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Variation in needle nutrient concentrations with age and vertical location in the crown
was studied in three Scots pine stands growing on peat soils in eastern Finland. The
concentrations of N, P, Fe and Zn decreased down the crown and those of Ca and Mn
increased. Potassium and magnesium concentration patterns differed between sites.

Potassium and Mg concentrations were highest in the current needles at all heights in
the crown, which was presumably due to retranslocation from the older needles. Cal-
cium, iron and manganese concentrations were highest in the oldest needles. The
concentrations of N, P and Zn did not vary with needle age.

The results emphasized the importance of careful selection of sampling point for
needle nutrient analysis in the crown of Scots pine.
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1 Introduction

Needle nutrient concentrations are used to diag-
nose the nutrient status of trees (Leyton and Arm-
son 1955, Paarlahti et al. 1971, Mead 1984).
Needle analysis is widely used for diagnosing
Scots pine nutrient deficiencies and fertilization
requirement on drained peatlands in Finland.
Needle sampling is done on the dominant trees
during the dormant period. Only the current nee-
dles of the topmost whorl on the southern side of
the tree are sampled.

Needle nutrient concentrations vary seasonal-
ly as a result of the annual physiological cycle of
trees (Tamm 1955, Nambiar and Fife 1987,
Helmisaari 1990). Mobile nutrients are trans-
ported to the growing tissues in spring and trans-
located from senescing needles to the storage
units of trees in autumn. The concentrations of
mobile nutrients are low in summer and high in
winter. Poorly mobile nutrients are not retranslo-
cated and hence accumulate in the needles. The
dormant period is the most convenient time for
sampling because the nutrient concentrations re-
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main rather stable for several months.

Needle dry mass and nutrient concentrations
vary according to needle age (Milkonen 1974,
Paavilainen 1980, Raitio 1987, Helmisaari 1990,
1992a, Finér 1992). The dry mass of the young-
est needles is lower than that of the older needles
(Milkonen 1974, Helmisaari 1990, 1992b). The
concentration of mobile nutrients decreases with
increasing age, and that of immobile nutrients
increases (e.g. Helmisaari 1990). The current
needles are preferred for diagnostical use since
their nutrient concentrations are better correlated
with the growth of trees than those of the other
age classes (Leyton and Armson 1955). Nutrient
concentrations in current needles have also less
between-tree variation than in older needles
(Mead and Will 1976, Morrison 1972).

Restricting sampling to one side of the crown
of dominant trees is done to minimise variance.
Dominant trees often have lower nutrient con-
centrations than suppressed trees (Wright and
Will 1958, van den Driessche 1974). However,
the aspect of the sample point in the crown prob-
ably has no importance (White 1954, Tamm
1955).

The results concerning the importance of sam-
pling height in the crown are somewhat contra-
dictory. There probably are some vertical nutri-
ent concentration patterns related to species, stand
and site (White 1954, Wells and Metz 1963,
Madgwick 1964, van den Driessche 1974). How-
ever, some of the nutrient patterns that have
been found in a vertical direction are biased by
the sampling technique. The differences in nutri-
ent concentrations between the top and base of
the crown may be related to the light conditions
and fertility of the site (Wells and Metz 1963,
Madgwick 1964, van den Driessche 1974, Mead
1984). According to some model calculations,
maximal use of N in photosynthesis occurs in
stands where N concentrations decrease down
the canopy, and the benefit obtained from such a
vertical N distribution is the greatest in stands
with dense canopies (Hirose and Werger 1987).

The aim of this study was to investigate verti-
cal and age-related differences in needle nutrient
concentrations in the crown of Scots pine (Pinus
sylvestris L.) growing on peat soils in eastern
Finland. This study is a part of two projects: a
Nordic countries’ project, the main objectives of
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which are to study the distribution and cycling of
nutrients on drained ombrotrophic pine bogs in
different climatic conditions, and the Finnish na-
tionwide LAVAME project, the aim of which is
to study the effects of fertilization on forest eco-
systems.

