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Initial fertilization of Betula pubescens
in Iceland did not affect ectomycorrhizal
colonization but improved growth

HREINN OSKARSSON'23
AND
GUDPMUNDUR HALLDORSSON*

!'Hekluskégar, Gunnarsholt, 851 Hella, Iceland (corresponding address)
’Icelandic Forest Research, Mdgilsd, 116 Reykjavik, Iceland
3Danish Centre for Forest, Landscape and Planning, University of Copenhagen,
Rolighedsvej 23, 1958 Frederiksberg C, Denmark
E-mail: hreinn@hekluskogar.is

“Soil Conservation Service of Iceland, Gunnarsholt, 851 Hella, Iceland
E-mail: gudmundur.halldorsson@land.is

ABSTRACT

Different doses of nitrogen (N) and phosphorus (P) were applied in a factorial design experiment to seedlings
planted in nutrient poor and nutrient rich Andisols in Iceland to determine the effect of initial fertilization
on ectomycorrhizal colonization, survival, growth, and nutrient status of downy birch (Betula pubescens)
seedlings. One year after planting the highest NP fertilizer dosage reduced ectomycorrhizal colonization at
the nutrient poor site significantly, while at the nutritional rich site the N and P fertilization had no significant
effect. Three years after planting the difference in ectomycorrhizal colonization between the unfertilized and
fertilized seedlings had vanished on both sites. At that time the average colonization at the rich and the poor
site was 60% and 79%, respectively. No clear effect on the composition of ectomycorrhizal morphotypes was
found by the various NP combinations. The initial fertilization increased the dry weight of birch on both soil
types significantly. One and three years after planting the increase was up to 3.6 and 14 times, respectively.
On the rich site, the largest dosages of NP had no additional effect over that of smaller NP dosages, while at
the nutrient poor site the larger the dosages, the more the seedlings grew. Fertilization increased the foliar con-
centrations of N and P 3.6 and 7.7 times, respectively. NP fertilization during establishment of downy birch
on Andisols in Iceland is recommended, as site-adapted moderate dosages had a positive effect on the growth
and nutrient status and no adverse effect on the ectomycorrhizal development three years after planting.
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YFIRLIT

Aburdargjof vio grédursetningu d birki jék voxt en hafdi ekki ahrif G préun svepprotar

Arid 1998 var gerd aburdartilraun 4 birki (Betula pubescens) 4 tveimur stédum & Sudurlandi. Markmid til-
raunarinnar var ad athuga ahrif mismunandi skammta af nitri (N) og fosfor (P) 4 lifun, voxt, neringarastand
og svepprétarmyndun & birki, annarsvegar 4 frjésomu landi (Kollaba) og hins vegar 4 ryru landi (Markar-
fljétsaurum). Borid var 4 plontur einu sinni vid grodursetningu i juni 1998 og uttektir gerdar nastu prju arin
par & eftir. Einu ari eftir grodursetningu hafdi steersti NP skammturinn marktaek neikvaed ahrif 4 myndun
svepprotar a rotum birkisins & ryra landinu. Premur arum eftir grédursetningu voru ahrif dburdargjafanna
a svepprotamyndun horfin og var magn svepprota a rotarendum svipad hja birki i 6llum aburdarlioum.
Medaltioni svepprota a rétarendum var pa 60% a frjésama landinu og 79% 4 pvi ryra. Enginn munur var &
samsetningu utlitsgerda svepprota milli dburdarlidanna. Aburdargjof hafdi jakvaed ahrif 4 voxt og var purr-
vigt rota og yfirvaxtar birkis allt ad 3,6 og 14 sinnum meiri { bestu dburdarmedferdinni en hjé vidmidunar-
pléntum, einu og premur arum eftir grodursetningu. A frjosomu molendi juku staerstu NP skammtarnir voxt
litid samanborid vid smerri NP skammta, en 4 ryrum malaraurum uxu plontur pvi meira pvi staerri sem NP
skammtarnir voru. Aburdargjofin jok styrk naeringarefna i birkilaufi haustid eftir grédursetningu um 3,6 (N)
og 7,7 (P). Ut fra nidurstodum tilraunarinnar er oheett ad maela med aburdargjof a birki vid grédursetningu,
enda jok hun voxt og betti neringarastand an pess ad hafa neikvaed ahrif & préun svepprota 4 plontunum

premur arum eftir grodursetningu.

INTRODUCTION

Downy birch (Betula pubescens Ehrh.) is a
native tree species that presently covers about
1.2% of the total surface area of Iceland
(Sigurdsson & Snorrason 2000). It is gener-
ally believed that in the late 9th century when
Iceland was settled about 25-30% of the sur-
face area of the country was covered by birch
woodlands and forests (Blondal 1993). The
subsequent large scale deforestation has been
explained by the combined effect of heavy
livestock grazing, felling of trees for charcoal
and firewood, forest clearing for grazing land,
frequent volcanic eruptions and the cooler cli-
mate during the Middle Ages (Bjarnason 1942).
Today, downy birch is one of the most planted
tree species in Iceland. In 2004 more than 1.5
million seedlings of downy birch were planted
on an area of 500-600 ha, mainly in connection
with afforestation of treeless nutrient deficient
land (Gunnarsson 2005). A new project, where
birch will be used for land reclamation and
erosion prevention on an area of about 60,000
ha in southern Iceland, has recently been init-
iated (Aradottir 2007).

Success of afforestation in Iceland has in
many cases been poor (Oskarsson & Ottosson
1990). Often the reason has been low survival
and growth during the establishment phase,
but also partly due to specific site condi-

tions and management practices (Oskarsson
& Ottosson 1990, Aradottir & Grétarsdottir
1995). Deficiency of nitrogen and phosphorus
has been identified as a major limiting factor
for growth of newly planted tree seedlings in
Iceland (Oskarsson & Sigurgeirsson 2001).
Vitalization fertilization with nitrogen and
phosphorus at the time of planting has given
positive growth effects on newly planted tree
seedlings (Gudmundsson 1995, Oskarsson et
al. 2006).

