminatural plant communities
(Kull et a. 1995). Although the total nitrogen pool in the
foliage increased up to the end of the growing season, the
light-dependent pool as well as canopy PPFD interception
culminated in August. The proportion of nitrogen in the light-
dependent pool decreased from almost 65% of the total canopy
nitrogen in Juneto 15% in September. Because the nondegrad-
able nitrogen pool, estimated as the amount of nitrogen in
abscised |leaves, was smaller than the light-independent nitro-
gen pool, the degradable or retranslocatable nitrogen pool
decreased from 68% in S dasyclados in June to 29% in
S viminalis in September. These values lie in the range of
foliar nitrogen retranslocation (24--81%) measured in other
tree species (Chapin and Moilanen 1991, Escudero et al.
1992). Thus, at least 30% of total foliar nitrogen is neither
degradable nor light-dependent. This figure may even reach
70% of total canopy nitrogen at high LAlsin closed canopies.
Consequently, the amount of total canopy nitrogen that is not
distributed according to the PPFD profile may be significant
and should be taken into account when applying any optimal-
ity scheme to describe nitrogen distribution inside a canopy.
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