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Abstract

Background and aims Tundra soils, which usually con-
tain low concentrations of soil nutrients and have a low
pH, store a large proportion of the global soil carbon (C)
pool. The importance of soil nitrogen (N) availability for
microbial activity in the tundra has received a great deal
of attention; however, although soil pH is known to
exert a considerable impact on microbial activities
across ecosystems, the importance of soil pH in the
tundra has not been experimentally investigated.
Methods We tested a hypothesis that low nutrient avail-
ability and pH may limit microbial biomass and micro-
bial capacity for organic matter degradation in acidic
tundra heaths by analyzing potential extracellular
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enzyme activities and microbial biomass after 6 years
of factorial treatments of fertilization and liming.
Results Increasing nutrients enhanced the potential ac-
tivity of [3-glucosidase (synthesized for cellulose degra-
dation). Increasing soil pH, in contrast, reduced the
potential activity of (3-glucosidase. The soil phospho-
lipid fatty acid concentrations (PLFAs; indicative of the
amount of microbial biomass) increased in response to
fertilization but were not influenced by liming.
Conclusions Our results show that soil nutrient avail-
ability and pH together control extracellular enzyme
activities but with largely differing or even opposing
effects. When nutrient limitation was alleviated by fer-
tilization, microbial biomass and enzymatic capacity for
cellulose decomposition increased, which likely facili-
tates greater decomposition of soil organic matter. In-
creased soil pH, in contrast, reduced enzymatic capacity
for cellulose decomposition, which could be related
with the bioavailability of organic substrates.

Keywords Enzyme activity - Nitrogen - PLFAs - Beta-
glucosidase - Leucine-aminopeptidase - Phenol oxidase -
pH - Tundra

Introduction

The decomposition rates of plant litter and soil organic
matter (SOM) in Arctic tundra ecosystems are slow;
therefore, large quantities of terrestrial global carbon
(C) are accumulated and stored in these ecosystems
(Jonasson et al. 2001; Hobbie et al. 2002; De Deyn
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et al. 2008). Because of the predicted effects of climate
change, it has become increasingly important to under-
stand the factors that determine the decomposition rate
of accumulated soil C. The quantity of SOM is regulated
to a great extent by the capacity of soil microorganisms
to degrade organic substrates via extracellular enzymes
that hydrolyze these compounds into forms that can be
assimilated as a C or nutrient source (Schimel and
Weintraub 2003). As synthesizing extracellular en-
zymes requires a considerable investment of both ener-
gy and nutrients from soil microorganisms, resource
availability to synthesize extracellular enzymes is fun-
damentally important for SOM degradation
(Sinsabaugh et al. 2005, 2008; Weintraub et al. 2007;
Grandy et al. 2008; Burke et al. 2011). Arctic tundra
ecosystems are typically strongly N-limited (Jonasson
etal. 2001; Schimel and Bennett 2004). As N constitutes
an important component of microbial and enzymatic
makeup, it has been suggested that SOM decomposition
rates in tundra are limited by the N-limitation of soil
microorganisms for growth and synthesizing extracellu-
lar enzymes (Schimel and Weintraub 2003; Wallenstein
et al. 2009; Weedon et al. 2011; Sistla et al. 2012;
Koyama et al. 2013; Sistla and Schimel 2013). Given
that the ongoing climate change exerts significant ef-
fects on the tundra soil nutrient cycling (Weintraub and
Schimel 2005) and experimental increase in soil nutri-
ents has been shown to decrease the quantity of C stored
in tundra soils (Nowinski et al. 2008), it is critically
important to understand how soil nutrients regulate the
SOM degradation potential of soil microbial
communities.

To understand the control of soil nutrients over the
SOM degradation, it is important to elucidate a multi-
tude of different enzymatic processes. Extracellular en-
zymes (e.g., cellulases) degrading organic compounds
that do not contain N (hereafter referred to as C-
containing compounds) are synthesized for microbial
C acquisition, whereas extracellular enzymes (e.g., pro-
teases, chitinases) degrading organic compounds that
contain both C and N (hereafter referred to as N-
containing compounds) may primarily be synthesized
for microbial N acquisition (Sinsabaugh et al. 2008).
Although nutrient enrichment may enhance enzyme
activities for microbial C acquisition (Sinsabaugh et al.
2005; Koyama et al. 2013), enzyme activities for nutri-
ent acquisition are often reduced under conditions of
high nutrient availability because the microbial need for
nutrient acquisition via the decomposition of organic N-
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and P-containing compounds is reduced (Allison and
Vitousek 2005; Moorhead and Sinsabaugh 2006;
Sinsabaugh 2010). Thus, the degradation rates of C-
and N-containing organic compounds respond different-
ly to changes in soil nutrient availability.