Many studies have shown that N and P fer-
tilization has negative effects on the formation
of ectomycorrhiza (see reviews by Wallander
1995, Wallenda & Kottke 1998, Allen et al.
2003, Treseder 2004). However, the results
depend on soil type and soil nutrient status
(Treseder & Vitousek 2001), and recently,
nitrogen additions have been found to increase
ectomycorrhiza in arctic nitrogen deficient eco-
systems (Clemmensen et al. 2006), a finding
that contradicts earlier results. Many studies
have looked at the short-term effect of N or
P additions on ectomycorrhiza (e.g. Treseder
& Allen 2002, Dixon et al. 1981, Newton &
Pigott 1991a). However, fewer studies have
dealt with the long-term effect of a single
addition of nitrogen and phosphorus on ecto-
mycorrhizal development (e.g. Tétreault et al.
1978). As a single application of NP fertilizer
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is a common practice during afforestation in
Iceland, this is an important research subject.
This paper presents a three year study of
downy birch that received various dosages of
N and P at the time of planting. This was tested
on two contrasting soil types in South Iceland,
a gravel soil extremely low in nutrients and
relatively fertile abandoned grazing land. The
main goals were to quantify the effects of
initial fertilization of birch seedlings with
different dosages and combinations of easily
soluble nitrogen and phosphorus on the devel-
opment of ectomycorrhizal colonization and
seedling survival and growth. Furthermore the
foliar nutrient concentration was measured.

MATERIALS AND METHODS

Site description

The study was located at two sites in south-
ern Iceland, Markarfljétsaurar (63°40.158'N
and 20°00.554'V, 60 m a.s.l.) and Kollaber
(63°44.758'N and 20°03.205'V, 135 m a.s.l.).
These sites will be identified as the nutrient
poor M-site and the rich K-site, respectively.
The poor M-site is located on a flat and barren
outwash plain of the River Markarfljét, near the
south coast. The river flooded regularly over the
area until the build-
ing of revetments
in the 1930’s. It is

site is located on a hilltop 8 km NW from
Markarfljotsaurar. It is fully vegetated, pri-
marily by tussocks covered with thick moss
(Rhacomitrium sp.) and with some grass cover
in between. The soil at the K-site has a silt-
loam texture and is at least 1 m thick due to
the long lasting deposition of aeolian materials
originating from nearby erosion areas. Ash and
pumice layers, originating from volcanoes in
the vicinity, are visible at various depths in the
soil profile. The soil type of the K-site is mod-
erately fertile compared to Icelandic conditions
(Johannesson 1960).

Furrows were ploughed in the soil surface
in the spring of 1998 at both sites using an
agricultural plough. The plough formed fur-
rows 10-20 cm deep and 30-40 cm wide, and
mounded the spoil into a ridge about 20 cm
high. The aim of this soil preparation was to
create a favourable microclimate for seedlings
by improving soil temperature and moisture,
to reduce competition from other vegetation,
and to create a shelter. This is a common site
preparation method used in afforestation in
Iceland, especially on grassland.

The experiment was initiated on 26-27 June
1998. One-year-old containerized seedlings of

Table 1. Fertilizer treatments and amounts in grams pr. seedling. The 'x” indicates
from which treatments seedlings were excavated in 1999 and 2000.

sparsely vegetated,

. : Treatment N P 33% Triple Sampled  Sampled
primarily by low NH,NO;  phosphate in 1999 in 2000
shrubs (Empetrum  NOPO 0 0 0 0 X X
nlgrum L. and NOP15 0 6.3 0.0 33.3 X X
Thymus praecox NOSPS 0.5 2.1 1.5 1.1

. NO.5P10 0.5 4.2 1.5 22.2
ssp. arcticus (Dur.
Rp B (Dur) — osp1s 0.5 63 1.5 33.3 x

onn. and - grass g spp 0.5 8.4 15 44.4
Species (Festuca Sp. N1P0 1 0.0 3.0 0.0 X X
and Agrostis sp.).  NIPS 1 2.1 3.0 11.1
The soil at the poor  NIP15 1 6.3 3.0 333 X X
M-site is mostly a N1P20 1 8.4 3.0 44.4
mixture of basaltic  NIP25 1 10.6 3.0 55.6
sand and gravel and NP0 z - 6l 22,2
th triti | stat N2P15 2 6.3 6.1 33.3 X

¢ nutritional status —— \»pyg 2 8.4 6.1 44.4
of such soils is gen-  nyps 4 2.1 12.1 11
erally believed tobe  N4P15 4 6.3 12.1 333 X
poor (Johannesson  N8PIS 8 6.3 242 333 X

N8P25 8 10.6 24.2 55.6 X

1960). The rich K-
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downy birch (Betula pubescens Ehrh. prov.
Embla), with root volume of 100 cm?® were
used. Planting was performed manually with
a planting tube (Pottiputki, Lannen Corp., Iso-
Vimma, Finland) at a spacing of 1x2 m: hence
the planting density was 5,000 seedlings ha™'.

Fertilizer was applied at the time of plant-
ing and was scattered by hand over a 15-20 cm
circumference around the seedlings. Eighteen
combinations of nitrogen and phosphorus were
applied as easily soluble nitrogen (33% N as
NH,NO,) and phosphorus (triple phosphate:
19% P as Ca(H,PO,),) (Table 1). In afforesta-
tion in Iceland the usual dosages for small tree
seedlings is 1 g N and 15 g P. In the present
study the combinations selected ranged from
zero N and P up to two and eight times the
normal dosages of P and N, respectively (Table
1). All treatments were randomized within
each of the four blocks on the two sites. Each
plot within the blocks contained 20 seedlings,
resulting in a total of 2,880 birch seedlings.

The weather conditions during the first
year of the experiment were favourable for
tree growth both as regards temperature and
precipitation. No occurrences of damaging
frost in the growing season were measured
at a nearby meteorological station (Hella,
20 and 26 km from the sites) during the
experimental period, 1998-2000 (pers. comm.
Icelandic Meteorological Office 2004). The
mean annual temperature during the years
1998-2000 was 3.9 °C. The mean temperature
of the four warmest months (May-September)
and the coldest month (January) during 1998-
2000 was 9.6 and —1.0 °C, respectively. The
effective temperature sum (degree-days,
> +5 °C) during the years 1998, 1999 and 2000
was 773, 756 and 1,182 d.d., respectively. The
precipitation during the growing season (May-
September) in 1998-2000 was on average 508
mm.

