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Abstract The effect on ectomycorrhizal root growth in
a nitrogen-enriched planted stand of Scots pine (Pinus
sylvestris L.) on podzolic sandy soil to manipulation of
litter and humus layers (removal, doubling and control
treatments) was examined, and compared to ectomy-
corrhizal root growth in an untreated naturally estab-
lished Scots pine stand on nutrient-poor non-podzolic
sandy soil. Half a year after manipulation of litter and
humus layers in the planted stand, ingrowth-cores to a
depth of 60 cm were installed in both stands. Scots pine
roots were sampled four times during two growing sea-
sons. Ectomycorrhizal roots were found at all sampled
soil depths to 60 cm in all plots. Root growth and ecto-
mycorrhizal development were greater in the naturally
established stand than in all plots in the planted stand.
Numbers of ectomycorrhizal root tips in the litter and
humus removal plots were generally higher than in the
control plots in the planted stand until May 1992. Dou-
bling litter and humus did not significantly affect root
length or the numbers of ectomycorrhizal root tips. The
Ndissolved, NH4

c and NO3
– concentrations and the or-

ganic matter content in the upper 5 cm of the mineral
soil in the planted stand on podzolic sandy soil were
generally higher and the pH significantly lower than in
the naturally established stand on non-podzolic sandy
soil. Root growth and ectomycorrhizal development in
the secondary stand may have been negatively affected
by the chemical composition of the podzolic sandy
soil.
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Introduction

Over the last several decades, forests in The Nether-
lands have experienced high levels of atmospheric ni-
trogen deposition. An intensive livestock industry has
raised ammonia emissions from manure causing in-
creased nitrogen depositions (Pearson and Stewart
1993). Average immission values of ammonia now
range from 40 to 80 kg ha–1 year–1 with local extremes
to 100 kg ha–1 year–1 (Draaijers et al. 1989; Dijk et al.
1989). As a result, litter and humus have accumulated
because of increased foliage production and decreased
rates of decomposition of nitrogen-enriched litter and
humus (Kuyper 1988; Markkola and Ohtonen 1988;
Ohtonen and Markkola 1991). This accumulation is
particularly evident in stands of Scots pine (Pinus syl-
vestris L.) typified by thick layers of nitrogen-rich litter
and humus (Klap and Schmidt 1992; Baar and ter
Braak 1996). The grass Deschampsia flexuosa (L.) Trin.
has increased enormously in Scots pine stands as a re-
sult of enhanced nitrogen deposition (Tamm 1991;
Klap and Schmidt 1992). In these stands, Arnolds
(1991) noted a decline of species and sporocarps of ec-
tomycorrhizal fungi during this century.

Both litter and grass appear to affect sporocarp pro-
duction: litter depth and ectomycorrhizal sporocarp
abundance are negatively correlated (de Vries et al.
1985) and sporocarps of ectomycorrhizal fungi were
scarce in Scots pine stands dominated by the grass D.
flexuosa (Veerkamp and Kuyper 1993).

Below ground, ectomycorrhizal development also
appears to be negatively affected by increasing litter ac-
cumulation e.g., the reduced development of ectomy-
corrhizal root tips of conifer seedlings (Alvarez et al.
1979; Schoeneberger and Perry 1983; Rose et al. 1983;
Baar and de Vries 1995). Markkola and Ohtonen
(1988) noted that development of several ectomycor-
rhizal root types were reduced by thick layers of nitro-
gen-enriched humus, e.g., Dermocybe, Hebeloma and
Piloderma.
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Recent studies have reported that removal of litter,
humus and sod (herbaceous and grass roots), called
“sod-removal”, restored the ectomycorrhizal flora
above ground in nitrogen-enriched Scots pine stands in
The Netherlands (Baar and Kuyper 1993; de Vries et
al. 1995). The enhancement, however, was smaller in
stands on podzolic sandy soils than on non-podzolic
sandy soils (Baar 1996).

To study the effects of thick litter and humus on the
numbers of species and sporocarps of ectomycorrhizal
fungi, sods were added to several planted Scots pine
stands in The Netherlands (Baar and ter Braak 1996).
Sod-addition refers to the addition of litter, humus and
sods to the existing litter and humus layers in Scots
pine stands to simulate thick (4–10 cm) ectorganic
layers present in 50- to 70-year-old planted stands. Sod-
addition had no significant effects on numbers of spe-
cies and sporocarps of ectomycorrhizal fungi above
ground in Scots pine stands in The Netherlands (Baar
and ter Braak 1996).

