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Abstract (1) Increased atmospheric nitrogen depo-
sition has shifted plant dominance from ericaceous
plants to grass species. To elucidate the reduced
competitiveness of heather, we tested the hypothesis
that additions of nitrogen reduce the concentrations of
phenolics and condensed tannins in ericaceous leaves
and retard mycorrhizal colonisation in ericaceous
plants. We also tested the negative effects of reduced
light intensity on carbon-based secondary compounds
and mycorrhizal colonisation in ericaceous plants. (2)
We performed a field inventory at three heathland sites
in the Netherlands varying in nutrient supply and light
intensity. Leaves of ericaceous plants and grasses were
collected and analysed for concentrations of tannins,
phenolics and nutrients. Similarly, we took root
samples to record mycorrhizal colonisation and soil
samples to measure the soil mineralisation. In addition,
we conducted two-factorial experiments with Callu-
na vulgaris plants, in which we varied fertiliser and
shade levels under greenhouse and field conditions. (3)
The field inventory revealed that nitrogen addition and
shading both negatively affected the concentration of
total phenolics. The total phenolics and condensed
tannin concentrations were positively correlated
(P < 0.001), butin the field experiment, the condensed
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tannins were not significantly affected by the treat-
ments. Our results provide the first evidence that the
carbon nutrient balance can be used to predict the
amount of total phenolics in the dwarf shrub C. vul-
garis. (4) In the field experiments, shading of plants
resulted in significantly less mycorrhizal colonisation.
Only in the greenhouse experiment did addition of
nitrogen negatively affect mycorrhizal colonisation.
(5) Our results imply that increased atmospheric
nitrogen deposition can depress the tannin concentra-
tions in ericaceous plants and the mycorrhizal
colonisation in roots, thereby reducing the plants’
competitiveness with respect to grasses. Additionally,
if ericaceous plants are shaded by grasses that have
become dominant due to increased nitrogen supply,
these effects will be intensified and competitive
replacement will be accelerated.

Keywords Calluna vulgaris -
Carbon-nutrient balance - Dominant grasses -
Ericaceae - Ericoid mycorrhiza - Nitrogen deposition

Introduction

In The Netherlands, increased atmospheric nitrogen
deposition has shifted plant dominance in heathlands
from ericaceous plants towards grass species (Ber-
endse and Aerts 1984; Aerts 1993; Berendse et al.
1994). It is estimated that around 35% of the
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heathland area has become grass-dominated (Bobb-
ink et al.1998). The increased dominance of grasses
has been attributed to their higher growth rate
potential than that of dwarf shrubs (Berendse and
Elberse 1990). Furthermore, outbreaks of heather
beetle in nitrogen-fertilised vegetation have also
strongly accelerated the expansion of grasses (Heil
and Diemont 1983; Bobbink and Heil 1993; Power
et al. 1998). Other factors (e.g. drought- and frost
resistance of dwarf shrubs) can also be affected by
changes in nitrogen deposition (Power et al. 1998).

An alternative hypothesis, proposed by Northup
et al. (1995, 1998) suggested that the dominance of
plant species in nutrient-poor ecosystems is the
outcome of the production of high levels of carbon-
based secondary compounds, e.g. tannins. Minerali-
sation has traditionally been considered to be the
critical factor in nitrogen cycling, the decisive factor in
nutrient-poor ecosystems (Chapin 1995; Northup
et al. 1995). However, evidence is increasing that the
production of large amounts of tannins and the
concomitant utilisation of organic nitrogen enables
plants in nutrient-poor ecosystems to short-cut the
nitrogen cycle, so reducing their dependence on soil
nitrogen mineralisation (Bradley et al. 2000; Fierer
et al. 2001, Schimel et al. 1996, 1998). So, within
these ecosystems plant species, which are able to use
organic nitrogen, are expected to have a competitive
advantage over plants which are not able to use these
nitrogen sources.

Tannins can be subdivided into the hydrolysable
tannins (sugar molecules esterified by a number of
gallic acid moieties) and the condensed tannins, also
referred to as proanthocyanidins (polymers of flavan-
3-0ls) (Harborne 1997). Both types of tannins can
affect nutrient availability in the soil. They interact
with proteins during the decomposition of litter
material (Schimel et al. 1996; Fierer et al. 2001;
Haslam 1998). Tannin—protein complexes are diffi-
cult to mineralise, and subsequently, they determine
the proportions of nitrogen released in dissolved
organic and inorganic forms (NH,", NO5 ™) (Handley
1961; Northup et al. 1995)

Ericaceous plants can use organic nitrogen more
efficiently due to symbiosis with ericoid mycorrhizal
fungi (Bending and Read 1997). Via the exudative
enzymes, these fungi are able to solubilise tannin—
protein complexes (Bending and Read 1997). Soko-
lovski et al. (2002) showed that Calluna vulgaris (L.)
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Hull roots are able to use more organic nitrogen when
colonised with these fungal symbionts. Therefore, at
low mineralisation rates, ericaceous plants are
thought to outcompete plant species that form
arbuscular mycorrhiza, or non-mycorrhizal plants
unable or less able to absorb organic nitrogen
(Northup et al. 1998; Read et al. 2004).