One soil profile was dug on each
experimental site. At the K-site sam-
ples were taken at three depths: 0-5,
6-15, and 30-45 cm, but at the poor M-site the
soil was uniform gravel with no recogniza-
ble soil horizons, and therefore samples were

collected only from one depth, 0-15 cm. The
soil samples were oven-dried at 70°C for 24
hours and crushed gently to pass a 2 mm sieve
before analyses. At the poor M-site about half
of the sample was coarser than 2 mm and was
therefore not used for analyses. The coarse-
ness was however accounted for when the data
were analyzed. Carbon was determined by dry
combustion at 1,050°C using a Leco CR-12
C analyser. Nitrogen was determined by the
Kjeldahl method. Soil pH was determined in
a 1:10 soil:water suspension using a combina-
tion calomel electrode. Phosphorus soluble in
0.5 M NaHCO, was determined as described
by Olsen et al. (1954). Exchangeable potas-
sium was extracted by 1.25% HAc and deter-
mined by flame emission spectrometry.

Sampling and processing of data

The experiments were assessed at the end of
the growing season during each of the first
three years after planting. All seedlings were
assessed for survival and frost heaving. The
frost heaving of seedlings was measured as lift-
ing of the root collar surface in cm compared to
the surrounding soil surface. A random subset
of eight seedlings from each treatment plot was
measured each year for total height in spring
and autumn and annual shoot elongation.

Random subsets of 4 seedlings from each of
the selected treatments were excavated from
every block at each site on two occasions, on
20 May 1999 and 25 August 2000. In 1999 the
treatments that were showing the most con-
trasting growth responses were sampled. These
were: NOPO, N1P0, NOP15, N1P15 and N8P25
(Table 1). The year after, only the treatments
with increasing N dosages and fixed P dosage
were excavated. These were: NOPO, N1PO,
NOP15, NO.5P15, N1P15, N2P15, N4P15 and
N8P15 (Table 1). The reason for this choice
was that variation in growth in the second and
third years was mainly due to variation in N
dosage.

The upper part of each seedling, branches,
leaves and stem, was separated from the root.
Thereafter soil was carefully washed off the
roots. The upper part and the roots were then
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oven-dried at 70°C for 72 h and the dry weight
of each part was then determined.

Three root samples were cut off each of
the harvested seedlings just after sampling.
The samples were taken from a) the top of the
root system, b) the middle of the root system,
and c¢) the bottom of the root system. The
root samples were stored in 13:5:200 forma-
lin:acetic-acid:50%-ethyl alcohol liquid until
further analysis. The ectomycorrhizal root tips
were categorized into different morphotypes,
M1-M13, on the basis of morphology, colour,
characteristics of the surface of the hyphal
mantle, and planar views of different mantle
layers, using methods described by Agerer
(1987-1998). Initial categorization and ecto-
mycorrhizal colonization were quantified by
counting the total number of root tips, at least
100, and the total number of ectomycorrhizal
fine root tips and obtaining the percentage of
colonization. Counting of root tips was carried
out using a binocular

The statistical analyses were done separate-
ly for each of the two sites. Prior to analyses,
the plot means were calculated for seedling dry
weight, foliar nutrient content and ectomycor-
rhizal colonization. The plot means were used
to perform the statistical tests in the general
linear models (GLM) of the SAS system for
Windows, release 8.02 (SAS Institute Inc.,
Cary, N.C.), for randomized block design. A
Kolmorogrov-Smirnov test was used for test-
ing the normal distribution of the data. The
test was significant (p>0.05) for growth data
and ectomycorrhizal colonization. Growth data
were transformed by logarithm and data for
ectomycorrhizal colonization were transformed
by arcsin(sqrt(x)) before analysis of variance.
Duncan's multiple range test was used to test
for pairwise differences (p>0.05) between the
treatment means. No statistical analyses were
done on the ectomycorrhizal morphotypes, as
the data were not normally distributed.

dissecting microscope
at a 10+30 magnifica-
tion.

Foliage for chemical
analyses was system-
atically sampled on 28
August 1998 from 5-15
randomly selected seed-
lings from the NOPO,
N1P0, NOP15, N1P15,
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Figure 1. The proportional colonization of root tips by ectomycorrhiza on
Betula pubescens seedlings and the different morphotypes (M1-M13) found (A)
one and (B) three years after planting and fertilization at two sites. The letters
within the column show a non-significant difference (p < 0.05) by Duncan's test
on the total dry weight. The bars show standard error of means.
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RESULTS

Ectomycorrhizal colonization
After one growing season the average ectomy-
corrhizal colonization of birch roots was high-
er at the nutritional rich K-site compared to the
poor M-site (39% and 23%) (Figure 1). At the
rich K-site there was no significant (p=0.15)
treatment effect, but at the poor M-site this
effect was significant (p=0.02). At the poor
M-site the N1PO treatment had on average the
highest colonization (41%); however only the
N8P25 treatment varied significantly from the
other treatments with the lowest colonization,
0.3% (Figure 1A). In total six morphotypes
were present after the first year, but the Ml
morphotype was the dominating one on both
sites. In some treatments this was the only

morphotype (Figure 1A).

Three years after planting the ectomycor-

rhizal colonization was
higher at the poor M-
site, or 80% compared
to 60% at the K-site.
There was no signifi-
cant (p=0.13) difference
in colonization between
fertilizer treatments at
the poor M-site, but at
the rich K-site the dif-
ference was significant
(p=0.02). At that site
the control seedlings
had the highest coloni-
zation, 84%, along with
N8P15, NOP15 and
NI1PO. The treatments
NO0.5P15 and N4P15
had the lowest coloni-
zation, ranging from 40
to 50% (Figure 1B). In
total 12 morphotypes
were present after the
third year, and no single
one had absolute dom-
inance although Ml
and M4 were the most
common (Figure 1B).

Dy weight g

Diry weight g

Survival and frost heaving

The survival of seedlings was high in the
experiment, with an overall survival after three
years of 99.5% at the M-site and 98.0% at the
K-site. Frost heaving was negligible in the
trial, and only a few seedlings at the K-site
were lifted by a few cm by frost action in soil.
No significant treatment effects on survival or
frost heaving were found (data not shown).