Soil pH exerts a powerful control over extracellular
enzyme activities across ecosystems (Sinsabaugh et al.
2008). Evidence from the experimental manipulations
of'the soil pH in the field suggests that low soil pH limits
microbial growth and extracellular enzyme activities.
For example, lime application (which increases the soil
pH) in arable soils enhances the potential activities of
many C- and N-acquiring extracellular enzymes, such as
cellulase and protease (Haynes and Swift 1998; Acosta-
Martinez and Tabatabai 2000; Ekenler and Tabatabai
2003) and increases the microbial biomass
(Blagodatskaya and Anderson 1998; Aciego Pietri and
Brookes 2008). The potential activities of P-acquiring
enzymes (acid-phosphatase; AP), on the other hand,
often decrease in response to liming (Haynes and Swift
1998; Acosta-Martinez and Tabatabai 2000). As tundra
soils are drastically more nutrient-limited than arable
soils (Schimel and Bennett 2004), the importance of soil
pH on microbial activities and biomass in tundra could
substantially differ from those found in other systems.
The nutrient control over microbial activities could
over-power the control by the soil pH; however, no
experimental studies on the role of soil pH have been
conducted in tundra. Given the high importance of soil
pH for microbial activities across ecosystems and the
global importance of tundra SOM stocks, mechanistic
understanding on the role of pH in tundra soil microbial
activities would be important. Tundra ecosystems, es-
pecially those dominated by evergreen dwarf shrubs,
have a characteristically low soil pH (Hobbie and
Gough 2002; Eskelinen et al. 2009). Soil pH in tundra
is a powerful determinant of the microbial community
composition (Ménnistd et al. 2007; Eskelinen et al.
2009) and the soil biochemistry (Whittinghill and
Hobbie 2011, 2012). Earlier studies have found a neg-
ative correlation between soil pH and temperature in
tundra (Sundqvist et al. 2011). A transition from tundra
to a subarctic mountain birch forest due to climate
warming could locally increase the soil pH by more
than 1 unit (Sjogersten et al. 2003). Also changes in soil
moisture and associated changes in plant species com-
position alter soil pH (Le Roux et al. 2013). If low soil
pH limit the rates of soil microbial processes in tundra
soils, increasing soil pH due to increasing temperatures
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or associated shifts in the vegetation or forest line could
trigger enhanced microbial degradation of accumulated
SOM.

Here, we investigated the effects of nutrient availabil-
ity and soil pH on extracellular enzyme activities and
microbial biomass in acidic, nutrient-poor tundra heaths
after 6 years of factorial treatments of fertilization and
liming. Our previous investigation, using the same ex-
periment, demonstrated that soil nutrient availability
was a powerful determinant of the microbial community
composition and decreased the fungal:bacterial ratio,
whereas shifts in the soil pH had only minor effects
(Stark et al. 2012). In the present study, we tested the
effects of soil nutrient availability and pH on microbial
activities and biomass. Based on the hypotheses that
extracellular enzyme activities are determined by the
stoichiometric requirement of C vs. nutrients for the soil
microorganisms (Sinsabaugh et al. 2008) and that mi-
crobial biomass and enzymatic activity for C acquisition
in tundra ecosystems are limited by nutrient availability
(Schimel and Weintraub 2003; Sistla et al. 2012), we
predicted that fertilization would increase microbial bio-
mass and enzyme activities synthesized for C acquisi-
tion but decrease enzyme activities for microbial N and
P acquisition. Given that liming in arable and forest soils
has been detected to enhance microbial biomass and
enzyme activities for C and N acquisition and reduce
enzyme activities for P acquisition (Acosta-Martinez
and Tabatabai 2000; Anderson et al. 2000; Ekenler and
Tabatabai 2003), we predicted that liming would in-
crease microbial biomass and cellulase and protease
activities but decrease acid-phosphatase activities. Fi-
nally, we predicted that combined fertilization and lim-
ing would alleviate both the nutrient-limitation and the
limitation of microbial activities by low soil pH, and to
induce a particularly strong increase in microbial bio-
mass and cellulase activities.