Additions of nitrogen can have negative effects on
the carbon-based secondary compounds in ericaceous
leaves (Bryant et al. 1983). According to the carbon
nutrient balance (CNB) hypothesis (Bryant et al.
1983), an increase in nitrogen concentration—as a
result of increased nitrogen deposition—would reduce
the production of carbon-based secondary compounds.
In this case, the available carbon is invested in growth
rather than in defence. It is well established that
nitrogen addition increases nitrogen concentrations in
heather, C. vulgaris (Berdowski and Siepel 1988S;
Tason et al. 1993; Duncan et al. 1994; Hartley et al.
1995; Carrol et al. 1999; Gordon et al. 1999) and other
ericaceous plants (Mallik 1996; Prescott et al. 1993;
Nordin et al. 1998). However, the expected decrease
in total phenolics or condensed tannin levels due to
solely nitrogen additions has not yet been empirically
shown either in the greenhouse or in the field (Iason
and Hester 1993; Iason et al. 1993; Hartley et al. 1995;
Kerslake et al. 1998; Bradley et al. 2000; Alonso et al.
2001; Hansen et al. 2006). In contrast, Hansen et al.
(2006) recently showed that a combination of nitrogen
addition with increased air temperature seems to
induce a positive response of condensed tannins in
one year old leaves of Vaccinium vitis-ideae (L.) and
Cassiope tetragona (L.) D. Don.

Increased levels of atmospheric nitrogen can also
lead to decreases in ericoid mycorrhizal colonisation
of ericaceous roots. With increased inorganic nitro-
gen supply, one would expect that the plant invests
less carbon to symbiosis with root-associated fungi,
and so ericaceous dwarf shrubs would hardly be able
to compete with grasses. Two greenhouse experi-
ments have shown that ammonium addition can
negatively affect the extent of ericoid mycorrhizal
colonisation in C. vulgaris roots (Mickel et al. 1991;
Yesmin et al. 1996). However, there is no indication
from field experiments that adding nitrogen reduces
mycorrhizal colonisation (Lee et al. 1992; Caporn
et al. 1995; Johannson 2000).

Light intensity can also influence the amounts of
carbon-based secondary compounds and mycorrhizal



Plant Ecol (2009) 201:661-675

663

colonisation in ericaceous plants. In the context of
shrub-grass dynamics, this can be important as when
ericaceous plants become shaded by grasses that
have become dominant due to increased nitrogen
supplies competition replacement can be accelerated
through these effects. Conflicting results on the
effects of shading on the amounts of carbon-based
secondary compounds have been published. Iason
and Hester (1993) showed in a field experiment that
shading reduced the concentration of total phenolics
in C. vulgaris. In contrast, Hartley et al. (1995)
found no effects of shading on the concentration of
total phenolics and condensed tannins in C. vulgaris
plants. Whereas, Hansen et al. (2006) even found a
positive response of shading on the concentration of
condensed tannins in V. vitis-idaea and C. tetrag-
ona. In non-ericaceous plants, shading usually
reduces the levels of carbon-based secondary chem-
icals (Hartley et al. 1997; Henriksson et al. 2003,
Ruohomiki et al. 1996; Iason et al. 1996). In plants
with ectomycorrhizal fungal symbionts, shade
effects on the amount of colonisation or amounts
of structures are ranging from no effect (Brearly
et al. 2007; Dehlin et al. 2004) to decreased colo-
nisation rates (Becker 1983; Ingleby et al. 1998) or
even increased colonisation rates (Prajadinata and
Santoso 1993; Be’reau et al. 2000). As these
ectomycorrhizal fungi produce a Hartig net around
the roots, we assume that they show a different
response to shading compared to ericoid mycorrhizal
fungi, which only proliferate within the epidermal
cells of roots. A field study in a subarctic birch
forest understorey with Empetrum, Vaccinium and
Andromeda species suggests that there is a positive
correlation between photosynthetic activity and
ergosterol concentration in ericoid roots (Olsrud
et al. 2004). However, the same authors also showed
that ergosterol content in ericoid mycorrhizal is not
correlated with ericoid mycorrhizal colonisation, but
is only indicative for the presence of dark septate
endophytes (Olsrud et al. 2007). So far, the effect of
shading on mycorrhizal colonisation in ericaceous
plants is still unclear. We, therefore, decided to test
the hypothesis that shaded plants will invest less in
mycorrhizal symbiosis and mycorrhizal colonisation
will be reduced.

The relation between phenolic levels in plant
material and mycorrhizal colonisation has been
hypothesized, but it was never thoroughly examined

(Hattenschwiler and Vitousek 2000; Northup et al.
1998). In this research, we asked which abiotic
factors (nitrogen and light) would significantly influ-
ence the levels of both phenolic compounds and of
mycorrhizal colonisation. To circumvent the short-
coming of one particular research method, we
combined field observations with greenhouse and
field experiments. Initially, we carried out a field
inventory on several heathland plants, to study the
natural variation of phenolics, condensed tannins and
mycorrhizal colonisation in the field. We selected two
heathland sites and two Quercus—Vaccinium forest
sites in the centre and north of The Netherlands. At
the heathland sites, we selected two areas, which
differed in soil nitrogen supply (soil subjected to
recent sod removal vs. soil with a thick organic layer)
and at the Quercus sites, we selected plots, which
varied in natural light intensity (shaded vs. non-
shaded communities). Additionally, at one of the sites
we choose an area where we collected four erica-
ceous plant species and two dominant grass species,
to analyse the interspecific variation in phenolic and
condensed tannin levels. Subsequently, we conducted
fertiliser experiments, with C. vulgaris in the green-
house and under field conditions. In these
experiments, we also applied shading to test the
negative feedback of reduced light intensity on
phenolic compounds and mycorrhizal colonisation.