The annual shoot elongation and dry weight

At the poor M-site the overall average annual
shoot elongation was 14.7, 7.8 and 2.4 cm
in the first, second and third years, respect-
ively. There was an overall significant effect
(p<0.005) from the initial fertilization in all
years. The treatments that gave the highest
growth at the poor M-site in 1998 were those
containing 2-8 g of N. In 1999 and 2000 the
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Figure 2. The dry weight of leaves, stem and branches (gray) and roots (open
column) of Betula pubescens seedlings at the two sites (A) one and (B) three
years after planting. The letters within the column show a non-significant differ-
ence (p < 0.05) by Duncan's test on the total dry weight. The bars show standard
error of means.
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N8P25 treatment (highest N and P) gave
the highest annual shoot elongation (data not
shown). The annual growth increments did not
show a significant difference when various P
dosages with fixed N were applied (data not
shown). At the rich K-site the overall average
annual shoot elongation was 16.0, 9.6 and 7.2
cm in the first, second and third years, respect-
ively. There was a significant (p<0.001) over-

all fertilization effect on shoot elongation
during the first two years, but in the third year
the effect was no longer significant (p<0.43;
data not shown).

One year after planting, the overall fertiliza-
tion effect on the dry weight was significant
(p<0.001) at both sites. That year, the seed-
lings receiving the N8P25 initial dose were
at both sites the largest ones (Figure 2A).

Table 2. The nutrient concentration and nutrient to N ratios of Betula pubescens leaves at Markarfljotsaurar
and Kollabzr. Samples were collected two months after planting and fertilization on 28 August 1998. Means
within columns followed by the same letter are not significantly different (p<0.05) by Duncan's test. ‘*’ indi-

cates a non-significant treatment effect (p>0.05).

mg g’ mg kg
Treatment N P K Ca S Mg Mn Fe Zn Cu B
Markarfljotsaurar
NOPO (a) 9.0 a 12 a 65 a 49 a 07 a 30 * 380 a 1020 * 82 ad 8 a 12 a
NOPI5 Drymass 101 a 65 ¢ 75 ab 7.1 bc 09 b 40 529 b 929 103 ab 2 b 20 b
NI1PO 260 b 16 a 67 ab 57 ab 12 ¢ 33 378 a 1436 133 be 7 a 9 d
NIPI5 267 b 92 d 100 ¢ 83 cd 16 d 3.6 372 a 831 148 ¢ 6 a 30 ¢
N4P5 320 ¢ 34 b 78 b 72 bec 18 d 32 309 a 769 58 de 6 a 14 a
N8P25 328 ¢ 51 ¢ 74 ab 96 d 21 e 37 315 a 885 36 e 6 a 26 be
NOPO (b) - 139 ab 726 a 550 a 74 a 341 a 428 a 1155 a 092 a 009 a 0.14 a
NOPI5  N-ratio - 636 ¢ 743 a 699 b 90 b 396 a 524 a 935 a 102 a 002b 020 b
NI1PO - 63 e 260 ¢ 220d 45 e 126 b 146 b 574 b 051 b 003 b 003 e
NI1P15 - 345 d 375 b 310 ¢ 61 cd 136 b 140 b 313 bec 056 b 002 b 011 a
N4P5 - 107 b 246 ¢ 225 d 55 d 101 ¢ 098 ¢ 245 ¢ 019 ¢ 002 b 005 d
N8P25 - 154 a 226 ¢ 293 ¢ 63 ¢ 113 bc 096 ¢ 275 bec 011 d 002 b 0.08 ¢
Kollabeer
NOPO (a) 119 a 13 ab 61 a 59 * 08 a 33 * 34l a 990 * 93 * 5 * 16 *
NOPI5 Drymass 157 a 37 ¢ 74 bec 64 1.0 b 32 297 ab 1006 151 7 18
N1P0O 293 be 09 a 64 ab 58 13 ¢ 34 280 ab 1135 118 5 19
NIP15 262 b 29 a 81 ¢ 65 1.6 d 34 246 b 1145 162 10 23
N4P5 343 ¢ 16 b 58 a 57 1.6 d 3.1 295 ab 1197 114 7 18
N8P25 312 be 33 a 65 ab 6.1 21 e 34 222 b 833 73 7 21
NOPO (b) - 109 a 520 a 498 a 63 a 28.1 a 2.88 a 822 * 0.78 a 0.04 * 0.14 a
NOPI5  N-ratio - 218 b 452 a 39.7 b 62 a 194 b 1.82 b 6.24 0.90 a 0.04 0.11 ab
NI1PO - 30 ¢ 221 ¢ 200cd 45 b 11.7c¢ 09 c 398 0.41 be  0.02 0.06 cd
NI1P15 - 109a 314 b 252¢ 61 a 135¢c 093¢ 455 0.62 ab  0.04 0.09 be
N4P5 - 49 ¢ 172 cd 170d 46 b 9.0 d 0.87 ¢ 3.92 0.33 cd 0.02 0.05 d
N8P25 - 102 a 207 d 198 ¢cd 6.7 a 109 ¢d 0.71 d 2.80 023 d 0.02 0.07 cd
Target ' - 10 65 6 9 8 0.4 0.7 0.03 0.03 0.2

! The target values show the relative levels of nutrients (N=100) that may be considered to be suitable for
optimum nutrition of birch seedlings in culture solutions (Ericsson & Ingestad 1988, Ingestad 1971, Ingestad 1979).
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The N8P25 seedlings at the poor M-site had a
48% higher dry weight than seedlings receiv-
ing the same treatment at the rich K-site. At
the K-site there was no significant difference
in dry weight among the N1P15 and N8P25
treatments (Figure 2A). The control seedlings
(no initial fertilization) and seedlings receiving
NOP15 had the lowest dry weight at both sites,
around 1.4 g. Seedlings that received the low-
est N dose (N1P0) had 57% and 71% higher
dry weight than the control seedlings after one
year at the rich K-site and the poor M-site,
respectively (Figure 2A).

The initial fertilization also had a highly
significant effect on the dry weight of seedlings
three years after planting (p<0.001). At the rich
K-site all treatments with both N and P addi-
tions (N2P15, N8P15, N4P15, NO.5P15 and
N1P15) gave increased dry weight when com-
pared to control seedlings. However, according
to Duncan’s multiple range test, there was no
significant (p>0.05) difference among those
treatments (Figure1B). At the poor M-site the
highest N inputs (N8P15 and N4P15) gave
the highest dry weight. Three years after the
initial fertilization the largest plants at the poor
M-site (N8P15) had 95% more dry weight
than the largest plants at the K-site (N2P15).
However, the control seedlings (NOPO) that
had the lowest dry weight at both sites were 2.6
g/seedling at the poor M-site compared to 6.7
g/seedling at the rich K-site (Figure 2B). That
is, the initial fertilization led to stronger growth
response and larger birch plants at the poor
M-site, but without the initial input the total
birch seedling dry weight was only 40% of that
at the rich K-site (Figure1B).

