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Abstract Plant communities, soil organic matter and
microbial communities are predicted to be interlinked and
to exhibit concordant patterns along major environmental
gradients. We investigated the relationships between plant
functional type composition, soil organic matter quality and
decomposer community composition, and how these are
related to major environmental variation in non-acid and
acid soils derived from calcareous versus siliceous bed-
rocks, respectively. We analysed vegetation, organic matter
and microbial community compositions from five non-
acidic and five acidic heath sites in alpine tundra in north-
ern Europe. Sequential organic matter fractionation was
used to characterize organic matter quality and phospho-
lipid fatty acid analysis to detect major variation in decom-
poser communities. Non-acidic and acidic heaths differed
substantially in vegetation composition, and these dispari-
ties were associated with congruent shifts in soil organic
matter and microbial communities. A high proportion of
forbs in the vegetation was positively associated with low
C:N and high soluble N:phenolics ratios in soil organic
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matter, and a high proportion of bacteria in the microbial
community. On the contrary, dwarf shrub-rich vegetation
was associated with high C:N and low soluble N:phenolics
ratios, and a high proportion of fungi in the microbial com-
munity. Our study demonstrates a strong link between the
plant community composition, soil organic matter quality,
and microbial community composition, and that differences
in one compartment are paralleled by changes in others.
Variation in the forb-shrub gradient of vegetation may
largely dictate variations in the chemical quality of organic
matter and decomposer communities in tundra ecosystems.
Soil pH, through its direct and indirect effects on plant and
microbial communities, seems to function as an ultimate
environmental driver that gives rise to and amplifies the
interactions between above- and belowground systems.

Keywords Habitat fertility - Plant functional group -
Plant—soil interactions - Soil pH - Soil nutrient cycling

Introduction

There is increasing recognition that plant community
dynamics cannot be separated from the dynamics of below-
ground soil communities, but that these operate in concert
with changes in plant community composition and diversity
leading to concordant and predictable changes in soil nutri-
ent cycling and microbial communities, and vice versa
(Wardle 2002; Reynolds et al. 2003; Wardle et al. 2004;
Bardgett 2005; Van der Heijden et al. 2008). Plant commu-
nities differing in species composition are likely to produce
litter and organic matter that differ in their chemical compo-
sition, which may subsequently influence the composition
of soil microbial communities, and the rates of decomposi-
tion and nutrient release (Hobbie 1996). These have further
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feedback effects on plant community composition, produc-
tivity and diversity (Reynolds et al. 2003; Ehrenfeld et al.
2005). Despite the acknowledgement of the importance of
the interplay between plant and soil communities to ecosys-
tem function, still surprisingly little is known about how the
different components of aboveground and belowground
systems, e.g., vegetation, soil organic matter and microbial
communities, are associated with each other.

Plant species and growth forms may have substantial
effects on decomposition and rates of nutrient cycling
(Hobbie 1992) via the chemical quality of plant litter. In
general, litter produced by herbaceous plants (forbs, grami-
noids) and/or deciduous shrubs have been shown to decom-
pose faster than the litter of woody and evergreen plants
(Hobbie 1996; Dorrepaal et al. 2005) and these differences
in decomposition rates have been connected to C quality
(Hobbie 1996), C:N ratios and concentrations of soluble
phenolics and N (Pérez-Harguindeguy et al. 2000; Quested
etal. 2003; Dorrepaal et al. 2005). Polyphenol-rich plant
tissues may also impede decomposition because certain
polyphenolic compounds (e.g. tannins) tend to form highly
stable polyphenol-protein complexes that are unavailable to
most decomposers (Northup etal. 1998; Hittenschwiler
and Vitousek 2000). Eventually, differences in the plant
group-specific litter quality should be reflected in the com-
position of soil organic matter, so that graminoid- and forb-
rich vegetation produces high-quality organic matter that
has low C:N ratios and a high proportion of labile com-
pounds (e.g. soluble N, sugars), and woody plant-domi-
nated vegetation produces organic matter that has high C:N
ratios and high concentrations of polyphenolic compounds
(e.g. lignin, condensed tannins). The link between above-
ground vegetation and belowground organic matter quality
in tundra ecosystems, however, is inadequately understood,
and the few studies conducted so far have not found consis-
tent patterns between the quality of vegetation and the
chemical quality of accumulated soil organic matter (see
Shaver et al. 2006).