2 Material and Methods
2.1 Sites

The material of the study was collected at three
sites of different fertility in northern Karelia,
Finland. One of them is located in Raakkyli (64
km SE of Joensuu, 62°14'N; 20°S0'E, 81 m a.s.l.)
and the other two in Ahvensalo, [lomantsi (90
km NE of Joensuu, 62°51'N; 30°53'E, 155 m
a.s.l.). The climatic data for the site in Raakkyli
have been reported by Brakke and Finér (1990).

The site in Radkkyld was classified as a dwarf-
shrub type (Vtkg) according to the classification
of Laine (1989), and it has been drained in 1967.
One of the sites in [lomantsi was classified as a
Vaccinium vitis-idaea type 11 (Ptkg) and the oth-
er as a Vaccinium myrtillus type 11 (Mtkg). The
peat layer was more than one meter thick on all
sites. The amounts of nutrients in the surface
peat are presented in Table 1. The sites in Ilo-
mantsi had been drained for the first time in the
1930s. Supplementary ditches were dug in the
1960s and in 1979.

Table 1. Amounts of nutrients (kg/ha) in the 0-20 cm
peat layer in 1980 on the Ptkg and Mtkg sites and
in 1984 on the Vtkg site (Finér 1989, Braekke and
Finér 1991).

Nutrient Vikg Ptkg Mtkg
N 1912 2570 5880
P 105 125 380
K 64 90 220
Ca 392 830 1650
Mg 69 140 200
Fe 213 340 1295
Mn 11 9 19
Zn 42 17 16
B 0.36 - -
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Table 2. Tree stand characteristics in 1984 on the Vtkg
site and in 1985 on the other sites (Finér 1989,
1991a).

Vtkg Ptkg Mitkg
Stem number,
pines/ha 2364 1049 727
birches/ha 138 359
Mean diameter,
pine, cm 9 15 18
birch, cm 11 15
Mean height,
pine, m 9 11 16
birch, m 10 15
Mean length of
the living crown,
pine, m 5.7 6.2 5.8
Volume,
pine, m*/ha 81 73 109
birch, m*/ha 5 40
Volume growth,
pine, m¥ha/a 59 29 2.0
birch, m*/ha/a 20

Table 3. Mean characteristics of the sample branches at
different relative heights (%) in the living crown
in 1984 on the Vtkg site and in 1985 on the other
sites (Finér 1989, 1991b).

Height Vtkg Ptkg Mtkg

Diameter, mm 85 10 11 11
75 13 15 14

65 16 20 16

55 18 22 22

40 18 20 20

15 19 21 17

Length, cm 85 54 61 62
75 87 98 83

Age, years 85 3 3 4
75 5 4 6
65 8 7 9
55 10 9 11
40 13 10 14
15 19 17 17

All the Scots pine stands were naturally regen-
erated, and their age about 85 years on the Vtkg,
40-50 years on the Ptkg and 40-60 years on the
Mtkg site (Table 2). There were also some birch-
es (Betula pubescens) growing on the Ptkg site
in Ilomantsi.

2.2 Sampling

The needles were sampled in September—Octo-
ber in 1984 in Raidkkyld and one year later in
Ilomantsi. Nineteen trees were sampled in
Raikkyld, and five sample trees on the Ptkg site
and six sample trees on the Mtkg site in Ahven-
salo. The sample trees represented different di-
ameter classes and were chosen from the control
plots by random stratified sampling based on
breast height diameter (Finér 1989, 1991a). All
the sample trees were felled. All the needles on
six branches at the relative heights of 15, 40, 55,
65, 75 and 85 % from the lower limit of the
living crown were collected from each sample

tree. The needles were divided into three age
classes as follows: current year needles (C), one-
year-old needles (C + 1) and two-year-old and
older needles (C = 2). The sample branch char-
acteristics are presented in Table 3.

2.3 Nutrient Analyses and Calculations

Nitrogen was analysed by the Kjeldahl method.
The needle samples were ashed at 550°C, the
ash extracted with HCI, and phosphorus deter-
mined photometrically by the molybdate-hydra-
zine method, and K, Ca, Mg, Fe, Mn and Zn by
atomic absorption spectrophotometry. Boron was
determined colorimetrically by the azothome-
thine method. The methods are described in de-
tail by Halonen at al. (1983).