Foliar nutrient concentration
Fertilization treatments
significantly  affect-
ed the foliar nutrient

N g at the poor M-site and 11.9 mg N g at
the rich K-site. At the poor M-site the N con-
centration increased with the N dosage (Table
2). The average concentration of P, K, Ca, and
Mn was higher at the poor M-site, but the aver-
age N and Zn concentration was higher at the
rich K-site (Table 2).

When P was lacking in the fertilizer treatment
(N1PO) or when the level of P was relatively low
(N4P5) the N/P ratio was significantly lower
(p<0.05) than the N/P ratios of other treatments
(Table 2). The ratio of Ca/N, Mg/N, Mn/N,
Fe/N and Zn/N was generally higher than the
target values shown to maintain optimum
growth; howeverthe N ratios were lower than the
target ratios for B/N and K/N, especially when
N was applied (Table 2).

Soil description

The organic soil carbon and N concentration at
the M-site was low (1 gCkg-1and 0.1 gNkg™),
while at the K-site the concentration was much
higher (108 g C kg! and 6.4 g N kg'). At the
K-site both N and C were highest in the surface
layer and decreased with depth (Table 3). Soil
pH in the surface layer was 5.9 at the M-
site, but 5.4 at the K-site and increased with
depth. The concentration of P, however, was
slightly higher at the M-site than at the K-site
(Table 3).

DISCUSSION

Ectomycorrhizal colonization

The present study was aimed at ascertaining
the effects of a single initial application of
N and P on birch on the proportion of root
tips colonized by ectomycorrhiza. A negative
relationship between application of fertilizers

Table 3. Soil data from the experimental sites.

concentration of birch  Site Depth, pH C, N, CNN P, K,

: = kg! kg! cmol(+) k 1
seedlings two months e gkg' gkg mg kg g
after planting. The foli- Markarfljétsaurar 0-15 59 1.0 0.10 100 0.52 0.29
ar nitrogen concentra- Kollabar 0-5 54 108.0 6.50 16.6 0.47 1.05
tion was lowest ln con- 6-15 5.7 64.8 5.42 11.9 0.25 0.71

3045 6.1 58.5 496 11.8 0.10 0.19

trol seedlings 9.0 mg
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and ectomycorrhizal colonization has been
established in several studies (e.g. Wallander
1995, Wallenda & Kottke 1998, Allen et al.
2003, Treseder 2004). In our study the larger
applications of N led to a decrease in ectomy-
corrhizal colonization in the first year at the
rich K-site, as expected (Figure 1A). However,
at the poor M-site only the largest N applica-
tion (N8P25) decreased the ectomycorrhizal
colonization significantly, to a level where it
was almost non-existent (Figure 1A). These
same seedlings however showed the greatest
growth response (Figure 2A). This is in accor-
dance with earlier studies on birch (Newton &
Pigott 1991Db).

At the rich K-site the application of N alone
had no significant effect compared to control
seedlings, but at the poor M-site, a slight
increase in colonization resulted (Figure 1A).
This may indicate that not only tree growth but
also the ectomycorrhiza might be N-limited
in nutrient poor Andisols in Iceland. In a
study of Betula nana on two arctic tundra
ecosystems Clemmensen et al. (2006) found
that the ectomycorrhizal biomass increased
after addition of NPK fertilizer, which was
explained both with increased biomass of the
ectomycorrhizal plants and by increased fun-
gal growth as a result of the treatment. In the
present study P alone had no effect on the ecto-
mycorrhizal colonization after one year at the
poor M-site, while at the rich K-site there was
a slightly non-significant negative tendency
(Figure 1A).

The seedlings receiving only nitrogen had
the lowest foliar P/N values (Table 2), which
can be interpreted as a deficiency of phospho-
rus. These also had the highest ectomycor-
rhizal colonization at the poor M-site (Figure
1A), which is in accordance with earlier results
that severe P deficiency strongly stimulates
mycorrhizal development due to increased host
carbohydrate pools (Wallander & Nylund
1992).

Several hypotheses have been presented to
explain the negative effect of N and P appli-
cation on ectomycorrhizal development. In a
review Wallander (1995) concludes that the

reduction of mycorrhizal fungi following N
fertilization might be because the mycorrhizal
fungi itself allocates more carbon to the pro-
cess of N assimilation. Further, that it is the
fungus rather than the host that modifies its
carbon allocation patterns to suit the N supply
situation, resulting in a reduced rate of ectomy-
corrhizal growth at elevated levels of N supply.
This is also in accordance with Bidartondo et
al. (2001) who suggested that a high carbon
cost of ammonium uptake of the mycelium
was one explanation for reduced sporocarp
production and mycelial growth by ectomycor-
rhizal fungi commonly found after high levels
of nitrogen addition.

The negative effect of a single large NP ini-
tial fertilization on ectomycorrhizal coloniza-
tion in the present study was a temporary effect
that had mostly disappeared after only three
years. Tétreault et al. (1978) also found the
negative effect of N application to ectomycor-
rhizal colonization on balsam fir seedlings to
be temporary, as it increased again if the seed-
ling N supply was decreased to the original
level. Wallander and Nylund (1992) suggested
that nitrogen fertilization on forest land would
only have a passing effect on the ectomycor-
rhizal development. Furthermore, in a recent
study on mature Norway spruce in a long-term
experiment with annual additions of fertilizer,
the number of ectomycorrhizal connections
was not affected after 15 years of treatment
(Fransson et al. 2000). This shows how tran-
sient the initial decrease in ectomycorrhizal
colonization due to fertilizer application may
perhaps be. The proportion of colonized root
tips at the poor M-site was on average higher
than at the rich K-site three years after plant-
ing. This finding is in accordance with recent
studies showing a higher ectomycorrhizal bio-
mass in a boreal forest ecosystem (Nilsson et
al. 2006) and ectomycorrhizal colonization on
i.e. Betula pendula Roth (Dehlin et al. 2004)
on soils with a lower nutrient availability than
on more fertile soils.