Plant litter and soil organic matter, which act as sub-
strates for soil decomposer organisms, are likely to support
divergent microbial communities depending on the relative
proportions of labile and recalcitrant substrates (Wardle
2002; Wardle etal. 2004; Bardgett 2005; Orwin et al.
2006). The dominance of bacterial-based soil communities
has been suggested to result from the dominance of
fast-growing plant species that produce easily decompos-
able N-rich organic matter, while fungal-based microbial
communities would result from the dominance of slow-
growing plant species that produce recalcitrant organic
matter rich in phenolics and lignin (Wardle et al. 2004; see
also Van der Heijden et al. 2008). Different plant species
and plant community types have been found to promote
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different soil microbes and fungi:bacteria ratios (e.g.
Kourtev et al. 2002; Zak and Kling 2006); however, there is
only limited direct evidence concerning whether the preva-
lence of bacteria- or fungi-dominated decomposer systems
can be predicted by the prevalence of certain plant func-
tional groups (Van der Heijden et al. 2008). Furthermore,
despite the close interdependence between the composition
of vegetation, soil organic matter and decomposer organ-
isms, we have not been able to find a study that would
simultaneously relate patterns in vegetation to patterns in
both soil organic matter and microbial communities.

Ecosystem- and habitat-specific discrepancies in abiotic
environmental conditions may function as important ulti-
mate drivers of plant-soil interactions (Reynolds et al.
2003; Wardle et al. 2004; Bezemer et al. 2006). One major
abiotic factor, soil pH, has long been recognized as having
a profound influence on plant community structure and
diversity (Gough et al. 2000; Pirtel 2002; Virtanen et al.
2003; Crawley et al. 2005; Virtanen et al. 2006), and it has
also been found to be a major determinant of soil microbial
community composition (Baath and Anderson 2003; Fierer
and Jackson 2006; Hogberg et al. 2007; Minnistd et al.
2007). In Northern European arctic and alpine tundra, a
major gradient in soil pH, paralleled with changes in soil
nutrient availability (Eskelinen 2008), is formed by the
underlying bedrock type. Siliceous bedrock types result in
acidic heaths with low soil pH and dominance by a few spe-
cies of dwarf shrubs (e.g. Empetrum nigrum and Vaccinium
spp.), while calcareous bedrock types result in non-acidic
heaths with high soil pH and species-rich forb- and grami-
noid-dominated plant communities. Given this drastic vari-
ation in the composition of plant communities and bedrock
beneath them in alpine tundra, it is reasonable to expect that
patterns in vegetation between acidic and non-acidic habitat
types would be paralleled by concordant patterns in soil
organic matter and microbial communities.

Our objective was to determine whether the differences
in plant communities imposed by local environmental con-
ditions are paralleled by changes in soil organic matter and
microbial communities, and how the different compart-
ments are linked to each other and abiotic environmental
conditions. To study this, we analysed vegetation and soil
data from non-acidic and acidic mountain tundra in North-
ern Europe. We hypothesized that in dwarf shrub-domi-
nated plant communities soil organic matter would be rich
in C and recalcitrant compounds that would parallel a high
proportion of fungi in soil microbial communities and low
nutrient availability. In contrast, productive forb- and
graminoid-dominated plant communities would produce
N-rich and higher quality organic matter that would support
a high proportion of bacteria in microbial communities and
high nutrient availability.
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Materials and methods
Study sites and data sampling

The study was carried out on Mt. Saana in Kilpisjérvi
(69°03'N, 20°50'E), north-western Finland. In the area, the
mean annual precipitation is 420 mm and the mean annual
temperature is —2.6°C (Jarvinen 1987). The tree line is
formed by mountain birch (Betula pubescens ssp. czerepan-
owii) and lies at an altitude of 600—700 m a.s.1. The bedrock
in the area consists of both siliceous rocks, resulting in
acidic barren soils where dwarf shrub-dominated Empe-
trum heaths prevail, and of dolomitic rocks resulting in
non-acidic and relatively fertile soils characterized by forb-
and graminoid-rich Dryas heaths. These heath types are
present on the mountain slopes at different exposures, and
they often form vegetation mosaics where non-acidic and
acidic heath patches alternate within short distances
depending on the underlying bedrock material. We first
chose five sampling areas where both non-acidic and acidic
heath vegetation were present usually within a distance of
no more than 100 m. At each sampling area, one non-acidic
and one acidic heath vegetation patch (hereafter called
“non-acidic” and “acidic” sites) representing as similar
moisture conditions and topographical positions as possible
were selected for sampling. The sampling areas were
located on north-east and south-west slopes of Mt. Saana
within a distance of 5 km and at altitudes ranging from 720
to 800 m a.s.l. Acidic heath sites were dominated by the
evergreen dwarf shrub Empetrum nigrum ssp. hermaphrod-
itum, and also other shrubs (e.g. Vaccinium vitis-idaea,
Vaccinium uliginosum, Betula nana) and some graminoids
(e.g. Festuca ovina, Calamagrostis lapponica, Carex bige-
lowii) were commonly encountered. Non-acidic heath sites
were dominated by Dryas octopetala, and other abundant
species included dwarf shrubs preferring high-pH sites (e.g.
Cassiope tetragona, Rhododendron lapponicum, Salix
reticulata), graminoids (e.g. Carex rupestris, Carex vagi-
nata), and arctic-alpine forbs (e.g. Thalictrum alpinum,
Saussurea alpina, Saxifraga oppositifolia, Silene acaulis,
Astragalus frigidus). Nomenclature follows Hémet-Ahti
et al. (1998).