Differences in nutrient concentrations were
tested by the paired t-test. All calculations were
done by the SPSS/PC+ statistical package (SPSS/
PC+... 1988).
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Table 4. Variation in needle macro nutrient concentrations within the crown of Scots pine on different sites.

3 Results

Statistically significant (p < 0.05) differences in the mean nutrient concentrations between the different

The concentrations of N, P, Fe and Zn were

relative heights in the crown are indicated with the same small letters and the differences between the

current needles, C + 1 = one year old needles,

different needle age classes by the same capital letters. (C

higher in the top than in the lower branches (Fig.
1, Tables 4, 5 and 6). Apart from Zn, this pattern
was observed in all needle age classes. Potassi-

Table 4 continued.

two year old and older needles).

Cz2

um concentrations decreased down the crown on
the Ptkg site but not on the Vtkg site. On Mtkg
the K concentrations increased down the crown
in the oldest needle age class. Magnesium con-

centrations decreased down the crown in the two

youngest age classes on Mtkg and Vtkg. On
Ptkg the Mg concentrations were higher at the

base than at the top of the crown in the oldest
needle class. The concentrations of Ca and Mn
increased down the crown. There were some
indications that the lowest B concentrations may

occur in the middle of the crown.

The concentrations of K and Mg decreased

and those of Ca, Fe and Mn increased with nee-

in the crown (Tables 4 and 5). The highest P
concentrations were found in the current needles
and the lowest in the one-year-old needles on

dle age irrespective of the location of the branch
Mtkg and Ptkg. The nitrogen and Zn concentra-

The variation coefficients were lowest for N,

tions and that of P on Vtkg showed no clear
P, Mg and Fe, and there were no clear differenc-

relationship with needle age.

es due to the vertical location in the crown (Ta-
bles 4 and 5). The variation coefficients for the

N, Ca and Mn concentrations were almost the

same in all needle age classes. The variation

coefficients for the other elements increased with

needle age.

1Iscussion

2.1 Spatial Variation

4D

The concentrations of N, P, Fe and Zn decreased
down the tree crown. The crown layer in all
stands was closed, and the tops of the trees in the
upper tree classes, especially, were exposed to
higher irradiances than the bases. The movement
of nutrients in the upper level of crown could be

increased by stimulated photosynthetic activity
and transpiration. The N concentrations espe-
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Table 5. Variation in needle micro nutrient concentrations within the crown of Scots pine on different sites.
Statistically significant (p < 0.05) differences in the mean nutrient concentrations between the different
relative heights in the crown are indicated with the same small letters and the differences between the
different needle age classes by the same capital letters. (C = current needles, C + 1 = one year old needles,
C =2 = two year old and older needles).

Relative Fe ppm Mn ppm Zn ppm B ppm

height C C+1 C>2 C C+1 C>2 C C+1 C>2 ¢ C+l1 C>2
Vtkg

85 X 32a 55ab 77 353abcd  547abcde 856 42a 44 48 14ab 13
sd 7 AB 14 A 24 B 87 AB 156 A 269 B 11 20 21 6 0
cv% 21 25 31 25 29 31 25 45 44 41

15 14 5 16 14 3 15 14 5 14 1

7y X 32bed S6cd 64 431a 671a 661a 45bc 51 48 8 12bc 12a
sd 5 AB 20 A 18B 99 AB 184 A 2711 B 6 A 11A 26 0 5 4
cv% 15 36 28 23 27 41 14 21 54 40 31

17 18 15 17 18 15 17 18 14 1 18 9

65 X 32ef 48ef 72 423b 661b 773 42cd 50 42 I1bc 12b
sd 4 AB 9 AC 18 BC 83 AB 139 AC 195BC 7A 14AB 11B 4 3
cv% 13 19 24 20 21 25 17 28 27 35 26
n 18 18 16 19 18 16 19 18 16 18 12

55 X 29de 49 gh 69 418¢ 670c 720¢ 40ce 47 41 8 10ad 12¢
sd 3 AB 15AC 15BC 90 AB 140 AC 126 BC 8 A 13A 11 0 3 4
cv% 12 30 21 2] 21 18 20 27 27 33 31
n 19 17 16 19 17 16 19 17 16 1 17 13