Materials and methods
Site description and experimental design

This study was conducted on acidic tundra heaths at Mt.
Saana in Kilpisjarvi (69° 03’ N, 20° 50" E), northwestern
Finland. The long-term mean annual temperature of the
study area from 1971 to 2000 was —2.3°C, and the mean
annual precipitation was 420 mm (Drebs et al. 2002).
The soil in the Kilpisjérvi area is classified as a Leptosol,

which is shallow soil over hard rock or a deeper gravelly
soil (Jones et al. 2010). Temperatures have clearly in-
creased during the last 20 years (Virtanen et al. 2010). In
August 2004, five acidic heath patches of ca. 30 mx
30 m (hereafter referred to as sites) were selected from
the southwest-facing and northeast-facing slopes of Mt.
Saana. The sites were located at altitudes ranging from
720 to 800 m a.s.l. and were separated by no more than
5 km of each other. Vegetation at the sites was dominat-
ed by dwarf shrubs (Empetrum nigrum ssp.
hermaphroditum, Vaccinium vitis-idaea, V. uliginosum,
Betula nana) and graminoids (e.g., Festuca ovina,
Calamagrostis lapponica, Carex bigelowii). Eight
0.75x%0.75 m plots were established at each of the five
sites and assigned to the following treatments in a full
factorial design: 1) fertilization (commercial rapidly dis-
solving NPK fertilizer [16 - 9 - 22] applied twice during
each growing season, with a total addition of
96gNm?2 54gPm?and 13.2 g K m 2 per year
beginning in 2005); 2) liming (dolomite lime
(CaMg(COs),) was applied twice per growing season
in equal doses to give a total of 300 g/m? per year in
2005 and a total of 600 g/m* per year in 2006-2010.
Same experimental site also contain experimental grazer
exclosures (Eskelinen 2008), but plots with the grazer
exclosure treatment were not used in the present study.
All plots, including controls, were watered immediately
following fertilization and liming with 500 ml of water
from nearby brooks. Fertilization has increased the total
plant biomass but has not affected the litter quantity
(Eskelinen et al. 2012). Liming has had no effects on
the plant biomass or the litter quantity (Eskelinen et al.
2012).

Sampling and soil analyses

We sampled the plots once during the peak growing
season (August 2010), when we assumed that the nutri-
ent limitation in the system was at its height (Weintraub
and Schimel 2005; Wallenstein et al. 2009). Composite
soil samples consisting of five soil cores (with a diam-
eter of 3 cm) were collected from the humus layer of the
border zone of each experimental plot approximately.
3 weeks after the second fertilization and liming event.
The depth of the organic layer was recorded from each
soil core at the time of the sampling. Soils were
transported to the laboratory and kept in a cold room
(+4 °C). Analyses were finished within 10 days of
sample collection. The bulk density of the samples
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was analyzed by measuring the total fresh weight of the
sample and dividing this value by the total sample
volume. Bulk density values and the depth of the humus
layer were used to calculate the parameters per soil area.
All plant materials were removed from the soil samples
by sieving (mesh of 3 mm), after which the soil was
subsampled for different analyses. Soil moisture was
determined by drying the samples (105 °C, 12 h), and
the organic matter (SOM) content was analyzed based on
the loss on ignition (475 °C, 4 h). Soil moisture and SOM
content values were used to calculate the results per gram
SOM. Soil pH was measured in 3:5v/v soil:water suspen-
sions (Denver Instrument Model 220). The total C con-
centration was analyzed from dry soil (60 °C, 48 h) using
a CHN analyzer (EA 1110 CHN). We note that soil C in
the limed plots may have contained an unknown quantity
of carbonate-C (COs; total added quantity approximately
6 g C/m 2 per year). We report the values of C% and soil
C stock in the results to provide a rough comparison
among the different treatments.