Methods
Field inventory
Field sites and selected species

The field locations were selected at three sites in The
Netherlands: in the north, Dwingelderveld National
Park (A, 52° 47'N, 6° 25'E); in the centre, De Hoge
Veluwe National Park (B, 52° 4'N, 5° 50'E) and
Hoog Buurlo (C, 52° 10'N, 5° 54’E). Table 1 shows
the collected plant species and relevant soil data for
each site. To compare variation in plant chemistry as
affected by soil nutrient supply, we selected two
dwarf shrub vegetation sites (A and B) with C. vul-
garis and Deschampsia flexuosa (L.) Trin. Plots in
recently turf-stripped sites were chosen adjacent to
older heathland sites. At the stripped plots the turf
layer had been removed up to four years prior to
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Table 1 Field inventory overview of the investigated site pairs contrasting with respect to soil nutrients (A) or light intensity (B),
showing growth conditions, the plant species collected at each site, and related soil nutrient factors (mean £ SE, d.f. = 4)

A: Soil nutrients Sod removed Site Interaction
Site A A B B
Growth conditions Sod removal (N—) Thick organic Sod removal (N—) Thick organic
layer (N+) layer (N+)

Plant species Cv Cv Cv Cv
N mineralisation 2.5 (2.1) 4.6 (3.1) 0.8 (0.2) 12.0 (4.2) ok * Hok

(g N/m?/year)
C:N soil 34.5(1.9) 28.7 (0.6) 24.6 (0.4) 25.9 (0.6) NS HkE L kx
pH-KCI 3.1(0.1) 2.9 (0.0) 34 (0.1) 2.9 (0.0) Hokk NS NS
Org. matter (%) 0.10 (0.0) 0.13 (0.02) 0.06 (0.0) 0.12 (0.01) * NS NS
B: Light intensity Shade Site Interaction
Site A A C C
Growth conditions No shade (S—) Shade (S+) No shade (S—) Shade (S+)
Plant species Vvi Vvi Vm Vm
N mineralisation 52 (7.2) 3.4 (4.6) 10.7 (6.3) 15.9 (6.0) NS ok NS

(g N/m?/year)
C:N soil 25.9 (1.5) 24.3 (0.7) 25.6 (0.3) 20.1 (0.3) Hokk * *
pH-KC1 2.8 (0.2) 2.9 (0.1) 2.8 (0.0) 2.9 (0.0) NS NS NS
Org. matter (%) 0.17 (0.02) 0.11 (0.04) 0.16 (0.01) 0.08 (0.01) ok NS NS

Sites: A = Dwingelderveld National Park; B = De Hoge Veluwe National Park; C = Hoog Buurlo. Plant species: Cv = Calluna
vulgaris; Vvi = Vaccinium vitis-idaea; Vm = V. myrtillus. Significance levels for the main effects and the interaction between them

are given
*P < 0.05; ** P < 0.01; *** P <0.001

NS = non-significant

plant collection. The groundwater levels of the sites
were similar. The effects of light intensity on
Vaccinium and Deschampsia were investigated by
comparing the natural occurring variation in shaded
(50% incident light) and non-shaded plots in Quer-
cus robur L. woodlands on sites at Dwingelderveld
National Park and Hoog Buurlo. The Quercus robur
L. woodlands consisted of a herbaceous layer
dominated by the ericaceous dwarf shrubs Vaccini-
um vitis-idaea L. (A) or Vaccinium myrtillus L. (C)
and the grass D. flexuosa. We preferred to select the
Quercus woodlands as these are one of the few
available places in The Netherlands where we could
find shaded ericaceous plants. The additional site at
Hoog Buurlo was a mixed heathland with C. vulga-
ris, Erica tetralix L., V. myrtillus, V. vitis-idaea L.,
Molinia caerulea (L.) Moench and D. flexuosa.
The field sites were roughly 25 x 50 m. Within
each site, five plots of 1 m? were chosen 10-25 m
apart.
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Leaf measurements

Plant material was collected on 5th and 6th June and
7th and 8th September 2000. Only the first year
growth of green leaves was sampled. For proper
handling of the leaf material prior to analyses, we
followed the guidelines described in Waterman and
Mole (1994). The leaf material was kept cool and
brought to the laboratory where it was frozen
immediately (—18°C) until handled for analyses.
Leaves were dried for two days at 38°C. The leaves
were separated from stems and flowers by sieving
(2 mm) before grinding. For extraction 20 ml of 50%
(v/v) methanol was added to 0.19 g dry leaf material.
The mixture was covered and placed in a water bath
(75°C) for 1 h. The sample was then filtered through
a glass filter and the extract adjusted to 50 ml with
50% (v/v) methanol. Total phenolics were deter-
mined following the Folin—Ciocalteu method
(Waterman and Mole 1994). Condensed tannins were
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analysed following the butanol-HCI method of Porter
et al. (1986). All analyses were performed in dupli-
cate. Given the problems and complexities of
applying an appropriate standard for the proanthocy-
anidin method (Waterman and Mole 1994), the data
are presented as final absorbance at 550 nm. Another
portion of dried leaves (70°C) was pulverised and C
and N concentrations were measured using an
elemental analyser (Fisons Instruments, EA 1108).