At each site, eight plots of 0.25 x 0.25 m were randomly
chosen (however, plots with stones and reindeer paths had
to be discarded), all species in the plots were recorded, and
the above-ground biomass of vegetation was harvested
from the plots. The total number of sampled plots was 80.
Plant material was later sorted into five groups of species
[graminoids, dwarf shrubs (including families Ericaceae,
Empetraceae, Salicaceae and Betulaceae), forbs, bryo-
phytes, lichens], dried for 48 h at +60°C and weighed.
Immediately after the collection of biomass samples, com-
posite soil samples consisting of four soil cores (diameter

3 cm) were taken from the humus layer (7-15 cm deep)
around each plot. All plant material was removed from the
soil samples in the laboratory, after which the soil was
homogenized and frozen at —25°C until analysed.

Soil chemical and microbial analysis

Total C and N of soil organic matter were analysed on a
CHN element analyzer (Fisons Instruments, Milan). For the
analysis of soil P, Ca, K and Mg concentrations, soils were
extracted with acid (pH 4.65) 1 M ammonium acetate and
determined colorimetrically with an atom absorption spec-
trophotometer (John 1970). The dry matter content of the
soil was determined by drying the samples (105°C, 12 h)
and organic matter content analysed by loss on ignition
(475°C, 4 h). Soil pH was measured in 3:5 v:v soil:water
suspensions (model 220, Denver Instruments). A sub-sam-
ple of ca. 3 g fresh soil was extracted with 50 ml of 0.5 M
K,SO,, and the NH,"-N concentration in the extracts was
determined by flow injection analysis (FIA 5012; Perstorp).
Total extractable N in the extracts was determined by oxi-
dizing all the extractable NO;~ to N (Williams et al. 1995)
and then analysing it as NO; -N by FIA. Extractable
organic N was calculated as the difference between total
extractable N and the extractable NH,*-N concentrations.
Microbial N was extracted from the samples using 0.5 M
K,SO, after chloroform fumigation (18 h) (Brookes et al.
1985), and analysed as total extractable N after oxidation as
above. Microbial N was calculated by subtracting total
extractable N in the unfumigated extracts from that in the
fumigated ones. Soil extractable C and microbial C were
determined on the unfumigated and fumigated extracts on a
total organic C (TOC) analyzer (Shimadzu TOC-5000), and
microbial C was calculated in the same way as for micro-
bial N. The results were calculated per soil organic matter.

Organic matter fractionation and protein precipitation
capacity

We used the sequential fractionation method, also known as
proximate analysis, for investigating the chemical composi-
tion of soil organic matter (Ryan et al. 1990). For a detailed
description of the procedure see Hilli et al. (2008). The
fractionation method separates the soil organic matter into
four fractions: non-polar extractives (NPE; e.g. fatty acids
and lipids), water-soluble extractives (WSE; e.g. sugars and
soluble phenolics), the acid-soluble fraction (AS; e.g. cellu-
lose and hemicellulose), and the acid-insoluble fraction
(acid-insoluble residue; AIR) which constitutes the most
recalcitrant fraction of organic matter. Although previously
regarded solely as comprising lignin or lignin-like com-
pounds, the AIR fraction is a mixture derived from insolu-
ble alkyl-C (mainly cutin, surface waxes, or suberin),
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tannins and lignin (Liitzow et al. 2006). All the results were
calculated on an organic matter basis, and the organic mat-
ter content was determined separately after each extraction
and from acid-insoluble residue (Wieder and Starr 1998).
The WSE fraction was further analysed for soluble N con-
centrations (FIA Tecator) and soluble phenolic concentra-
tions. Phenolics were determined by the Folin-Ciocalteau
method (Suominen et al. 2003), using commercial tannic
acid (Ph Eur.; VWR BDH Prolabo) as a standard. Although
this method does not produce an accurate quantification of
phenolics, it is a useful indicator of the relative amount of
phenolics in ecological studies.