Extracellular enzyme activities

The potential activities of five different enzymes in-
volved in SOM decomposition were analyzed using
the method described by Boerner et al. (2000). Although
the liming treatment increased soil pH in the field, we
analyzed the potential activities in a buffer (pH 5.0) that
standardizes pH across samples. Our data thus do not
reveal the direct effects of pH on enzymes but rather
depict the effect of liming and fertilization on the poten-
tial production of extracellular enzymes. We focused on
the treatment effects on the production of extracellular
enzymes (i.e. indirect effects), because the current theo-
retical framework on SOM degradation in the tundra
considers the production of extracellular enzymes to be
the major factor limiting SOM degradation (Schimel
and Weintraub 2003). Potential enzyme activity analy-
ses thus do not necessarily reflect the actual degradation
rates of the substrates in field conditions (Allison et al.
2007,2011; German et al. 2011). We used the following
substrates: paranitrophenyl(pNP)-3-glucopyranoside
for 3-glucosidase (BG), pNP-3-N-acetylglucosaminide
for 3-N-acetylglucosaminidase (NAG), leucine p-
nitroanilide for leucine aminopeptidase (LAP), pNP-
phosphate for acid-phosphatase (AP) and L-3,4-
dihydroxyphenylalanine (L-DOPA) for phenol oxidase
(PO). BG, NAG, LAP and AP catalyze reactions that
hydrolyze the terminal linkages of oligomers released
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from larger polymers. Specifically, BG releases glucose
from cellulose, NAG hydrolyzes N-acetyl glucosamide
residues from chitin-derived oligomers, LAP catalyzes
the hydrolytic release of leucine and other amino acids
from peptides, AP catalyzes the release of phosphate by
hydrolyzing the phosphoric ester bonds of phosphate
groups in organic molecules, and PO catalyzes oxidative
reactions in the decomposition of phenols (Weintraub et al.
2007; Sinsabaugh et al. 2008). According to a generalized
model, soil microorganisms synthesize BG for C acquisi-
tion, NAG and LAP mainly for N acquisition and AP for P
acquisition (Sinsabaugh et al. 2008), whereas PO can be
synthesized for either C or N acquisition depending on
which resource is required the most (Sinsabaugh 2010).
We also calculated the sum of LAP and NAG activities,
which is used to depict the total microbial N acquisition
(Sinsabaugh et al. 2008). Potential enzyme activities were
calculated both per gram SOM and per total PLFAs (used
as an index of the amount of microbial biomass). Ratios of
C-acquiring to N- and P-acquiring extracellular enzyme
activities [resource acquisition activities; In(BG) : In(LAP
+ NAG), In(BG): In(AP)] were also calculated (Sistla and
Schimel 2013).

Subsamples of 10 g of fresh soil were suspended in
100 ml of 50 mM sodium acetate buffer (at pH 5.0),
after which 2 ml of the sample was mixed with 2 ml of
the enzyme substrate (substrate concentration 5 mM).
Blanks containing 2 ml of sodium acetate were also
prepared. Enzyme activities were measured as the oxi-
dation of chromogenic substrates. Following incubation
at room temperature, samples were centrifuged; 100 pl
of 1.0 M NaOH was added to 1 ml of supernatant; and
after dilution to 5 ml with H,O, the absorbance at
410 nm (BG, NAG, LAP, AP) or 460 nm (PO) was
measured using a Shimadzu UV-1700 spectrophotome-
ter. The background absorbance of the soil (2 ml soil
slurry+2 ml buffer) and the enzyme substrate solution
(2 ml buffer+2 ml substrate solution) were subtracted
from the sample absorbance. Extinction coefficients for
calculating activities of BG, NAG, LAP and AP were
obtained using paranitrophenol (BG, NAG, LAP, AP).
The extinction coefficient for calculating the activity of
PO was obtained by oxidizing L-DOPA with horserad-
ish peroxidase.