The studies by Alvarez et al. (1979), Schoeneberger
and Perry (1983), Rose et al. (1983), Markkola and Oh-
tonen (1988) and Baar and de Vries (1995) focused on
effects of litter and humus layers on ectomycorrhizal
development of conifers in the top layers of the soil.
Although some studies have addressed root growth and
ectomycorrhizal development in deeper soil layers in
Scots pine stands (Persson 1979, 1980a, 1984; Ahlström
et al. 1988), effects of accumulated litter and humus on
ectomycorrhizal development in deeper soil layers have
not been studied. Therefore, the present study exam-
ined effects of manipulation of litter and humus layers
in a planted nitrogen-enriched Scots pine stand on ec-
tomycorrhizal root growth in the mineral soil layers at a
soil depth of 0–60 cm compared with that in an un-
treated, naturally established nitrogen-poor Scots pine
stand over time.

The objectives of this study were to investigate (1)
whether removal of litter, humus layers and herbaceous
vegetation decreases ectomycorrhizal development in
the mineral soil within a year of treatment, (2) whether
addition of litter and humus layers affects ectomycor-
rhizal development in the mineral soil, and (3) whether
ectomycorrhizal development in naturally established
Scots pine stands on nutrient-poor non-podslic sandy
soil is greater than in planted nitrogen-enriched Scots
pine stands on podzolic sandy soil.

Materials and methods

Site description

Two Scots pine stands in The Netherlands were selected which
differed in soil nitrogen concentrations. The nitrogen-poor stand
(N) is located in the drift sand area Hulshorsterzand (527 21’N, 57

44’E) and consists of an overstory of naturally established 15- to
20-year-old trees with a sparse understory of mosses and lichens
(Cladonia spp.). The soil of this natural stand is nutrient-poor and
sandy (Haplic Arenosol, FAO-Unesco 1988). The nitrogen-rich

stand (P) is located in the Dwingeloo forest (527 50’ N, 67 25’E).
Until 1920, the site of this planted stand was Calluna heathland.
Then Pinus sylvestris, Quercus robur L. and Picea abies (L.) Kar-
sten were planted. In 1974, the stand was clearcut and replanted
with Pinus sylvestris. The understory vegetation is dominated by
the grass Deschampsia flexuosa; the herb Ceratocapnos clavicula-
ta (L.) Lidèn and the grass Molinia caerulea (L.) Moench. also
occur. The soil of this planted stand is a podzolic sandy soil (Hap-
lic Podzol, FAO-Unesco, 1988).

Treatments

In 1990, four plots (15 ! 15 m), homogenous in vegetation type,
were randomly selected in the naturally established stand on ni-
trogen-poor sandy soil and received no treatment. Twelve plots
(15 ! 15 m), also homogenous in vegetation type, were randomly
selected in the nitrogen-enriched planted stand. In May and June
1990, litter and humus layers and the herbaceous vegetation in
the planted stand were removed from four plots down to the mi-
neral soil. The litter, humus and herbaceous vegetation of four
additional plots were covered by the removed sods, simulating
the thick (4–10 cm) organic layers present in 50- to 70-year-old
stands (Baar and ter Braak 1996). The four remaining plots were
left untreated and served as controls. Also in spring 1990, the few
naturally occurring deciduous ectomycorrhizal trees were cut
down and Scots pine seedlings were removed every year to insure
that only ectomycorrhizal fungi associated with adult Scots pine
trees were present.

Root sampling

In January and February 1991, four independent sample points
were randomly selected in each plot at least 2.5 m from the mar-
gin. After removing the herbaceous vegetation, litter and humus,
mineral soil was sampled to a depth of 60 cm and sieved (2-mm
sieve). Sieving the humus layers in the secondary stand plots was
impossible because of the thick root growth of D. flexuosa, so soil
from the grass rhizosphere was excluded from the experimental
soil insertion.

Within 2 weeks of sieving, the sieved and root-free mineral
soil was inserted by profile where the soil had been removed, and
was covered with humus. The ingrowth of new roots into the ori-
ginally root-free cores was subsequently measured. One core (cy-
lindrical soil coring tube, 4.1 cm diameter, 11.2 cm long) from
each plot was removed to a depth of 60 cm without replacement
in May 1991, November 1991, May 1992 and November 1992. The
soil was sieved (2-mm sieve) and sand grains were rinsed from the
roots. Dead roots, defined as desiccated, shrunken and highly
fragile, were removed. After cleaning, the roots were stored in a
glutaraldehyde buffer (Alexander and Bigg 1981).