The protein precipitation capacity (PPC) was analysed
using the method by Hagerman and Butler (1978). A solu-
tion containing 1 mg ml~! bovine serum albumin (BSA)
was added to ca. 50 mg of dry soil and insoluble tannin-
protein complexes were isolated by centrifugation. Protein
concentration was analysed from the supernatant using the
method by Bradford (1976). PPC was calculated by sub-
tracting the precipitated proteins from the total added BSA

(ug g~ ! dry soil).
Phospholipid fatty acid analysis

In order to study soil microbial community composition,
we analysed soil phospholipid fatty acid (PLFA) patterns
from the soil samples. Fatty acids were extracted from 5 g
(wet weight) of soil with 15 ml of a one-phase mixture
(1:2:0.8 v/v/v) of chloroform, methanol and 0.05 M sodium
phosphate buffer (pH 7.4) overnight as described by Ruess
etal. (2005). The extraction was repeated with 7.5 ml
extraction solvent for 3 h, and 5.9 ml of methanol and H,O
was added to the solvent phase. After overnight separation,
the lipids were separated to neutral lipids, glycolipids and
phospholipids in silicic acid columns. The phospholipid
fraction was saponified and methylated as described by
Ruess et al. (2005) and fatty acid methyl esters were ana-
lysed as described earlier (Minnist6 and Higgblom 2006).
PLFA 18:2w6c was used to indicate fungal biomass
[including saprotrophic, ectomycorrhizal and ericoid
mycorrhizal fungi (Olsson 1999; Ruess et al. 2002)] while
the sum of PLFAs i15:0, al15:0, 15:0, 116:0, 16:1w9c¢, i17:0,
al7:0, 17:0, cyclo-17:0, 18:1w7c and cyclo-19:0 was used
to indicate bacterial biomass (Frostegard and Baath 1996).
The fungi:bacteria ratios were estimated as fungal PLFAs
divided by bacterial PLFAs. PLFA 18:10ME, which indi-
cates actinobacteria (Kroppenstedt 1985), was tested sepa-
rately (as mol % from the total PLFAs).

Statistical analyses

First, to assess whether and how the two habitat types, non-
acidic and acidic heaths, differed from each other with
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respect to the abundance of plant functional groups, soil
chemical and microbial variables, abundance of soil
organic matter fractions and microbial community compo-
sition (measured as fungi:bacteria ratios, actinobacteria),
we performed linear mixed effects models (Pinheiro and
Bates 2000; Crawley 2007) with the habitat type (non-
acidic versus acidic) as a fixed factor. Since the study plots
were nested within sites, we used site (ten levels) as a ran-
dom variable in the analyses, thereby defining a hierarchi-
cal model that takes into account the spatial correlation in
the data (Crawley 2007).

Second, to detect and identify major patterns in plant
community data, organic matter fraction data and PLFA
data we applied principal component analysis (PCA) to
each data set separately. The first PCA axis accounted for
91.7% of the variation in the plant data [Appendix 1 in the
Electronic supplementary material (ESM)] and correlated
strongly with the forb:shrub ratio (Pearson correlation,
r=—0.909, P <0.0001; plant data were log-transformed to
linearize the relationship). The first PCA axis for organic
matter fraction data accounted for 65.2% of the variation in
the data (Appendix 1 in the ESM) and showed a strong cor-
relation with soil C:N ratio (r = —0.808, P < 0.0001) and
soluble N:soluble phenols ratio (r = 0.815, P < 0.0001, log-
transformed to linearize the relationship). Similarly, the
first PCA axis for the PLFA data accounted for 60.3% of
the variation in the data (Appendix 1 in the ESM) and was
strongly related to the fungi:bacteria ratio (r=0.973,
P <0.0001). Since the resulting first axes from PCAs
explained most of the variation in all three data sets (i.e. the
data sets were one-dimensional) and correlated well with
real measurements from each system, we chose to use the
forb:shrub ratio, soil C:N ratio, soluble N:soluble phenols
ratio and fungi:bacteria ratio rather than the axis scores
from PCA (which are difficult to interpret) in the subse-
quent analyses. The PCA results are not discussed any fur-
ther.

Third, to examine the links between plant community
composition (i.e. forb:shrub ratio), organic matter composi-
tion (i.e. C:N ratio, soluble N:soluble phenols ratio, individual
fractions), microbial community composition (fungi:bacte-
ria ratio) and bedrock-driven variation in soil pH, we
performed linear mixed effects models where each variable
was explained by those factors that could act as potential
predictors for the given variable on a priori grounds. How-
ever, potentially reciprocal relationships were tested only to
one direction. In these analyses, the forb:shrub ratio was
fitted in relation to soil pH and the fungi:bacteria ratio, the
C:N ratio was fitted in relation to the forb:shrub ratio, and
the fungi:bacteria ratio was fitted in relation to soil pH and
the soil C:N ratio. For the soluble N:soluble phenols ratio
and other organic matter fractions (NPE, WSE, AS, AIR),
graminoid, bryophyte and lichen biomasses, the forb:shrub
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Table 1 Means + SE for soil cations, soil properties and microbial properties in non-acidic and acidic heaths, and results from linear mixed effects
models (LME) where each response variable was explained by the habitat type and site was used as a random variable