40 X 28acf 45bdfh 70 430d 753d 838a 36ac 47 41 lle 13d
sd 3 AB 10 AC 14 BC 101 AB 236 A 263 B 8A 17AB 17B 4 4
cov% 11 23 20 23 31 31 23 36 41 38 35
n 17 16 16 17 16 16 16 16 16 16 14

15 X 27eb 40aceg 86 439 815e 940c 38bde 53 41 10 15cde 18abed
sd 4 AB 7AC 54BC 105 AB 256 A 403 B 6A 11AB 11B 0 4 S
cv% 16 18 63 24 31 43 16 21 27 26 27
n 11 12 15 11 12 15 10 12 15 1 12 10

Relative Fe ppm Mn ppm Zn ppm B ppm

height C C+1 2 c C+1 Cc22 C C+l1 C22 C C+1 c22
Ptkg

85 X 49a 58abc  96a 184ab 240abed  310a 40ab 35 28a 7 13 14
sd 8A 9A 5 48 A 78 A 110 8 10 2 0 n 0
cv% 16 15 5 26 33 35 21 28 7 1 56
n 5 5 2 5 5 2 5 5 2 2 5 1

75 X, 46 ab 59de 84b 216a 318a 320bed  39cd 37 47 Ta 12a lla
sd 6 AB 14 AC  15BC 55 AB 85 A 59 B 7 14 26 0 6 3
cv% 12 23 18 25 27 19 19 38 55 5 48 29
n 6 6 6 6 6 6 6 6 5 3 6 4

65 X 47 ¢ Slc 8lc 236 318 407bd 38ef 39 36 10 12b 11b
sd 3A 9B 10 AB 62 A 136 94 A 7 9 8 4 6 4
cv% 6 18 12 26 43 23 19 23 22 41 52 37
n 6 6 6 6 6 6 6 6 6 5 6 6

55 X 44d 48gf 76d 233b 376b 441d 35ac 43 32a 8ab 12¢ 12¢
sd 7A 4B 11 AB 73 AB 106 AC 109 BC 5 15 6 2 6 5
cv% 15 8 14 31 28 25 13 36 23 31 47 4‘[
n 6 6 6 6 6 6 6 6 6 4 6 6

40 X 38bd 43beg  T4e 225 379c 466¢ 32bdf 38 32 8 13d 12d
sd 6 A 7B 9 AB 59 AB 117 AC 107BC 6 9 5 3 6 6
cov% 15 17 13 26 31 23 19 24 20 34 44 49
n 5 6 6 S 6 6 5 6 6 4 6 6

15 X 35¢ 40adf 64abcde 245 402d 453ab 30ace 39 32 11b 16abed 15abed
sd 2A 6B 6 AB 50 AB 103 A 75 B 4 10 16 3 6 ]
% 6 15 10 20 26 17 13 27 16 23 39 33
n 4 6 6 4 6 6 4 6 6 3 6 6
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Table 5 continued.

Relative Fe ppm Mn ppm Zn ppm B ppm

height € C+l1 2 C C+l c2 (3] Cc+l 2 C C+l c2
Mtkg

85 X 42a 49 60 378 491ab 494ab  32a 25a 20 12 11 9
sd 2 7 14 128 174 143 7 11 15 0 4 3
cv% 6 14 23 34 35 29 23 43 73 36 29
n 5 5 4 5 5 4 5 5 4 1 5 3

75 X 40 43 66 342 511 549ac  30b 24b 23 10 11 11a
sd 6A 5B SAB  144AB 163 A 178B 6 9 18 2 3 2
% 15 1 7 12 32 32 19 39 80 15 24 20
n 4 5 5 4 5 5 4 5 5 2 5 4

65 X 38b 44 64 326a 505 577de 30 21ab 18 7 10 9a
sd 4A 3 10 A 11I8AB 102 A 224B  10AB  9AC 8BC 2 2 2
% 11 7 15 36 20 39 32 42 46 35 20 26
n 5 3 5 5 5 5 5 5 5 3 5 5

55 X 4lac 44 66 302a 519 608 25b 19¢ 17 8 9 9
sd 8 A 4B 8AB 119AB 177AC 227BC 3AB 4A 6B 2 2 3
ov% 19 9 13 39 34 37 14 23 38 29 25 30
n 5 5 5 5 5 5 5 5 5 5 5 5