In each sample, root length was determined according to New-
man (1966) and the numbers of ectomycorrhizal root tips were
counted. Ectomycorrhizal root tips were defined either as roots
containing a clearly visible mantle, external mycelium and no root
hairs, or as root tips having less than three root hairs. This work-
ing definition of mycorrhizal and non-mycorrhizal roots was
based on extensive screening of roots before the actual counting:
from microscopic observations, it appeared that root tips with one
or two poorly developed root hairs always possessed a Hartig net
and that root tips with three or more root hairs had no Hartig net.
No attempts were made to identify the ectomycorrhizal root tips
to fungal species.

Root length and numbers of ectomycorrhizal root tips were
recalculated to a soil volume of 100 cm3. Ramification indices
(Meyer 1987) of ectomycorrhizal root tips (numbers of ectomy-
corrhizal root tips per cm root) and frequencies of ectomycorrhi-
zal root tips (numbers of ectomycorrhizal root tips/total numbers
of root tips ! 100) were calculated.
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Table 1 Root length in 100 cm3 soil (RL), number of ectomy-
corrhizal root tips in 100 cm3 soil (MT), ramification index (RI)
and frequency of ectomycorrhizal root tips (FR) in the soil to a
depth of 60 cm. Differences between treatments at each sample
time are indicated by different letters (P~0.05, Tukey) (A sod
added, C control, R sod removed, N natural stand, P planted
stand, sed standard error of difference)

November 1991 RL MT RI FR

N-C
P-C
P-R
P-A

sed

626.3b
203.4a
265.8ab
297.4ab

422.4

2086.0b
141.5a
424.7a
202.5a

1373.3

18.8c
4.0ab
8.9b
2.2a

6.3

88.9b
41.9ac
67.8bc
29.6a

34.0

May 1992

N-C
P-C
P-R
P-A

sed

569.6a
226.6a
346.1a
284.4a

322.3

2221.6b
286.1a
400.4a
245.8a

1080.8

23.3b
8.2a
7.4a
4.3a

10.5

92.9b
81.5ab
81.6ab
73.0a

22.7

November 1992

N-C
P-C
P-R
P-A

sed

–
926.9a

1064.7a
773.5a

893.5

–
1793.6a
1515.0a
1441.7a

1657.3

–
8.5a
8.6a
9.8a

5.3

–
72.8a
75.2a
68.2a

23.7

Chemical analysis of soils

In April 1993, the upper 5 cm of the mineral soil was sampled in
all plots by using cores (3.4 cm diameter) after removing the her-
baceous vegetation, litter and humus layers. Most of the ectomy-
corrhizal roots were assumed to be in the upper 5 cm of the mi-
neral soil. Ten samples collected randomly per plot were mixed
and dried at 40 7C. After drying, the soil samples were sieved (2-
mm sieve). Each sample was analyzed chemically for inorganic
nutrients according to the CaCl2 method described by Houba et
al. (1990). Ndissolved, NH4

c, NO3
–, P and Kc were analyzed in

0.01 M CaCl2 extracts and the pH (CaCl2) was determined. Ndis-

solved includes NH4
c, NO3

– and organic nitrogen extracted by
0.01 M CaCl2. Organic matter content of the mineral soil samples
was determined by loss-on-ignition.

Statistics

Data were analyzed by analysis of variance (one-way ANOVA).
If necessary, log transformation was used to obtain normality.
Differences among means were evaluated by the Tukey-test (So-
kal and Rohlf 1981) with a Bonferroni correction.

Results

Root growth and ectomycorrhizal development

No roots were found in any plots at the first sample
date, May 1991. In November 1991 and May 1992, the
number of ectomycorrhizal root tips and ramification
index to a soil depth of 60 cm were significantly higher
in the plots in the natural stand on nitrogen-poor sandy
soil than in the plots in the nitrogen-enriched planted
stand on podzolic sandy soil (Table 1). Also in Novem-

Fig. 1 Root distribution at a soil depth of 0–60 cm in the control
plots of the natural stand (N-C) determined in May 1992 and in
the control plots of the planted stand (P-C) in November 1992.
Average root length (cm) in 100 cm3 soil (a) and number of ecto-
mycorrhizal root tips in 100 cm3 soil (b) are presented per 10 cm
soil layer

ber 1991 and May 1992, the root length and frequency
of ectomycorrhizal root tips were generally higher in
the natural stand plots than in the planted stand plots.
Unfortunately, no comparisons could be made between
root development in the natural and planted stand
plots in November 1992; cores installed in the natural
stand plots could not be harvested because someone
had removed the labels.