Response variable Habitat type

Non-acidic heaths Acidic heaths Fig P
Soil properties
Ca(mg g~' d.wt.) 51.94 +£2.04 33.87+1.96 6.7 0.0324
Mg (mg g~ d.wt.)® 4.40 £0.33 3.23 £0.25 1.4 0.2778
K (mg g~' d.wt.)? 0.89 £ 0.06 1.51 £0.07 20.8 0.0019
P (mg g ! dwt)? 0.07 £ 0.006 0.23 +0.014 22.0 0.0016
pH 6.4 +0.04 5.3+0.09 229 0.0014
NH, (mg kg~! OM) 784+ 6.9 18.8+£9.0 13.3 0.0066
Ny (mg kg™! OM) 190.3 + 8.9 1162+9.5 14.3 0.0054
DOC (mg kg~ OM)* 1,414.5 £ 66.5 1,044.0 & 54.2 4.9 0.0575
PPC (ug BSA g~' d.wt.) 22374+21.5 146.2 4+ 14.5 2.0 0.1928
Microbial properties
N,.;. (mg kg~! OM) 709.8 £+ 30.8 600.4 +25.0 2.47 0.1543
Cpic (mg kg™! OM) 11,747.6 & 630.6 9,103.4 £ 467.2 1.53 0.2514

Significant P-values (<0.05) are indicated in bold and marginally significant P-values (<0.06) are in bold italics. d.wt. Dry weight, OM organic
matter, DOC dissolved organic C, PPC protein precipitation capacity, BSA bovine serum albumin

4 Values were log-transformed for the analysis

ratio and fungi:bacteria ratio were used as explanatory vari-
ables. We also included the habitat type (non-acidic versus
acidic) as a fixed variable in these analyses, thereby
attempting to test whether the variation in each response
variable is best explained by a categorical explanatory vari-
able (i.e. habitat type) or continuous ecological variables
derived from the variation in bedrock material. In all analy-
ses, the site (ten levels) was used as a random variable.
Since some predictor variables were likely to be correlated,
we tested the significance of each predictor variable by
single term deletion F-tests from the full model (also
known as type III analysis) which should reduce the signifi-
cance of all correlated terms. For the figures, we illustrated
significant relationships by performing several separate
simple regressions.

The homogeneity of variances was checked using diag-
nostic residual plots, and when necessary, the data were
log-transformed (if the data contained zeros, the smallest
observed value of the response variable was added to every
value). All analyses were performed using R statistical
environment (R Development Core Team 2007).

Results
Differences between non-acidic and acidic habitats
Soils from non-acidic and acidic habitats varied clearly

with respect to soil chemical properties. Non-acidic heaths
had significantly higher soil pH, higher concentration of Ca

and lower concentrations of K and P than acidic heaths
(Table 1). Non-acidic and acidic heaths also showed con-
trasting patterns of soil properties related to nutrient
cycling: concentrations of inorganic and extractable
organic N and extractable organic C (nearly significant)
were higher in non-acidic than in acidic heaths (Table 1).
However, there were no significant differences in microbial
biomass C and N between the habitats (Table 1). Contrary
to our expectations and despite the significant differences in
the composition of vegetation (see below), the PPC of the
soil samples was unaffected by the habitat type (Table 1).
As expected, there was a clear contrast in the composition
of vegetation between non-acidic and acidic heaths. Forbs and
shrubs showed distinct abundances between the habitats;
forbs were significantly more abundant in non-acidic than in
acidic habitats while shrubs were significantly more abundant
at acidic sites (F' 18= 191.7, P < 0.0001, log-transformed, and
Fig= 130.8, P <0.0001, respectively; Fig. 1a). Overall, the
biomass of other plant groups formed only a minority of the
total biomass of vegetation (Fig. 1a), and there were no sig-
nificant differences in these (statistics not shown). Of the soil
organic matter fractions, the concentration of the AS fraction
consisting mainly of cellulose and hemicellulose was signifi-
cantly higher in non-acidic than in acidic heaths (F;3=6.5,
P =0.0342, log-transformed; Fig. 1b) while concentrations of
WSE (F; g=2.2, P=0.1795) and NPE (F, g = 3.0, P = 0.1224,
log-transformed; Fig. 1b) did not differ between the habitat
types. However, there were clear differences in the quality of
WSE: the concentration of soluble N was significantly higher
in the non-acidic heaths than acidic heaths (F)g=12.3,
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(n =70) of microbial communities in non-acidic and acidic heath sites

P =0.0081), whereas the concentration of soluble phenols
was significantly higher in the acidic compared to non-acidic
heaths (Fig= 15.2, P=0.0046; Fig. 1c). Regardless of the
striking disparity between the vegetation in non-acidic and
acidic habitats, there was no difference in the concentration of
AIR (a fraction including the most recalcitrant substances)
between the habitats (F 18= 0.6, P =0.4668; Fig. 1b).