40 X 35ab 47 57 326 569a Tllbe  22a 19d 16 8 10a 10¢
sd 5A 17 6A 131AB  225A 320B  3A 5 6A 2 4 4
ov% 16 36 10 40 40 45 13 28 36 31 39 44
n 5 5 5 5 5 5 5 5 5 5 5 5

15 X 34c 46 54 381 573b 706cd 16 15ed 15 11 12a 13c
sd 8 17 14 176 AB 216 AC 299 BC 2 4 6 0 5 6
ov% 25 37 25 46 38 42 12 24 42 37 45
n 3 5 5 3 5 5 3 5 5 1 5 5

Table 6. The correlation coefficients between the needle nutrient concentrations and relative height in the crown
on the different sites, (C = current needles, C + 1 = one year old needles, C = 2 = two year old and older

needles).

Vtkg Ptkg Mtkg

C+1 C22 C C+1 C22 & C+1 C22
N 0.54**  0.29* 0.05 0.72**  0.61**  0.60** 0.70%*  0.66**  0.68**
P 0.24* 0.32**  0.18 0.66** 031 0.67** 0.32 0.10 0.10
K —0.11 —0.00 -0.22 0.19 0.30 0.24 0.22 0.01 -0.32
Ca 0.30* 0.44**  0.30* -0.23 0.55** —0.63** -0.06 -0.16 0.46*
Mg 0.37**  0.29* 0.03 0.62**  0.07 0.43* 0.45* 0.35 0.25
Fe 0.38**  0.36* 0.19 0.66%*  0.63**  0.65** 0.43 0.09 0.32
Mn -0.20  -0.36** 0.27* -0.25 0.42* 0.46* 002 -0.18 032
Zn 0.30*  -0.09 0.17 0.50*  -0.07 0.26 0.66%*  0.43* 0.21
B -0.06  -0.42** -0.27 -0.20 -0.30 0.11 -0.17 -0.30
* =p<005
** =p<001

cially are known to be closely correlated with
photosynthetic capacity (Field and Mooney 1986,
Leuning et al. 1991). Hirose and Werger (1987)
have even hypothesized that N concentrations
should fall exponentially in closed canopies along
with the decrease in irradiance if N utilization by
trees is optimal. In this study the decrease in N,

P, Fe and Zn concentrations down the crown
was linear rather than exponential (see Tables
4,5 and 6), which could be connected to the
known simultaneous decrease in needle dry
weight (White 1954, van den Driessche 1974).
The possible decrease in dry weight could also
explain the observed increase in Ca and Mn con-
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Fig. 1. Variation in current needle nutrient concentrations within the crown of Scots pine on different sites.
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centrations down the crown. Calcium and Man-
ganese are also poorly mobile and are mainly
transported passively within plants (Mengel and
Kirkby 1982). The vertical nutrient patterns oc-
curred in all age classes as in the study by Madg-
wick (1964); not only in the youngest needles as
in Pinus banksiana stands studied by Morrison
(1972) or Pinus resinosa stands studied by Com-
erford (1981).

Earlier studies have not revealed any consist-
ent vertical nutrient distribution patterns in the
crowns of conifers (van den Driessche 1974).
However, a decrease in P, K and Fe concentra-
tions and simultaneous increase in Ca and Mn
concentrations have been reported for Pinus bank-
siana (Morrison 1972). A decrease in N, P and K
concentrations down the crown has been ob-
served in Pinus sylvestris (Leyton and Armson
1955, Wright and Will 1958, Lehtonen 1977)
and Pinus resinosa (White and Jokela 1980) on
mineral soils. However, Milkénen (1974) and
Helmisaari (1992b) found no vertical pattern in
the foliar nutrient concentrations of Scots pines
growing in closed stands on mineral soil in Fin-
land. The differences in nutrient patterns can be
explained by species and site specific factors.
There were also differences in sampling between
Helmisaari’s (1992b) and this study. The analy-
sis of the results differed between this and
Milkonen’s (1974) study.