Soil measurements

Soil cores (10 cm deep, 5 cm diameter) were taken
on 5th and 6th June 2000 and stored at 4°C overnight.
After removing any coarse roots and stones, the
extractable NH,~N and NOs;-N were determined in
10 g fresh soil extracted in 25 ml 1 M KCIl. The
extracts were filtered through filter paper (Schleicher
and Schiill no. 5893). Concentrations of the extract-
able ions in the soil were calculated from the
concentrations in the extract using the soil water
content. The soil pH was also measured in the same
soil extract. To estimate the net mineralisation rate, a
subsample of 10 g soil was incubated for 6 weeks at
20°C and then the extractable NH,~N and NOz;-N
were measured. Net mineralisation rates were calcu-
lated from the difference between the amount of
NH," and NO;~ before and after incubation. To
measure the soil water content a subsample of 5 g
soil was dried (105°C) overnight. Organic matter
content was determined after combustion at 550°C.
The C and N concentrations were measured using an
elemental analyser (Fisons Instruments, EA 1108).

Collection of plant roots and mycorrhizal analyses

For each species, roots of one individual plant were
collected in each plot on 7th and 8th September 2000
with a soil auger of 20 cm (10 cm diameter). The
roots were kept moist in a plastic bag (25 x 10 cm).
The soil was removed by washing the roots over a
2 mm sieve. In the laboratory, roots were further
cleaned from organic material with forceps, and
stored in 50% ethanol. They were then stained in
0.2% solution of trypan blue in lactic acid:glyc-
erol:water (3.25:3:4 by vol.) and transferred to a
storage solution of lactic acid:glycerol:water (1:2:1
by vol.). From each root system of an individual
plant, 30 healthy root tips were then randomly

selected, mounted on a microscopic slide and, using
a light microscope, were examined at 40x magnifi-
cation for the presence of ericoid mycorrhizal
structures in ericaceous roots and for arbuscular
mycorrhizal structures in grass roots. Ericoid mycor-
rhizal structures are most abundantly present in root
tips and can be recognized by hyphal coils in
epidermal root cells (Read 1996). AMF colonisation
was recognized by the presence of vesicles and
arbuscules connected to broad, aseptate hyphae.
Colonisation of epidermal cells in each root tip was
estimated as percentage of colonized cells in the
superficial cell layers in 1 cm root.

Greenhouse experiment

From May 2001 to March 2002, we conducted a two-
factorial experiment with shading and fertilisation in
a greenhouse with controlled climatic conditions
(light/dark: 14/10 h., light intensity 50 W m™2, tem-
perature day/night: 20°C/15°C, 70% R.H.). The
treatments were: no shade or fertiliser (S—F—),
fertiliser (S—F+), shade (S+F—), shade and fertiliser
(S+F+). Each treatment was replicated five times.
Twenty plastic pots (14 cm diam) were filled with
2.5 kg sand (sand mixed with organic-rich soil, 5:1,
v/v). We added one part organic-rich soil to provide
the control treatments with a basic level of nutrients.
C. vulgaris seedlings (~2.5 cm tall) were collected
from the De Hoge Veluwe National Park and placed
three in each pot. Given the results of the field study,
we assumed that all roots from the collected C. vul-
garis seedlings were colonised by mycorrhizal fungi.
The shade treatment involved excluding 50% of
incident light using shade netting around each
individual pot. The pots were spaced widely to avoid
the shade netting constructions shading other plants.
Fertilised plants received amounts equivalent to
75kg N, 25kg P and 50 kg K ha™' year~'. The
fertiliser was applied in June and August. In this
experiment, we chose a compound fertiliser, to
prevent phosphate limitations. The pots were placed
randomly. The plants were watered regularly to keep
the soil moisture at 60% of water saturation; for this
purpose, the pots were weighed twice per week. After
12 months the above-ground plant parts were clipped
off at soil level and dried at 38°C, to measure the dry
weight. The roots were gently removed from the soil,
then washed to remove any adhering soil and also
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dried at 38°C. Total phenolics, condensed tannins,
nitrogen and carbon content and mycorrhizal coloni-
sation were measured as described in the previous
section. The amounts of inorganic nitrogen and pH
KCl of the soil were determined.

Field experiment

At a site in De Hoge Veluwe National Park a field
experiment was carried out from September 2001 to
March 2003. The field site (50 x 60 m) was a
heathland dominated by C. vulgaris. Other plant
species were E. tetralix, M. caerulea and D. flexuosa.
The field treatments were similar to the treatments in
the greenhouse experiment. Each treatment was
replicated at five sites in this area, following a
randomised block design. Within a site, individual
plots of 1 m* were chosen 5-10 m apart and the sites
were spaced at 40-50 m. Each plot was fenced with
fine-meshed wire to exclude large herbivores. To
reduce the light by 50% in the shade treatments,
shade nets were put around and above the enclosures
(1 m height). The fertilised plots received
50 kg N ha™! yearfl (NH4NO3) in a single treat-
ment. Initial amounts of soil nitrogen were measured
before the enclosures were erected and again at
harvest. Inorganic nitrogen was measured as
described earlier and the total dissolved nitrogen
(DON + inorganic N) was determined conductimet-
rically after persulfate oxidation of the extract (Yu
et al. 1993). DON was calculated by subtracting
inorganic nitrogen from the total dissolved nitrogen.
At the end of the experimental period, the first year’s
growth of green leaves is harvested. Per plot, we
collected one root sample. Shoots and roots were
analysed as described for the field inventory.