There were three possible sources of ecto-
mycorrhizal fungal inoculum for the birch
seedlings in the present study: a) spores that
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were dispersed from nearby fungal sporocarps,
b) fungi attached to roots of vegetation on
the site, and c) fungi that colonized the roots
of the seedlings in the nursery. The greater
variation in ectomycorrhizal morphotypes that
was found at the rich K-site (Figure 1) might
indicate a larger variation in naturally occur-
ring plants at that site. In a study looking at
plant growth and ectomycorrhiza formation on
deglaciated land in Alaska, Helm et al. (1999)
concluded that the ectomycorrhiza found
on planted seedlings were a subset of those
found on naturally occurring plants at the site.
This might explain the uniformity of ectomy-
corrhizal morphotypes at Markarfljotsaurar
(Figure 1) as there was very limited vegeta-
tion at the site. Samples were not taken of the
seedlings in the nursery, but it is likely that all
seedlings were inoculated with ectomycorrhiza
commonly found at nurseries (Oskarsson U.
pers. comm).

At the rich K-site there was a trend towards
lower ectomycorrhizal colonization on the
seedlings receiving low N with P three years
after planting and fertilization (Figure 1B). A
study with eucalyptus seedlings showed that
high N levels combined with low P levels
increased mycorrhizal colonization (Mason
et al. 2000). It cannot be concluded from our
results whether such NP ratios have any effect,
especially because N alone does not show this
effect (Figure 1B).

Survival and frost heaving

Survival was not affected by the fertilizer
application. The largest dosages contained
8 g N and 10.6 g P (80 g fertilizer) per seed-
ling. Such large dosages were expected to
increase mortality, due to the high osmotic
effect of the high salt concentrations in the
rooting zone, which may inhibit the water
uptake of seedlings (Brockley 1988). This was
however not the case since there was sufficient
precipitation during the weeks after planting
(pers. comm. Icelandic Meteorological Office
2000). In a similar study in southern Iceland,
fast-release NP fertilizer, 3.7 g N and 1.4 g P
per seedling, increased mortality significantly

in the first growing season, when seedlings
were exposed to drought during the first weeks
after planting (Oskarsson et al. 2006).

Frost heaving is regarded as one of the main
factors affecting the survival of tree seedlings
during the first winters after planting in Iceland
(i.e. Aradottir 1991), but fertilization at the
time of planting has been found to reduce the
effect (Oskarsson et al. 2006). The smaller
dosages in the present study were therefore
expected to have a positive effect on survival.
However, only very few birch seedlings were
lifted by frost heaving in the trial at the K-site
and none at the M-site. Permanent snow cover
reduces the frost heaving of tree seedlings
(Bergsten et al. 2001), which might have been
the case in the present study. The first winter
after planting (1998-1999) was rather cold
with permanent snow cover for a long period
(pers. comm. Icelandic Meteorological Office
2000).

Growth factors

The aim of initial fertilization in afforestation
in Iceland is not mainly to increase growth
but rather to vitalize the tree seedlings and alle-
viate the stressful conditions the seedlings are
exposed to. Rapid seedling growth during the
first growing season increases the survival rate
during the first winter (Brockley 1988).

Control seedlings and seedlings only receiv-
ing P were the smallest (Figure 2), which
indicates that N is the main limiting nutri-
ent in these soils. This is in accordance with
earlier results (Oskarsson & Sigurgeirsson
2001). However, the growth responses to N
fertilization were amplified when combined
with P. This result indicates that P is also in
short supply, and can easily become the limit-
ing nutrient if only N is applied.

The highest N dosages (8 g N) with P had
the largest effect on seedling dry weight at
the poor M-site. However, at the rich K-site
the smaller NP dosages, 1-4 g N, gave effects
similar to those of the largest ones (Figure 2).
Also, after one year the difference in dry weight
between the treatments N1P15 and N8P25 was
significant at the poor M-site, while at the more
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fertile site there was no difference between
these treatments (Figure 2A). This difference
in the response to the initial fertilization was
even clearer three years after planting (Figure
2B). The fact that fertilization at the poor M-
site gave a higher overall growth response
than at the rich K-site and why the difference
between fertilizer treatments NO.5 to N8 was
smaller might be explained by the following.
At the sparsely vegetated M-site, the birch
seedlings had negligible competition from
the local vegetation, while at the rich K-site
the plowed furrows were surrounded by grass
which could have competed with the birch for
nutrients. The largest fertilizer dosages might
therefore have benefited the local vegetation
more than the birch seedlings, which because
of small initial root systems, could not have
absorbed all the applied nutrients.

Foliar nutrient concentration
The nutrient concentration of leaves is a good
indicator of the nutrient status of whole plants
(Marschner 1995). However short-term fluc-
tuations in foliar nutrient concentrations, e.g.
dilution effects by fast growth or accumulation
of carbohydrates in leaves, might complicate
the interpretation of foliar analyses (Marschner
1995). Foliar samples in this study were col-
lected in late August, and such dilution effects
should not be expected at that time as the most
active growing period (June-July) had passed.
Fertilization at the time of planting increased
the foliar nitrogen concentration by 360% and
290%, and the phosphorus concentration by
770% and 280%, on the poor M- and rich
K-site, respectively (Table 2). This increase
in foliar nitrogen and phosphorus concentra-
tions was larger than previously seen in field
studies with birch in Iceland (Oskarsson et al.
2006, Hreinn Oskarsson unpublished results).
However, the dosages applied in those studies
were smaller than in the present study. Control
seedlings and those only receiving phosphorus
were deficient in nitrogen (Table 2), while
other treatments were within N sufficiency
limits, according to van den Burg (1990).
These results reflect the low availability of

nitrogen at the poor M-site as well as at the
rich K-site.