The total soil C:N ratio was significantly higher in shrub-
dominated acidic heaths compared to forb-rich non-acidic
heaths (F;g=15.8, P=0.0041; Fig. 2a). This increase in
the soil C:N ratio was paralleled by the increase in the soil
fungi:bacteria ratio (F;g=21.6, P=0.0017, log-trans-
formed; Fig. 2b). Of the tested individual PLFAs, the pro-
portion of actinobacterial fatty acid 18:10ME was
significantly higher in non-acidic than in acidic heaths
(1.80 & 0.07 mol% and 1.13 £ 0.07 mol%, mean + SE,
respectively, F;g=11.1, P=0.0103), thereby following
the difference in the proportion of total bacteria.

Relationships between plant community composition, soil
organic matter and microbial communities

In the mixed effects model with the forb:shrub ratio as a
dependent variable and soil pH, the fungi:bacteria ratio and
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the habitat type as explanatory variables, the forb:shrub
ratio significantly negatively correlated with the fungi:bac-
teria ratio (F 53 =4.1, P =0.0485; Fig. 3a) but was inde-
pendent of soil pH (F;53=0.7, P=0.3988) when the
habitat was included in the model. However, if the habitat
was not included in the model, soil pH had a nearly signifi-
cant positive relationship with the forb:shrub ratio
(F153=3.8, P=0.0559), indicating that the relationship
with soil pH is important but that the categorical “habitat”
variable (non-acidic versus acidic) better explains the varia-
tion in pH values (for the habitat, F; 3 =49.3, P =0.0001).
In a model with the soil C:N ratio as dependent variable and
the forb:shrub ratio and the habitat as explanatory variables,
soil C:N ratio significantly correlated with the forb:shrub
ratio (F 5o = 8.8, P = 0.0044) with high relative abundance
of shrubs in above-ground plant communities relating to a
high proportion of total C in soil organic matter (Fig. 3b).
However, soil C:N ratio was independent of the habitat
(Fig=4.1, P=0.0779), implying that bedrock-driven vari-
ation in forb:shrub ratio better explains variation in soil
C:N ratio than habitat type as such. In the mixed effect
model with the fungi:bacteria ratio as the dependent vari-
able and soil pH, the soil C:N ratio and the habitat as
explanatory variables, we found that fungi:bacteria ratio
was significantly correlated with the soil C:N ratio
(Fys55=51.6, P<0.0001) and with soil pH (F,s5=7.7,
P =0.0073) with a high proportion of C in soil organic mat-
ter and low soil pH relating to a high proportion of fungi in
soil microbial communities (Fig. 3c, d). In this model, the
fungi:bacteria ratio was independent of the habitat type
(Fig=1.6, P=0.2477), suggesting a greater explanatory
power of the continuous pH variable than the categorical
habitat type.

The soluble N:soluble phenols ratio was significantly
positively correlated with the forb:shrub ratio (F; 55 =4.9,
P =0.0308; Fig. 3e) and significantly negatively correlated
with the fungi:bacteria ratio (Fs5=11.4, P=0.0013;
Fig. 3f) but independent of the habitat type (F;g=0.8,
P =0.4077). In the analysis of other individual organic
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matter fractions, there was a significant positive correlation
between AIR and the abundance of graminoids (¥, 55 =5.7,
P =0.0208). The habitat did not have a significant effect on
AIR concentrations (F; g =0.02, P =0.8802). There were
no other significant correlations between organic matter
fractions, plant functional groups and microbial communi-
ties (statistics not shown).

Discussion

We expected that the substantial difference between non-
acidic and acidic habitats in plant community composition,

Fungi:bacteria ratio (log)

non-acidic heaths having significantly more forbs and less
ericoid shrubs than acidic heaths (Fig. 1a), would result in a
divergent composition of soil organic matter between these
habitats. Indeed, there was a strong relationship between
vegetation composition and quality of organic matter: an
increasing proportion of soluble N, and decreasing propor-
tions of soluble phenolics and C:N ratios clearly correlated
with an increasing proportion of forbs. These findings con-
cur with several previous studies showing that forbs pro-
duce N-rich litter with a low concentration of phenolics and
a low C:N ratio, whereas shrubs produce N-poor litter with
a high concentration of phenolics and high C:N ratio (Hobbie
1996; Pérez-Harguindeguy et al. 2000; Shaw and Harte
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2001; Dorrepaal et al. 2005). Furthermore, forbs in non-
acidic heaths encompass legumes (Astragalus spp.), other
N-fixers (Dryas octopetala) and hemiparasites (Bartsia alp-
ina), which are rare or absent from acidic sites, and may
through the production and release of N-rich litters consti-
tute an important compartment of labile N pools in these
habitats (Quested et al. 2003). Taken together, our findings
suggest that strong compositional linkages prevail between
plant functional types, litter and soil organic matter. These
linkages imply that in tundra ecosystems major patterns in
the quality of soil organic matter are linked with the forb-
shrub gradient of vegetation, a gradient that has not been
considered in previous studies of tundra areas (see e.g.
Shaver et al. 2006).