Statistical analyses
Field inventory

The effects of sod removal or light intensity on soil
chemistry parameters was analysed using ANOVA
with sod removal and site, or light intensity and site
as the respective fixed factors (P < 0.05). The effects
of sod removal on plant characteristics were analysed
using ANOVA with sod removal and site as the fixed
factors (P < 0.05). The effects of light intensity on
plant characteristics was analysed by ANOVA with
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shade and plant species as the fixed factors
(P < 0.05). If the assumption of heterogeneity of
variance was violated, the data were log-transformed.
To compare total phenolic levels between plants
under different treatments at one site, one-way
ANOVA was carried out followed by the Tukey
post hoc test (P < 0.05).

Field and greenhouse experiment

The results of the greenhouse and field experiments
were analysed using two-way ANOVA with shade
and fertiliser as fixed factors (P < 0.05).

Results
Field inventory

On sites where the turf layer had recently been
stripped, the net mineralisation of the soil was lower
than on older heathland sites with thicker organic
layers (Table 1). No differences in net mineralisation
were found between the shaded and non-shaded sites.
The sites with V. myrtillus showed higher minerali-
sation rates compared to the sites with V. vitis-idaea
(Table 1). The concentration of total phenolics in the
plant ranged from 50—437 mg tannic acid equiva-
lents/g dry weight (Fig. la—c). Differences between
the amounts of phenolics were related to plant
species, growth conditions and site (Table 2). Erica-
ceous leaves contained larger amounts of total
phenolics than the grasses (Fig. lc, P < 0.001).
There was also considerable variation among the
ericaceous species. At the species-rich site at Hoog
Buurlo, V. myrtillus leaves contained the highest
amounts of total phenolics, V. vitis-idaea and C. vul-
garis were intermediate, while levels were lowest in
E. tetralix (Fig. 1c, P < 0.05). Soil nutrient supply
significantly decreased the concentration of total
phenolics and condensed tannins. C. vulgaris showed
higher levels of total phenolics and condensed tannins
in leaves when grown on humus-poor soils compared
to humus-rich soils (Fig. 1a; Table 2). Shade also
decreased the levels of phenolics and tannins
(Table 2). Plants growing under shaded conditions
produced remarkably less total phenolics and con-
densed tannins, not only in the ericaceous plants, but
also in the grass D. flexuosa (Fig. 1b, e; Table 2).
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C. vulgaris
3001 A

S- S+ S- S+ S- S+

V. v-idaea V. myrtillus D. flexuosa

600 - (o

Fig. 1 Results of the field inventory. Mean values of total
phenolics (TAE = tannic acid eq. mg/g dw) (a)—(c) and
condensed tannins (absorption value) (d)—(f) in ericaceous
plants and grasses at contrasting growth conditions and sites. a
and d Nutrient contrasts: N— = sod removed, N + = thick
organic layer. Site A = Dwingelderveld National Park; site
B = De Hoge Veluwe National Park. b and e Light intensity

There was a strong positive relationship between the
amount of total phenolics and the amount of
condensed tannins (Table 2, P =072, P< 0.001),
especially in the ericaceous species. The nitrogen
concentration and C:N ratio in plant leaves depended
on plant species, growth condition and site (Table 2).
The level of mycorrhizal colonisation depended on
growth conditions and plant species (Fig. 2; Table 2).
We did not find a significant effect of sod removal on
the level of mycorrhizal colonisation at the C. vul-
garis sites. In contrast, shading had a clear negative
effect on mycorrizal colonisation in roots of Vacci-
nium plants. Shading also reduced mycorrhizal

C. vulgaris
0.3 4 D

0.2 4

0.1

Cond. tannins (A)

0.0 -

0.3 E

0.2 4

0.1 4

Cond. tannins (A)

0.0
S- S+ S- S+ S- S+

V. v-idaea

V. myrtillus D. flexuosa

0.3 4 F

0.2 4

0.1+

Cond. tannins (A)

0.0 +
V.m Vwi C.v E.t D.f M.c

contrasts within Vaccinium vitis-idaea (site A), V. myrtillus
(site C) and D. flexuosa (site C): S+ = shaded, S— = non-
shaded. ¢ and f Non-shaded site at Hoog Buurlo (site C) with
four ericaceous plants and two dominant grasses: C.v, Calluna
vulgaris; E.t, Erica tetralix; D.f, Deschampsia flexuosa; M.c,
Molinia caerulea; V.vi, Vaccinium vitis-idaea; V.m, V.
myrtillus. Data are £SE (n = 5)

colonisation in grass roots, but to a lesser extent
compared to the ericaceous plants.

Greenhouse experiment

Total biomass of the C. vulgaris plants was affected
by both shade and fertiliser treatments (Table 3).
With nitrogen fertilisation, the plants produced more
shoots and roots. Shading induced a reduction of the
root biomass: the related shoot:root ratios were
increased by more than 100%. Flower production
was increased by fertilisation and decreased by shade.
Surprisingly, the amount of total phenolics increased
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Table 2 Analysis of variation in plant chemistry: amount of total polyphenols, condensed tannins, mycorrhizal colonisation,
concentration of nitrogen, concentration of carbon, and leaf C:N ratio

Total phenolics Condensed tannins Mycorrhizal colonisation C (%) N (%) C:N ratio
Soil nutrients
Sod removal 14.0%** 16.6%** 0.0 0.2 230.8%*%%* 314. 2%
Site 7.2% 2.8 1.9 16.6%%* 31.9%%:* 23. 2%k
Interaction 0.6 0.2 12.9%%* 0.5 2.5 0.0
Light intensity
Shading 980.3%%%* 217.5%%%* 16.1%%%* 3.8 211.7%%* 225.8%%%*
Plant species 1016.1%** 123.5%%* 8.6%* 80.8%** 153.9%%** 300.2%**
Interaction 461.1%** 129.5%%** 2.1 6.5%* 9.8%** 0.1