The target N ratios in Table 2 show the
relative levels of nutrients (N=100) that may
be considered to be suitable for optimum
nutrition of birch seedlings in culture solu-
tions (Ingestad 1971, Ingestad 1979, Ericsson
& Ingestad 1988). Comparison of these to the
measured foliar values revealed low ratios
of P/N, K/N, S/N, Cu/N and B/N (Table 2).
This indicates that these elements would be
the next candidates for nutrient limitations, if
N is added to the system. Similar results were
also obtained by Sigurdsson (2001) in a study
on black cottonwood saplings (Populus tricho-
carpa [Torr. and Gray]). The ratios of Ca/N,
Mg/N, Mn/N, Fe/N and Zn/N were, however,
rather high (Table 2). The low nitrogen con-
centration found in control seedlings and those
only receiving P shows that N is the main
limiting nutrient; however N should always be
applied with P, K, S, Cu and B.

Soil properties

The experiment was performed on two con-
trasting sites with similar climate conditions.
Soils on both sites are classified as Andisols, a
volcanic soil type which covers approximately
80% of Iceland (Arnalds 2004). The soil at
the poor M-site is about 75 years old and is
composed of gravel and sand deposits from the
River Markarfljot. It is extremely deficient in
organic matter and nitrogen, while at the rich
K-site the soil would be considered as rather
fertile in comparison with other chemical
analyses in Iceland (Johannesson 1960) (Table
3). These two sites are representative of large
parts of Iceland as the fully vegetated areas
typically have Andisols with large amounts of
organic carbon whereas eroded areas are barren
deserts with little organic carbon (Oskarsson et
al. 2004).

The high N and C concentration down
through the soil profile at the rich K-site is
characteristic of soils that have had constant
thickening due to wind-borne deposits and
slow decomposition of organic material. The
low temperature, deep root penetration and
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the presence of allophone clay may hamper
decomposition of organic material in such
soils (Arnalds et al. 1995). The P concentra-
tion was slightly higher at the poor M-site
(Table 3), which might be explained by the lack
of strong immobilizers there, such as of com-
plexes of organic material, iron and aluminum.
At the K-site more immobilizers, in addition
to allophane clay minerals, which also cause
P retention in Andisols, could have made the
chemical extraction of P and the subsequent
analyses difficult (Arnalds 1998).

CONCLUSION

Fast initial growth is important when establ-
ishing birch seedlings on cold and infertile
Andisols in Iceland. Initial fertilization has
been shown to have a positive effect on sur-
vival and growth. Our results show that ini-
tial fertilization can reduce ectomycorrhizal
colonization if fertilizer is applied in large
dosages. This reduction in ectomycorrhiza is
temporary, however, and the roots of birch
seedlings are colonized only a few years after
the initial fertilization.

ACKNOWLEDGEMENT

We would like to thank Bjarni D. Sigurdsson,
Bjarni E. Gudleifsson and anonymous review-
ers for useful comments on the manuscript,
Gudridur Gyda Eyjolfsdoéttir for helping with
the categorization of ectomycorrhiza, Anna
Kristin Bjornsdéttir for laboratory work. Hrafn
Oskarsson, Agnes Bra Birgisdottir, Hronn
Gudmundsdottir, Atli Arnarson and Hrefna
Johannesdottir for field work. Gratitude goes
to Jyrki Hytonen at the Kannus Research
station in Finland for foliar analyses, and
Dr Bjarni Helgason for soil analyses. The
Icelandic Centre for Research Information,
The Agricultural Productivity Fund and Nordic
Forest Research Co-operation Committee
(SNS-67) supported the project financially.

REFERENCES
Agerer R (ed.) 1987-1998. Colour Atlas of

Ectomycorrhizae. Einhorn-Verlag, Schwi-
bisch Gmiind.

Allen MF, Swenson W, Querejeta JI,
Egerton-Warburton LM & Treseder KK
2003. Ecology of mycorrhizae: A concept-
ual framework for complex interactions
among plants and fungi. Annual Review of
Phytopathology 41, 271-303.

Aradéttir AL 1991. Population biology and
stand development of birch (Betula pube-
scens Ehrh.) on disturbed sites in Iceland.
PhD thesis. Texas A&M University, College
Station. 104 pp.

Aradoéttir AL 2007. Restoration of birch and
willow woodland on eroded areas. Tema
Nord 2007, 64-71.

Aradéttir AL & Grétarsdéttir J 1995.
Uttektir 4 grodursetningum til landgraedslu-
skdga 1991 og 1992. [Assessment of affore-
station on eroded areas in Iceland 1991 and
1992]. Fjélrit Rannsoknastodvar Skogreektar
rikisins, 9. [In Icelandic].

Arnalds O 1998. Soil resources of Icelandic
volcanic systems: State of the art. Meeting
report from COST 622: Soil resources of
European volcanic systems, held in Iceland
5-10 July 1998. pp. 29-34.

Arnalds O 2004. Volcanic soils of Iceland.
Catena 56, 3-20.

Arnalds O, Hallmark CT & Wilding LP
1995. Andisols from Four Different Regions
of Iceland. Soil Sci. Soc. Am. J. 59, 161-
169.

Bergsten U, Goulet F, Lundmark T &
Lofvenius MO 2001. Frost heaving in a
boreal soil in relation to soil scarification
and snow cover. Can. J. For. Res. 31, 1084-
1092.

Bidartondo MI, Ek H, Wallander H &
Soderstrom B 2001. Do nutrient additions
alter carbon sink strength of ectomycorrhizal
fungi? New Phytol. 151, 543-550.

Bjarnason H 1942. Abud og 6rtr6d. [Land use
and abuse]. Arsrit Skégreektarfélags Islands
1942. pp. 8-40. [In Icelandic].

Blondal S 1993. Socioeconomic importance
of forests in Iceland. In: Alden J, @dum S &



ECTOMYCORRHIZA AND FERTILIZATION OF BETULA 27

Mastrantonio JL (eds.). Forest Development
in Cold Climates. Plenum Press, New York,
pp. 1-13.

Brockley RP 1988. The Effects of Fertilization
on the Early Growth of Planted Seedlings: A
Problem Analysis. For. Can. and B.C. Min.
For., Res. Br., FRDA Report 011, Victoria,
B.C. 117 p.

Clemmensen KE, Michelsen A, Jonasson S
& Shaver GR 2006. Increased ectomycor-
rhizal fungal abundance after long-term fer-
tilization and warming of two arctic tundra
ecosystems. New Phytol. 171, 391-404.

Dehlin H, Nilsson M-C, Wardle DA &
Shevtsova A 2004. Effects of shading and
humus fertility on growth, competition, and
ectomycorrhizal colonization of boreal for-
est tree seedlings. Can. J. For. Res. 34,
2573-2586.