The study deals with three sites of different
fertility. It has been suggested that vertical nutrient
concentration differences are positively correlated
with the fertility of the site and tree growth (Wells
and Metz 1963, Madgwick 1964, van den Driess-
che 1974). The material of this study was too small
to verify this hypothesis. However, the decrease in
N and P concentrations down the tree seemed to be
the more marked, the greater the corresponding
needle nutrient concentration on the site.

The changes in needle K, Ca, Mg, Fe, Mn and
Zn concentrations with age were in accordance
with earlier findings (Milkonen 1974, Paavi-
lainen 1980, Helmisaari 1990, 1992a, Finér
1992). Thus K and Mg can be regarded as mo-
bile nutrients, Ca, Mn and Fe poorly mobile and
the mobility of Zn intermediate. The differences
in needle nutrient concentrations with age were
the same at all levels in the crown (Madgwick
1964, Comerford 1981). Nitrogen and P are both

regarded as mobile and their concentrations usu-
ally decrease with needle age (Milkonen 1974,
Helmisaari 1990, 1992a). However, our results
did not show any clear changes in N and P con-
centrations with age. The changes in N concen-
trations with age are small in Scots pine stands
growing on peat soils (see Paavilainen 1980,
Reinikainen and Silfverberg 1983, Finér 1989,
1991b), and the same has been observed in a
Pinus banksiana stand growing on poor mineral
soil (Morrison 1972). In this study the changes
in needle nutrient concentrations were not fol-
lowed in the same needles as they aged, and
hence the results could be affected by the weath-
er conditions in the year when the needles were
formed (Leaf et al. 1970, Helmisaari 1990).

4.2 Needle Analysis

The following criteria are often set when taking
needle sample from a tree: the lowest possible
between tree and within tree variation, the great-
est correlation with growth or nutrient deficiency
and ease of sampling (Morrison 1972, Comerford
1981). A single needle sampling point in the
crown cannot satisfy these requirements for all
nutrients, or usually not even for a single nutrient.

This study showed clear horizontal and verti-
cal gradients for most of the studied nutrients,
thus emphasizing the importance of sample lo-
cation for needle analysis. Although, the sam-
pling in this study did not include samples taken
according to the present needle sampling proce-
dure for diagnostic purposes on peatlands, it
would appear that the mobile nutrients are usual-
ly taken at their local maximum and the immo-
bile ones at their local minimum. This would
suggest that different sampling point should be
employed for different nutrients and different
purposes. However, this is not supported by the
fact that the nutrient concentrations of the cur-
rent needles, especially those from the top of the
crown are better correlated with growth than
those taken from other parts of the crown, (Ley-
ton and Armson 1955). The oldest needles are
known to die and fall first if the trees are suffer-
ing from severe nutrient imbalances or other stress
(Tikkanen and Raitio 1990, Finér 1991b), which
does not always favour sampling old needles for

49



Silva Fennica 28(1)

articles

nutrient analysis.

The differences in needle nutrient concentra-
tions between the base and top of the crown are
probably as much dependent on light as on the
nutrient status of the tree (Mead 1984). Thus the
differences in crown closure between stands has
an effect on the vertical variation in needle nutri-
ent concentrations, and it is probable that the
nutrient concentrations of shade needles are the
most affected. This would favour sampling in the
top instead of the base (Wells and Metz 1963).
The fact that the vertical nutrient concentration
pattern is affected by the fertility of the site would
give sampling preference to the top of the crown.

The results for Pinus banksiana have shown
the lowest between tree variation in the base of
the crown for most nutrients (Morrison 1972). In
this study the youngest needles had lower be-
tween tree variation than the older ones for most
of the nutrients, which could give them a prefer-
ence for needle analysis (Tables 4 and 5, Morri-
son 1972, Mead and Will 1976). The samples
included the whole stem diameter distribution
and all needles of the sample branches. Thus the
variation coefficients of K, Ca, Mn and Zn were
somewhat higher than those presented for the
dominant trees and needles of first-order or sec-
ond-order branches in the whorl of Scots pine
stands (Helmisaari 1992b).

The results of this study emphasize the impor-
tance of precise needle sampling, which is not
always easy to put into practice in older stands.
The vertical location and the age of the needles
have an effect on the needle analysis results.
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