In November 1991, the ramification index and fre-
quency of ectomycorrhizal root tips to a soil depth of
60 cm were significantly higher in the sod-removed
plots than in the sod-added plots (Table 1). In Novem-
ber 1991 and May 1992, the number of ectomycorrhizal
root tips was generally higher in the sod-removed plots
than in the control and sod-added plots indicating en-
hanced ectomycorrhizal development after sod remov-
al. Root parameters did not differ between treatments
in the planted stand in November 1992.

Root length and number of ectomycorrhizal root
tips in the control plots generally decreased with depth
(Fig. 1). This root profile from 0–60 cm indicated that
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Table 3 Nutrient concentrations (mg kgP1), pH and organic mat-
ter content (OM, %) of the upper 5 cm of mineral soil sampled in
April 1993. Significant differences between treatments are indi-
cated by different letters (P~0.05, Tukey-test). Abbreviations as
in Table 1

Plot Ndiss NHc
4 NOP

3 P Kc pH OM

N-C
P-C
P-R
P-A

sed

3.7a
13.3b
12.2b
16.8b

6.8

0.6a
3.3ab
3.2ab
5.7b

2.8

0.1a
1.5b
1.0ab
2.9c

1.3

0.5a
0.2a
0.2a
0.6a

1.1

25.4a
15.4a
15.5a
16.9

41.7

3.9b
3.3a
3.4a
3.2a

0.2

0.9a
4.5b
4.4b
5.4b

3.2

Table 2 Comparison of root parameters in November 1991 and
November 1992. Abbreviations as in Table 1

RL MT RI FR

N-C
P-C
P-R
P-A

–
*
*
*

–
*
*
**

–
*
ns
***

–
*
ns
**

* P~0.05, Tukey-test
** P~0.001
*** P~0.0001
ns not significant

most Scots pine roots occurred in the upper soil
layers.

All root parameters in the planted stand plots signif-
icantly increased from November 1991 to November
1992, except for the ramification index and frequency
of ectomycorrhizal root tips in the sod-removed plots
(Table 2).

Chemical composition of soils

Concentrations of Ndissolved, NH4
c and NO3

– and or-
ganic matter content in the upper mineral soil in all
planted stand plots on podzolic sandy soil in 1993 were
generally higher than in the natural stand plots on non-
podzolic sandy soil. In addition, pH in the planted
stand plots was significantly lower than in the natural
stand plots (Table 3). The NO3

– concentrations in the
upper mineral soil in the sod-added plots were signifi-
cantly higher than in the remaining plots, but much
lower than the NH4

c concentrations in all cases.

Discussion

The number of ectomycorrhizal root tips was higher in
the nutrient-poor natural stand plots than in the nitro-
gen-enriched planted stand plots. In nutrient-poor soils,
relatively large root systems, high fine root biomass and
abundant ectomycorrhizal root tips have been found by
several investigators (Keyes and Grier 1981; Wäster-
lund 1989; Bowen 1984; Olsthoorn 1991). The elon-

gated root length and high number of ectomycorrhizal
root tips in the mineral soil in the natural stand plots
may also have been the result of a shift of root growth
from humus to deeper soil layers, which would enhance
water uptake (Feil et al. 1988; Persson 1992). Ectomy-
corrhizal formation has long been known to enhance
nitrogen and phosphate uptake (Bledsoe and Zasosky
1983; Finlay 1989; Finlay et al. 1989).

The low number of ectomycorrhizal root tips in the
podzolic sandy soil was associated with the relatively
high nitrogen concentrations and organic matter con-
tent and low pH in the upper 5 cm of the mineral soil.
Baar and de Vries (1995) found a reduced number of
ectomycorrhizal root tips of Scots pine seedlings in the
podzolic soil of a secondary stand in 1992. Persson
(1980b) noted a low ramification index in podzolic mi-
neral soil of a 15- to 20-year-old Scots pine stand prima-
rily because of formation and elongation of fast-grow-
ing roots.