F values and significance levels for the main effects of the factors sod removal, site, shading and plant species, and the interaction

between them are given
*P < 0.05; ** P < 0.01; *** P <0.001

120 - C. vulgaris

100

in

site B

2 o o
o o (=]
L L L

Mycorrhizal colonisation (%)
[

site A
120 -
100 -
80 -
60
40 -

20 -

Mycorrhizal colonisation (%)

S-

V. v-idaea

S+ S S+ S- S+

V. myrtifius D. flexuosa
Fig. 2 Mycorrhizal colonisation (%) in roots of Calluna vul-
garis, Vaccinium vitis-idaea, V. myrtillus and
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means £SE (n = 5)
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significantly when plants were shaded, whereas
shading plus fertilisation resulted in the lowest
amounts of total phenolics. As expected, the C:N
ratios in the leaves decreased due to fertilisation and
shading. In this experiment, fertilisation had a
significant negative effect on the amount of mycor-
rhizal colonisation in the C. vulgaris roots. The
mycorrhizal colonisation was positively related to
the amount of inorganic nitrogen (linear regression,
P = 0.34, P = 0.007), but negatively related to total
biomass (linear regression, o 0.23, P =0.03) and
root biomass (linear regression, — 0.29, P = 0.02).

Field experiment

In the field experiment, the amount of total phenolics
and C:N ratio in ericaceous plants were negatively
affected by both shading and fertilisation (Table 4).
In contrast, the amount of condensed tannins was not
affected. As expected, the fertilised plants had higher
nitrogen concentrations than unfertilised plants.
Mycorrhizal colonisation was only affected by shad-
ing. The shade treatment increased the amount of
inorganic nitrogen and DON in the soil, but reduced
the ratio DON:inorganic nitrogen. Mycorrhizal colo-
nisation was not related to any of the measured plant
or soil parameters. The amount of inorganic nitrogen
was negatively correlated with the amount of total
phenolics (linear regression, P =029, P= 0.02) and
condensed tannins in the plants (linear regression,
= 0.20, P = 0.06).
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Table 3 Results of the greenhouse experiment with Calluna vulgaris seedlings

S—F— S—F+ S+F— S+F+ S F S xF
Plant
Total biomass (g dw) 2.24(0.07) 5.68 (0.40) 2.05 (0.31) 3.82 (0.72) * ok NS
Shoots (g dw) 1.48 (0.10) 3.54 (0.25) 1.56 (0.28) 2.51 (0.61) NS Hokok NS
Roots (g dw) 0.76 (0.18) 1.71 (0.30) 0.33 (0.08) 0.42 (0.03) Hokk * *
Shoot:root ratio 2.31 (0.47) 2.47 (0.61) 5.06 (0.44) 5.99 (1.30) oAk NS NS
Flowers (g dw) 0.25 (0.04) 0.99 (0.11) 0.21 (0.04) 0.34 (0.05) ok Hokok ok
Total phenolics (mg tae/g dw) 158 (4) 180 (5) 165 (8) 131 (6) ok NS ok
C (%) 47.6 (0.4) 48.4 (0.2) 49.1 (1.2) 48.1 (0.4) NS NS NS
N (%) 1.2 (0.1) 1.3 (0.0) 1.6 (0.3) 1.8 (0.1) ok NS NS
C: N ratio 41.0 (1.9) 37.3 (1.1) 33.6 (3.6) 27.4 (0.9) o * NS
Total N shoots (mg) 26.0 (1.4) 74.0 (5.2) 31.0 (4.3) 66.0 (1.1) NS Hokk NS
Mycorrhizal colonisation (%) 27.0 (4.4) 14.4 (1.2) 23.3 (2.5) 22.6 (2.6) NS * NS
Soil
Inorganic N (mg N/kg dw) 3.66 (0.16) 0.52 (0.09) 2.72 (0.48) 1.61 (0.27) NS okok ok
pH KCl 7.1 (0.0) 7.2 (0.0) 7.2 (0.1) 7.2 (0.0) NS ok NS

Average values (+SE) are shown for the plant and soil characteristics. Significance levels for the main effects and the interaction

between them are given

*P < 0.05; ¥**P < 0.01; ***P < 0.001
NS = non-significant

S+ = with shade

S— = no shade

F+ = with fertiliser

F— = no fertiliser

Discussion

Responses of mycorrhizal colonisation to N
supply and light intensity

Our study shows that nitrogen supply negatively
affects mycorrhizal colonisation of C. vulgaris roots
under greenhouse conditions. This finding is in line
with the results reported by Yesmin et al. (1996) and
Mickel et al. (1991). It suggests that effects of
nitrogen deposition are detrimental for the mycorrhi-
zal colonisation of the dwarf shrub roots—and related
to this—for the capacity of these plants to use the
soluble organic nitrogen. However, in the field
experiment, we found no detrimental effects of
nutrient addition on colonisation rates. This is in
agreement with the results of Lee et al. (1992),
Caporn et al. (1995) and Johannson (2000), who also
found no effects of nutrient addition on mycorrhizal
colonisation in field experiments. Apparently, the soil
litter layer in the field containing large amounts of

organic acids stimulate more microorganisms than
the sand medium used in the greenhouse experiment
with alkaline pH (Tables 1 and 3). It seems that
additional NH,"—N inputs become immobilised in
the heath more layer (Adams 1986, Whitehead et al.
1997, Kristensen and Hendriksen 1998). Further-
more, the difference between the response to nutrient
supply in terms of the amount of mycorrhizal
colonisation of heather roots in the field and green-
house experiments might be explained by the fact that
only in the greenhouse was it possible to establish
strong nitrogen-limited conditions.