Microbial biomass

Bacterial, fungal and total microbial biomass was esti-
mated using phospholipid fatty acid (PLFA) analysis.
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Lipids were extracted overnight from 1 g (wet weight)
of freeze-dried soil using 10 ml of a one-phase mixture
(1:2:0.8v/v/v) of chloroform, methanol and 0.05 M of
sodium phosphate buffer (pH 7.4). The extraction was
repeated with 5 ml of extraction solvent for 3 h, and 4 ml
of chloroform and H,O were added to the solvent phase.
After overnight separation, the lipids were separated
into neutral lipids, glycolipids and phospholipids in
silicic acid columns as described by Frostegéard et al.
(1991). Methyl nonadecanoate was added as an internal
standard and the phospholipid fraction was subjected to
mild alkaline methanolysis (White et al. 1979), after
which the fatty acid methyl esters were analyzed by
gas chromatography as described by Minnistd and
Hiaggblom (2006). Peaks were identified using a mix-
ture of 26 bacterial fatty acid methyl esters (Supelco,
Bellefonte, PA) and fatty acids extracted from reference
strains for which the fatty acid composition is known
(Ménnistd and Haggblom 2006). A total of 34 fatty acid
peaks were identified and expressed as nmol g~ to
indicate total microbial biomass. Molar concentration
of 18:2w6,9¢ was used to indicate fungal biomass [in-
cluding saprotrophic, ectomycorrhizal and ericoid my-
corrhizal fungi (Olsson 1999; Ruess et al. 2002)], while
the sum of PLFAs i15:0, al5:0, 15:0, i116:0, 16:1w9c,
117:0, al7:0, 17:0, cyclo-17:0, 18:1w7c and cyclo-19:0
was used to indicate the bacterial biomass (Frostegard
and Baath 1996). We also analyzed fungal:bacterial —
ratio, some individual PLFAs (e.g. PLFA 10ME-18:0,
PLFA 18:1w9) and microbial community composition
using multivariate analyses, but these results showed the
same responses to the treatments as in our previous
study (see Stark et al. 2012); therefore, these results
are not presented in the current paper.

To analyze soil NH4-N concentrations and N and P
immobilized in the microbial biomass, a sub-sample of
~3 g of fresh soil was extracted with 50 ml of 0.5 M
K5S0,. Another subsample was extracted using the same
method following chloroform fumigation (18 h)
(Brookes et al. 1985). The NH4-N concentration in the
unfumigated extracts was determined by flow injection
analysis (FIA 5012, Perstorp). The total extractable N in
both unfumigated and fumigated extracts was oxidized to
NOj; (Williams et al. 1995) and then analyzed as NO;-N
(FIA, Perstorp). Microbial N was calculated by
subtracting the total extractable N in the unfumigated
extracts from that in the fumigated extracts. Microbial P
was analyzed from the same extracts using a Shimadzu
UV-1700 spectrophotometer after the addition of a mixed

color reagent (consisting of H,SO,, ascorbic acid,
ammonium molybdate tetra hydrate and potassium
antimonyl tartrate; Murphy and Riley 1962).

Data analysis and presentation

We used linear mixed-effects models (LME, Pinheiro
and Bates 2000; Crawley 2007) to examine the effects
of the experimental treatments (fertilization and liming)
on the analyzed variables. In all analyses, the treatments
were nested within sites (a random factor) to account for
the hierarchical structure of the experiment. The
heteroscedasticity of variances and the normality of
errors in each model were checked using model diag-
nostic plots (Crawley 2007). When necessary, the re-
sponse variables were log- or square-root transformed
prior to analyses to meet the model assumptions of
variance homogeneity and normality of errors. The
transformed response variables are indicated in Table 1.
All analyses were conducted using the R statistical
environment (R Development Core Team 2011).

Results
Extracellular enzyme activities

Fertilization and liming caused opposite effects on po-
tential BG activity: while fertilization significantly in-
creased BG activity per gram SOM, liming significantly
decreased BG activity per gram SOM (Fig. 1, Table 1;
significant main effects of fertilization and liming).
When calculated per microbial biomass, there were no
effects of fertilization on BG activity, but liming still
significantly decreased BG activity (Tables | and 2).
There were no effects of fertilization or liming on
LAP, NAG, PO and AP activity per gram SOM, but
fertilization decreased AP activity and tended to de-
crease LAP and NAG activities (P<0.10) when calcu-
lated per microbial biomass (Fig. 1; Tables 1 and 2).
Liming in unfertilized plots tended to reduce C:N ac-
quisition activity [In(BG):In(NAG + LAP)]; 1.36=0.10
in unfertilized and unlimed, and 1.20+0.11 in unfertil-
ized and limed plots; 1.47+0.14 in fertilized and
unlimed, and 1.39+£0.09 in fertilized and limed plots,
respectively; P<0.10, Table 1). C:P acquisition activity
[In(BG): In(AP)] was not influenced by the treatments
(values not shown).
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Table 1 The effects of fertilization and liming on potential extracellular enzyme activities (BG, PO, LAP, NAG, AP), microbial N and P, soil
PLFAs, and abiotic soil properties after 6 years of factorial treatments of fertilization and liming