Dixon RK, Garrett HE, Bixby JA, Cox
GS & Thompson JG 1981. Growth,
Ectomycorrhizal Development, and Root
Soluble Carbohydrates of Black Oak
Seedlings Fertilized by Two Methods. Forest
Sci. 27, 617-624.

Ericsson T & Ingestad T 1988. Nutrition and
growth of birch seedlings at varied relative
phosphorus addition rates. Physiol. Plant.
72,227-235.

Fransson PMA, Taylor AFS & Finlay RD
2000. Effects of continuous optimal fertiliza-
tion on belowground ectomycorrhizal com-
munity structure in a Norway spruce forest.
Tree Physiology 20, 599-606.

Gunnarsson E 2005. Skograktarario 2004
- tolulegar upplysingar [Forest statistics in
Iceland 2004]. Skogreektarritio 2004, 96-
100. [In Icelandic].

Gudmundsson J 1995. Aburdargjof a birki
i landgreedsluskograekt, tilraunanidurstoour
[Fertilization of birch during afforestation
of eroded soils]. Skogreektarritio 1995, 129-
135. [In Icelandic].

Helm DJ, Allen EB & Trappe JM 1999.
Plant growth and ectomycorrhiza formation
by transplants on deglaciated land near Exit
Glacier, Alaska. Mycorrhiza 8, 297-304.

Ingestad T 1971. A Definition of Optimum

Nutrient Requirements in Birch Seedlings.
II. Physiol. Plant. 24, 118-125.

Ingestad T 1979. Nitrogen Stress in Birch
Seedlings. II. N, K, P, Ca, and Mg nutrition.
Physiol. Plant. 45, 149-157.

Johannesson B 1960. The Soils of Iceland - with
a generalized soil map. University Research
Institute, Department of Agriculture, Reports,
Series B, no.13. 140 p.

Marschner H 1995. Mineral Nutrition of
Higher Plants. Academic Press Limited,
London. 889 pp.

Mason PA, Ingleby K, Munro RC, Wilson
J & Ibrahim K 2000. Interactions of nitro-
gen and phosphorus on mycorrhizal devel-
opment and shoot growth of FEucalyptus
globulus (Labill.) seedlings inoculated with
two different ectomycorrhizal fungi. Forest
Ecology and Management 128, 259-268.

Newton AC & Pigott CD 1991a. Mineral
nutrition and mycorrhizal infection of seed-
lings oak and birch I. Nutrient uptake and
the development of mycorrhizal infection
during seedling establishment. New Phytol.
117, 37-44.

Newton AC & Pigott CD 1991b. Mineral
nutrition and mycorrhizal infection of seed-
lings oak and birch II. The effect of fertil-
izers on growth, nutrient uptake and ectomy-
corrhizal infection. New Phytol. 117, 45-52.

Nilsson LO, Giesler R, Baith E & Wallander
H 2006. Growth and biomass of mycorrhizal
mycelia in coniferous forests along short
natural nutrient gradients. New Phytol. 165,
613-622.

Olsen SR, Cole CV, Watanabe SE & Dean
LA 1954. Estimation of available phospho-
rus in soils by extraction with sodium bicar-
bonate. 939. U.S.D.4 circular. 9 p.

Oskarsson H, Arnalds O, Gudmundsson J
& Gudbergsson G 2004. Organic carbon in
Icelandic Andosols: Geographical variation
and impact of erosion. Catena 56, 225-238.

Oskarsson H & Sigurgeirsson A 2001.
Fertilization in Icelandic Afforestation:
Evaluation of Results. Scand. J. For. Res.
16, 536-540.

Oskarsson H, Sigurgeirsson A & Raulund-



28 ICELANDIC AGRICULTURAL SCIENCES

Rasmussen K 2006. Survival, growth, and
nutrition of tree seedlings fertilized at plant-
ing on Andisol soils in Iceland: Six-year
results. Forest Ecology and Management
229, 88-97.

Oskarsson U & Ottosson JG 1990. Plantation
Establishment Success of Pinus contorta
Dougl. ex Loud. and Larix sibirica (Munch.)
Ledeb. Using Various Methods and Stock.
Scand. J. For. Res. 5,205-214.

Sigurdsson BD 2001. Elevated [CO,] and
nutrient status modified leaf phenology and
growth rhythm of young Populus trichocarpa
trees in a 3-year field study. Trees 15, 403-
413.

Sigurdsson BD & Snorrason A 2000. Carbon
sequestration by afforestation and revegeta-
tion as a means of limiting net-CO, emis-
sions in Iceland. Biotechnol. Agron. Soc.
Environ. 4, 303-307.

Tétreault JB, Bernier B & Fortin JA 1978.
Nitrogen fertilization and mycorrhizae of
Balsam fir seedlings in natural stands. Nat.
Can. 105, 461-466.

Treseder KK 2004. A meta-analysis of
mycorrhizal responses to nitrogen, phosp-
horus, and atmospheric CO, in field studies.
New Phytol. 164, 347-355.

Treseder KK & Allen MF 2002. Direct nitro-

gen and phosphorus limitation of arbuscular
mycorrhizal fungi: A model and field test.
New Phytol. 155, 507-515.

Treseder KK & Vitousek PM 2001. Effects
of soil nutrient availability on investment
in acquisition of N and P in Hawaiian rain
forests. Ecology 82, 946-954.

van den Burg J 1990. Foliar analysis for
determination of tree nutrient status - A
compilation of literature data. 2. Literature
1985-1989. Wageningen, The Netherlands,
Institute for Forestry and Urban ecology,
“Die Dorschkamp®. p. 591.

Wallander H 1995. A new hypothesis to
explain allocation of dry matter between
mycorrhizal fungi and pine seedlings in rela-
tion to nutrient supply. Plant and Soil 168-
169, 243-248.

Wallander H & Nylund JE 1992. Effects of
excess nitrogen and phosphorus starvation
on the extramatrical mycelium of ectomy-
corrhizas of Pinus sylvestris L. New Phytol.
120, 495-503.

Wallenda T & Kottke I 1998. Nitrogen depo-
sition and ectomycorrhizas. New Phytol.
139, 169-187.

Manuscript received 26 March 2008
Accepted 5 June 2008