In the Dutch heathlands, nitrogen deposition has
increased soil nutrient supply significantly and
heather plants are now less nitrogen-limited than
several decades ago (Bobbink et al. 1998). The
nitrogen concentrations in the plant can be used as
estimators of the atmospheric nitrogen deposition
(Hicks et al. 2000). In the control plots of our field
experiment, the nitrogen concentration in the leaves
of C. vulgaris was, on average 1.61%, compared with
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Table 4 Results of the field experiment at De HogeVeluwe National Park with Calluna vulgaris plants

S — F— S — F+ S + F— S + F+ S F
Plant
Total phenolics (mg tae/ g dw) 707 (86) 462 (56) 443 (51) 383 (52) * *
Cond. tannins (Assy/ 0.19 g dw) 0.042 (0.006) 0.021 (0.007) 0.021 (0.008) 0.016 (0.008) NS NS
% C 52.0 (0.5) 52.6 (0.3) 52.0 (0.2) 51.9 (1.0) NS NS
% N 1.6 (0.1) 1.8 (0.1) 1.8 (0.1) 2,0 (0.1) NS *
C: N ratio 32.5(1.1) 28.9 (1.1) 29.0 (0.9) 26.3 (1.4) * *
Mycorrhizal colonisation (%) 20.92 (0.67) 20.12 (0.45) 11.36 (0.36) 10.70 (0.04) * NS
Soil
Inorganic N (mg N/ kg dw) 5.78 (1.10) 8.25 (1.23) 13.46 (1.18) 14.35 (1.61) ook NS
DON (mg N/ kg dw) 19.34 (1.09) 23.39 (2.04) 27.21 (1.61) 27.69 (2.21) ok NS
DON: inorg. N ratio 3.94 (0.90) 3.03 (0.34) 2.04 (0.08) 1.97 (0.09) ok NS
pH KCl1 2.8 (0.0) 2.8 (0.0) 2.8 (0.0) 2.8 (0.0) NS NS
pH H,O 3.8 (0.0) 3.8 (0.1) 3.8 (0.1) 3.9 (0.1) NS NS

Average values (£1 SE) are shown for the plant and soil characteristics. Significance levels for the main effects between them are

given
*P < 0.05; **P < 0.01; ***P < 0.001

NS = non-significant

There were no significant interactions between the effects of the two treatments

S+ = with shade

S— = no shade
F+4+ = with fertiliser
F— = no fertiliser

1.17% in the greenhouse (Tables 3 and 4). Therefore,
it is not surprising that the long-term effects of
nitrogen supply on mycorrhizal colonisation under
our field conditions were less pronounced than the
effects observed in the greenhouse. We conclude that
the negative effects of increased atmospheric nitro-
gen on mycorrhizal colonisation of ericoid heathland
plants still remain hypothetical. More experiments
under field conditions are needed to investigate the
effects of increased atmospheric nitrogen on the
reduction of mycorrhizal colonisation and the possi-
ble consequences for organic nitrogen uptake.

In the field inventory, we found in general a
positive correlation between the amount of mycor-
rhizal colonisation in ericaceous plants and the
concentration of total phenolics in the leaves. In
contrast, neither of the experiments with C. vulgaris
showed such a relationship. Although Sokolovski
et al. (2002) also showed an increased organic
nitrogen uptake by C. vulgaris root cells colonised
by a mycorrhizal symbiont, the actual importance of
the role of mycorrhiza for amino acid uptake in the
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field is still being debated (Persson and Nisholm
2001).

Our finding that shading reduced the amount of
mycorrhizal colonisation in ericaceous plants under
field conditions is consistent with predictions of the
CNB hypothesis and the protein competition model
(Bryant et al. 1983, Jones and Hartley 1999). Simard
et al. (2002) report that mycorrhizal fungi may
receive carbon (e.g. sugars) amounting to 15-30%
of the net photosynthate of their host plants. Also
other studies (Bryant et al. 1983, Smith and Read
1997, Jones and Hartley 1999) have reported that
shading reduced the amount of photosynthetic assim-
ilates and therefore limited the amount of carbon
translocated to the mycorrhizal symbiosis.

Responses of tannins to N supply and light
intensity

Our results show that the CNB hypothesis can be very
useful when predicting the amount of total phenolics
in C. vulgaris under field conditions. The results from
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the Vaccinium plants in the field inventory and the
results from the field experiment confirmed our
hypothesis that shade negatively affects the foliar
concentration of total phenolics—a result previously
found by lason and Hester (1993). The deviating
results in the greenhouse experiment where we found
an increase of phenolic concentrations in shaded
plants can be caused by the lower intensity of the
overall shade reduction compared to the field condi-
tions by which the shaded plants showed less contrast
with the control plants. This is also shown by the
small differences between the total biomasses of the
treatments. However, the direction of the responses in
the shade, fertiliser and combined treatments is
comparable between the field and the greenhouse
experiment.

Our experiment is the first report that the addition
of fertiliser results in lower concentrations of total
phenolics in C. vulgaris under field conditions. The
reason for the failure in previous field experiments
with C. vulgaris to detect a significant fertiliser effect
on the foliar content of total phenolics (Iason and
Hester 1993, Iason et al. 1993, Hartley et al. 1995,
Alonso et al. 2001) is probably that these experi-
ments were too short (most lasted less than 1 year).