In the present study, the highest number of ectomy-
corrhizal root tips was found in the upper 20 cm of the
mineral soil, which is similar to earlier findings (Meyer
1973; Persson 1980b; Rastin et al. 1990). Ectomycorrhi-
zal root tips, however, were found to a soil depth of
60 cm in nearly all plots. Several investigators have re-
ported ectomycorrhizal root tips of Scots pine at depths
of 1.5 m and 1.9 m (Werlich and Lyr 1957; Lobanow
1960). In The Netherlands, ectomycorrhizal root tips of
Pseudotsuga menziesii (Mirb.) Franco were found at
depths of up to 1.2 m, although not in large amounts
(Olsthoorn and Tiktak 1991).

Ectomycorrhizal development rapidly followed root
invasion, as indicated by the presence of ectomycorrhi-
zal root tips at depths of 0–60 cm in the sod-removed
plots. Mycelia of ectomycorrhizal fungi associated with
Scots pine roots, specifically Laccaria bicolor (Maire)
P.D. Orton, apparently survived in deeper layers of the
mineral soil after sod-removal (Baar et al. 1994).

The progression of root invasion and ectomycorrhi-
zal development in the 60-cm soil cores from the
planted stand indicated recovery of root growth by the
Scots pine trees after removal of litter, humus layers
and herbaceous vegetation. This root invasion occurred
simultaneously with an increase in above-ground spe-
cies and sporocarps of ectomycorrhizal fungi in sod-re-
moved plots, as noted by Baar (1996). In November
1992, however, the numbers of ectomycorrhizal root
tips in the sod-removed plots did not differ from those
in the control plots in the planted stands. Baar (1996)
noted from field observations in these plots that the
numbers of species and sporocarps of ectomycorrhizal
fungi in the sod-removed plots were higher than in the
control plots in 1992.

The occurrence of ectomycorrhizal fungi below
ground was compared with that above ground because
contrasting results have been reported. Jansen and de
Nie (1988) noted a positive correlation between num-
bers of ectomycorrhizal root tips in the upper layers of
the soil and sporocarp abundance in Douglas fir stands.
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In contrast, Termorshuizen and Schaffers (1991) found
no such correlation in Scots pine stands. The results of
the present study suggest that the number of ectomy-
corrhizal root tips is poorly related to sporocarp abun-
dance and that sporocarp formation does not necessar-
ily reflect numbers (Dahlberg 1991) and activity (Wal-
lander 1992) of ectomycorrhizal root tips.

The root parameters measured from samples of the
humus layers and upper mineral soil in Germany and
The Netherlands (Ritter and Tölle 1978; Kuyper 1990;
Termorshuizen 1991) were lower than those measured
in this study. Higher numbers of ectomycorrhizal root
tips, however, were reported for Scots pine forests in
Norway (142/cm3 humus; Timmermann 1994) and Fin-
land (16–35/cm3 humus; Ohtonen et al. 1990) than in
this study (5–8/cm3 upper mineral soil). Species and
sporocarps of ectomycorrhizal fungi in The Nether-
lands have declined due to high nitrogen input from air
pollution (Arnolds 1991; Termorshuizen 1993). Nega-
tive correlations between ectomycorrhizal development
and increasing nitrogen content of the soils have been
found by several investigators (Blaschke 1981; Ohtonen
et al. 1990; Termorshuizen and Ket 1991).

Use of the ingrowth technique may underestimate
root growth (Nadelhoffer et al. 1985; Vogt and Persson
1991; Hendricks et al. 1993; Fahey and Hughes 1994).
Nevertheless, the present study suggests that the in-
growth core technique can be used in comparative stud-
ies. Use of this technique revealed that sod-removal in-
creased root growth and ectomycorrhizal development
in Scots pine stands for at least 2 years after the treat-
ment and that sod-addition had no effect.

In conclusion, root growth and ectomycorrhizal de-
velopment recovered to a soil depth of 60 cm in a ni-
trogen-enriched planted Scots pine stand on podzolic
soil after sod-cutting. The measured root parameters,
however, were larger in the natural stand on non-pod-
zolic sandy soil than in a nitrogen-enriched planted
stand on podzolic sandy soil. Root growth and ectomy-
corrhizal development might have been favored by the
nutrient-poor conditions of the soil in the natural stand
plots.
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