The N-poor and phenol-rich organic matter produced by
shrub-dominated vegetation was connected to a high pro-
portion of fungi in microbial communities whereas organic
matter rich in soluble and total N produced by forb-rich
vegetation positively correlated with the proportion of bac-
teria. These findings are in accordance with those by, e.g.,
Hogberg et al. (2007) and indicate that high proportions of
phenolics and total C combined with low N concentrations
in substrates favour fungi in decomposer communities.
Concomitant findings were also reported by Kourtev et al.
(2002) who found a higher amount of fungal PLFA in soils
below Vaccinium-dominated vegetation and suggested this
resulted from the ericoid mycorrhizal symbionts of the Vac-
cinium species. In our study, most of the vegetation in
acidic habitats comprised shrubs possessing ericoid mycor-
rhiza (Empetrum nigrum ssp. hermaphroditum and Vacci-
nium spp.), which may contribute to the high proportion of
fungi beneath shrubs. Nevertheless, to our knowledge our
investigation is the first that shows in replicated field sites
that the fungi:bacteria ratio is connected to the prevalence
of both certain plant functional groups and organic matter
fractions.

The concentration of the AS organic matter fraction,
consisting mainly of cellulose and hemicellulose, was sig-
nificantly higher in the non-acidic than in acidic heaths,
thus coinciding with the higher abundance of cellulose-rich
graminoids and forbs in the vegetation (Hobbie 1996).
None of the plant groups had a direct correlation with AS,
and the difference between the two habitat types therefore
likely resulted from a combined effect of both forbs and
graminoids. In contrast, although we observed a negative
correlation between the graminoids and AIR, there were
neither differences between the habitat types in AIR con-
centrations nor positive relationship between the proportion
of dwarf shrubs and AIR, which forms the most recalcitrant
fraction. This result is in contrast with the high concentra-
tion of AIR, including lignin and other polyphenolic com-
pounds, in the litter of woody dwarf shrubs (Hobbie 1996).
In a recent study, Shaver et al. (2006) found that organic
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matter beneath graminoid-dominated vegetation possessed
higher concentrations of AIR than that beneath heath vege-
tation rich in woody plants. The discrepancy between AIR
concentrations in the litter and soil organic matter could be
explained by the chemical composition of this recalcitrant
fraction. Although traditionally regarded as lignin, AIR in
the soil organic matter is chemically versatile and consists
of both aromatic and aliphatic (non-aromatic) substances
that predominantly are not derived from lignin (Liitzow
et al. 20006). It is possible that the AIR beneath forb- and
graminoid-dominated vegetation was composed of non-
aromatic substances to a greater extent than beneath shrubs,
thereby resulting in convergence in AIR concentrations
despite divergence in vegetation. However, further chemi-
cal characterization of the AIR is needed to determine its
origin and content in soil organic matter under differing
vegetation. Furthermore, given the capability of sapro-
trophic and ericoid mycorrhizal fungi to metabolize poly-
phenols (Paul and Clark 1996; Bending and Read 1997;
Read and Perez-Moreno 2003; Mutabaruka et al. 2007) and
the strong positive relationship between fungal proportion
and shrub prevalence in our data, the microbial community
beneath woody dwarf shrubs could be better adapted to
degrading recalcitrant polyphenols. The high accumulation
of recalcitrant AIR in the non-acidic heaths, despite its low
concentrations in the plant litter, could therefore partly
result from differences in the degradation potential of the
microbial community.

To our surprise, we did not find difference between the
non-acidic and acidic heaths in PPC, usually considered to
correlate with the occurrence of polyphenols (Hittenschwiler
and Vitousek 2000). Empetrum, the dominant plant in
acidic heaths, produces large quantities of recalcitrant and
highly persistent phenolic compounds (e.g. batatasin III)
(Gallet et al. 1999) that seem to have strong capability to
bind with proteins to form recalcitrant N-containing com-
pounds and, therefore, reduce plant nutrient availability
(Nilsson et al. 2002). However, it has been suggested that
in nutrient-poor ecosystems specific plant-mycorrhizal
interactions have evolved to derive nutrients from these
complexes (Northup et al. 1995, 1998), and recent studies
also suggest that phenolics may not exert negative effects
on micro-organisms if the microbial community is able to
degrade polyphenols (Mutabaruka et al. 2007).