We found that the amount of condensed tannins
was not significantly affected by the addition of
fertiliser. This is in accordance with the results of
Tason and Hester (1993) and Bradley et al. (2000).
Shading also had no detectable effect on the tannin
levels. Concentrations of tannins in C. vulgaris plants
do not seem to vary strongly. The contrasting results
of Hansen et al. (2006) in which concentrations of
condensed tannins increased with 8-13% in erica-
ceous shrubs after shading and a combined treatment
with fertiliser can be due to the cold subartic
conditions, which could cause different translocation
processes of carbon-based secondary compounds in
the plant and in the studied 1-year old leaves.

We conclude from our field study that there is
much natural variation in total phenolic and con-
densed tannin contents within and among ericaceous
plants and that this depends strongly on site charac-
teristics (light, soil nutrients) and plant species. The
deciduous species, V. myrtillus seemed to have more
plastic leaf characteristics than the evergreen species.
The variation within and between the two grass
species was remarkably smaller. The dominant grass
species, which have higher growth rates than the

dwarf shrubs, showed lower concentrations of sec-
ondary plant compounds. So, it is not surprising that
there is a strong negative correlation between the
foliar concentration of nitrogen and the concentra-
tions of total phenolics and condensed tannins among
plant species. The protein competition model (Jones
and Hartley 1999) also suggests that the regulation of
protein and phenolic synthesis are tightly linked due
to the use of the same precursor phenylalanine.
Therefore, plant cells do not appear to be capable of
simultaneously synthesising proteins and phenolics at
the same rate (Haukioja et al. 1998).

Consequences for the competition between
dwarf shrubs and grasses

Berendse and Elberse (1990) hypothesized that
ericaceous plants growing in nutrient-poor ecosys-
tems have a competitive advantage over grass species
because they are rich in carbon-based secondary
compounds that prolong their life span and reduce
nitrogen losses. We formulate the additional hypoth-
esis that the symbiosis of ericaceous plants with their
ericoid mycorrhizal fungi that degrade protein—phe-
nolic complexes in the soil enables them to use
organic nitrogen sources not available to other plants
like grasses with their arbuscular mycorrhizal fungi
(Berendse and Elberse 1990; Northup et al. 1995;
Hittenschwiler and Vitousek 2000; Hodge et al.
2001; Aerts 2002).

Increased nitrogen deposition can seriously hamper
the competitive advantage of ericaceous plants, not
only by increasing the nitrogen availability in the soil,
but also as this study and others have shown, by
enhancing the nitrogen concentration in ericaceous
litter (e.g. Hartley et al. 1995). This leads to the
reduction of the carbon:nitrogen ratio in the litter,
which accelerates its decomposition, and finally
accelerates the mineralisation of the soil nitrogen
(Berendse et al. 1994, Bret-Harte et al. 2004). When
nutrient-poor soils become enriched with nitrogen, the
grasses have a competitive advantage over ericaceous
plants as they are able to benefit faster from the
increased nitrogen supplies (Berendse et al. 1994).
For example, the competition experiment of Berendse
and Aerts (1984) showed that the dwarf shrub
Erica tetralix was only able to outcompete Moli-
nia cearulea at the non-fertilised, nutrient-poor sites,
while Molinia replaced Erica after nutrient addition.
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Secondly, our study revealed that the levels of total
phenolics in the ericaceous plants can decrease in
response to nitrogen additions, thereby enhancing the
degradation of the litter and accelerating N minerali-
sation (Schofield et al. 1998). Due to the reduced
concentrations of phenolic compounds in the litter, the
inorganic forms of soil nitrogen can increase relative
to the organic forms (Northup et al. 1995, 1998). The
field experiment with C. vulgaris showed that organic
nitrogen was the most important labile nitrogen form,
exceeding the amount of inorganic nitrogen by
approximately 2—4 times (Table 4).

Under nitrogen-poor condition, the symbiosis of
ericaceous plants with their mycorrhizal fungi, which
are able to use complex organic nitrogen sources,
supposedly gives them an advantage. So, when the
organic nitrogen sources become relatively less
important due to increased atmospheric nitrogen, the
grasses—which can benefit more from the inorganic
nitrogen sources than ericaceous plants—will outcom-
pete the heathland shrubs (Berendse and Aerts 1984).
Notwithstanding the fact that the grass, Deschampsia
have been shown to be also able to use organic nitrogen
(Nédsholm et al. 1998; Falkengren-Grerup et al. 2000)
and even can be colonized by ericoid endophytic fungi
(Zijlstra et al. 2005), the highest N uptake rates are
realised on ammonium and nitrate sources (Persson
et al. 2003). Although the responses in our experi-
ments were different, our data from the greenhouse
experiment show that increased nitrogen addition can
reduce mycorrhizal colonisation, which can result in
less organic nitrogen being available to the ericaceous
species (Sokolovski et al. 2002).

Finally, our data strengthen the idea of a positive
feedback in the competition between ericaceous
plants and grasses as a result of reduced light
intensities, when nitrogen inputs increase. Shaded
heathland plants seem to not only produce less
phenolics and tannins and higher nitrogen concentra-
tions in the leaves, but also tend to show reduced
levels of mycorrhizal colonisation. In this way,
shading reduces the competitive ability of heathland
plants by directly reducing their nitrogen uptake
capacity so that the expansion of the grasses at the
cost of the dwarf shrubs will be strongly accelerated.
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