Fertilization Liming Fertilization x Liming
F P F P F P

Beta-glucosidase (BG) per SOM 14.9 0.002 8.9 0.011 0.755 0.402
per total PLFAs 0.2 0.651 6.1 0.029 0.0 0.988

Phenol oxidase (PO)T per SOM 0.1 0.824 2.1 0.170 0.0 0913
per total PLFAs 1.6 0.226 1.7 0.216 0.2 0.701

Leucine aminopeptidase (LAP) per SOM 0.2 0.660 22 0.161 22 0.165
per total PLFAs 44 0.057 04 0.528 0.9 0.372

Acetyl-glucosamidase (NAG)* per SOM 0.5 0.495 0.0 0.967 0.3 0.602
per total PLFAs 4.6 0.052 0.2 0.662 0.0 0.873

Acid-phosphatase (AP) T per SOM 0.9 0.373 0.3 0.610 0.0 0.889
per total PLFAs 6.2 0.029 1.4 0.253 0.9 0.374

Enzymatic stoichiometry C:N 3.6 0.083 22 0.167 0.3 0.595
Total PLFAs 12.0 0.005 1.0 0.339 0.2 0.641
Bacterial PLFAs 9.6 0.009 0.3 0.589 0.3 0.600
Fungal PLFAs 35 0.086 1.3 0.272 0.4 0.529
Microbial N 8.3 0.014 2.1 0.175 0.5 0.497
Microbial P 15.6 0.002 0.2 0.680 0.2 0.651
NH4-N 1.5 0.241 0.2 0.644 0.0 0.885
NO;-N 0.0 0.975 0.1 0.825 2.7 0.129
Soil pH 0.0 0.897 522 <0.001 0.2 0.664
Bulk density 0.0 0.994 5.2 0.041 0.3 0.625
Soil C stock T 0.2 0.686 2.6 0.135 0.6 0.440
Soil C% of dry weight 0.7 0.409 2.7 0.128 12 0.292

The results are from linear mixed-effects models (LME) in which treatments (fertilization, liming) were nested within sites. We used
transformations to meet the assumptions of LME (* logarithmic transformation, 1 square root transformation). N=5, d.f. = 1, 28. Significant

effects (P<0.05) are indicated by bold

Soil PLFA concentrations and microbial N and P

Fertilization significantly increased the total PLFAs, bac-
terial PLFAs and microbial N and P, but there were no
effects of liming (Fig. 2; Table 1). The effect of fertiliza-
tion on microbial P was much stronger than that on
microbial N, as fertilization almost doubled the amount
of P immobilized in the microbial biomass. Fertilization
in unlimed plots tended to increase fungal PLFAs (fertil-
ization x liming —interaction; P<0.10; Tables 1 and 2).

Abiotic soil properties

Although soil NH4-N concentrations were substantially
higher in fertilized than unfertilized plots, the effect was
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not statistically significant due to high variation
among plots (Tables 1 and 2). Fertilization or liming
did not influence soil NO3-N concentrations
(Tables 1 and 2). Liming significantly increased the
soil pH (Tables 1 and 2). Soil moisture was 64.5+
1.4 % across all samples (mean+S.E.) and was not
affected by fertilization or liming (statistics not
shown). Liming significantly decreased bulk density
(Tables 1 and 2).

Fertilization did not significantly influence the soil C
stock per soil area (Table 1; 6.7£1.4 kg C m 2 in
unfertilized and 5.6+0.7 kg C m 2 in fertilized plots).
Similarly, there were no effects of liming on the soil C
stock per soil area (Table 1; 4.7+0.8 kg C m 2 in limed
and 5.0+0.8 kg C m "2 in limed and fertilized plots; note
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that these values may contain an unknown quantity of
CO; - C from lime). The same was true for soil C%
(Table 1; 37.7+£3.4 % in unfertilized, 38.7+2.4 % in
fertilized plots, 34.0+2.7 % in limed plots and 39.2+
2.8 % in limed and fertilized plots).