The proportion of forbs in plant communities was con-
siderably higher in the non-acidic than acidic heaths, imply-
ing that high pH habitats favour forbs in relation to shrubs.
Besides the distinct physiological tolerances of plant spe-
cies to soil pH (Kinzel 1983), the strong interdependence
between pH and plant community composition (Gough
et al. 2000; Pirtel 2002; Virtanen et al. 2003; Crawley et al.
2005; Virtanen et al. 2006) has been attributed to higher
nutrient availability in high pH soils (Peet etal. 2003;
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Nordin et al. 2004). Indeed, the higher N concentrations in
the non-acidic than acidic heaths in our study are likely to
favour forbs having higher nutrient demands, intrinsic
growth rates, and foliar nutrient concentrations than shrubs
(Chapin 1980; Hobbie and Gough 2002). Furthermore, in
these systems the chemical quality of forb-produced plant
litter and organic matter probably acts as a factor that rein-
forces the existing patterns of plant species composition
and productivity (Berendse 1994). Therefore, although the
distinct vegetation patterns may have originally evolved
from differences in the soil pH and nutrient availability, the
indirect effect of the plant species on soil nutrient cycling
feeds back on the vegetation further favouring plant species
adapted to N-rich conditions in non-acidic heaths and plant
species adapted to N-poor conditions in acidic heaths.

The strong correlation between the soil pH and microbial
community is in line with several recent studies emphasizing
the role of soil pH in controlling the composition (Béath and
Anderson 2003; Hogberg etal. 2007; Fierer etal. 2007;
Minnisto et al. 2007) and diversity (Fierer and Jackson 2006)
of microbial communities. In our data, the relationship
between soil pH and the fungi:bacteria ratio remained signifi-
cant even though the organic matter quality was included in
the same model indicating that soil pH acted as an indepen-
dent driver of microbial community composition. In general,
optimal conditions for the growth of fungi as a group occur at
lower pH compared to that of most bacteria (Madigan et al.
2003), which may explain why the proportion of bacteria
increased with pH. High pH values might thereby promote the
evolution of bacteria-based microbial communities which
coincide with forb- and graminoid-rich plant communities,
and the properties of forb-produced organic matter, i.e. high
concentrations of labile N, low concentrations of phenolics
and low C:N ratios, may further benefit the prevalence of soil
bacteria. We suggest that soil pH may foster important eco-
system processes in tundra through its direct and indirect
effects on both plant and microbial communities, and function
as an ultimate environmental controller for the development
of vegetation-soil-microbe interactions.

The environmental control of the pH also influences
higher trophic levels, as Eskelinen (2008) showed in a pre-
vious study that plants in the forb-dominated and produc-
tive non-acidic heaths were more heavily consumed by
mammal grazers than those in the unproductive acidic
heaths. Together these investigations support the theory put
forward by Wardle et al. (2004) that fertile habitats with
higher net primary productivity, higher quality plant tissues
and organic matter and bacteria-based decomposer systems
support higher herbivory than infertile habitats with low net
primary production, low-quality plant tissues and fungi-
based decomposer systems.

In conclusion, our correlative investigation found support
for the general framework (Wardle etal. 2004; Bardgett

2005; Van der Heijden et al. 2008) that above- and below-
ground systems are strongly interconnected with productive,
fast-growing plant species (forbs) producing high-quality,
N-rich organic matter that supports bacteria-based microbial
communities and high nutrient availability and less produc-
tive, slow-growing plant species (ericoid dwarf shrubs) pro-
ducing phenol-rich and N-poor organic matter that favours
fungi-based microbial communities and slow nutrient
cycling. Given the direct effects that soil pH may have on
both microbes and plants and its relationship with plant and
microbial communities globally (e.g. Partel 2002; Fierer and
Jackson 2006), soil pH may be the ultimate factor driving
the vegetation and microbial community patterns in tundra.
However, our study suggests that these patterns may be fur-
ther reinforced by the influence of plant species on the qual-
ity of soil organic matter and consequently, microbial
communities. Experimental investigations are still required
to test the causal relationships between plants, soil organic
matter, microbes and pH, and the feedback mechanisms
operating behind these relationships. Nevertheless, it is con-
ceivable that plant species in acidic heaths (i.e. Empetrum
nigrum ssp. hermaphroditum, Vaccinium spp.) may posi-
tively feed back on their own performance through produc-
ing acidic, low-quality organic matter that further decreases
soil pH (Cornelissen et al. 2006), favours fungi in microbial
communities and decreases nutrient availability. All these
are likely to reinforce the dominance of ericoid dwarf shrubs
(Reynolds et al. 2003; Ehrenfeld et al. 2005; Van der Heijden
et al. 2008) that possess several favourable traits connected
to an adaptation to low nutrient concentrations (e.g. slow
growth rate, long-lived tissues, high tissue C:N ratios)
(Chapin 1980; Cornelissen et al. 2001) and are capable of
accessing stable, complex organic N sources via their eri-
coid mycorrhizal symbionts (Bending and Read 1997; Read
and Perez-Moreno 2003).
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