Discussion

Our long-term field manipulations showed that in-
creased nutrients enhanced microbial biomass and en-
zymatic activity for cellulose degradation, indicating
increased potential of the soil microbial community to
decompose C-containing compounds. Increased soil

unfertilized

fertilized

pH, on the other hand, exerted no effects on microbial
biomass while decreasing enzymatic activity for cellu-
lose degradation. These findings provide the first exper-
imental evidence to demonstrate the importance of soil
pH for enzymatic activities in Arctic tundra soils.

Nutrients increased microbial biomass and degradation
potential of C-containing compounds

We hypothesized that increased nutrient availability
would increase the microbial biomass and the potential
enzyme activity for C acquisition but reduce the poten-
tial enzyme activity for nutrient acquisition. Consistent
with our hypothesis, potential BG activity was higher in
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Table 2 Activities of extracellular enzymes per total PLFAs and bulk density (g dry matter dm ) in acidic tundra heaths after
(umol h™" nmol™" total PLFAs), fungal PLFAs (nmol g~ SOM), 6 years of factorial treatments of grazer exclusion, liming and
soil NH4-N and NO3-N concentrations (mg kg{1 SOM), soil pH, fertilization

Control Limed Fertilized Limed/

Fertilized

LAP/total PLFAs 1.88 (0.26) 2.11 (9.17) 1.72 (0.13) 1.68 (0.07)
NAG/total PLFAs 5.91(0.74) 6.54 (1.98) 4.44 (0.65) 3.91(0.10)
BGftotal PLFAs 12.84 (1.11) 10.45 (1.72) 12.38 (1.73) 10.02 (0.91)
PO/total PLFAs 6.21 (1.48) 4.62 (1.41) 4.64 (0.43) 3.79(0.74)
AP/total PLFAs 114.62 (21.75) 89.40 (11.31) 74.16 (9.15) 70.88 (12.75)
Fungal PLFAs 54.7 (6.6) 51.6 (3.8) 70.4 (8.5) 59.2 (4.8)
Soil NHy-N 21.27 (6.55) 25.11 (8.40) 64.58 (47.54) 54.79 (26.39)
Soil NO3-N 7.49 (1.02) 5.01 (0.40) 5.43 (0.80) 8.98 (3.75)
Soil pH 5.67 (0.21) 6.49 (0.08) 5.63 (0.17) 6.56 (0.08)
Bulk density 162.9 (14.5) 1359 (94) 146.1 (14.4) 123.4 (15.9)

Values are the mean=+S.E., n=5. The results for extracellular enzyme activities are pooled for grazed and ungrazed plots because there were
no statistically significant effects of grazer exclusion

fertilized than unfertilized plots, confirming the earlier traditional view that soil microorganisms in tundra eco-
findings that soil N availability limits the synthesis of systems are limited by C availability (Michelsen et al.
microbial extracellular enzymes in tundra (Schimel and 1995; Schmidt et al. 2000; Hobbie et al. 2002). As

Weintraub 2003; Wallenstein et al. 2009; Weedon et al. indicated by the increased concentration of total PLFAs
2011; Sistla etal. 2012; Koyama et al. 2013). The theory in response to nutrient addition, the amount of soil
of N-limitation of microbial activity opposes the microbial biomass was limited by soil nutrient
. . 1000 400
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availability. We detected a significant fertilization effect
on BG activity, but not when activities were calculated
per total PLFAs, indicating that the increased BG activ-
ity in response to fertilization was mediated by a shift in
microbial abundance rather than activity. These findings
confirm our hypothesis and support a recent study
showing that, through limiting the amount of soil mi-
crobial biomass, nutrients regulate the microbial enzy-
matic capacity for C decomposition in nutrient-poor
tundra soils (Sistla et al. 2012). Soil carbohydrates con-
stitute a major proportion of accumulated SOM in tun-
dra ecosystems (Sjogersten et al. 2003). Higher micro-
bial potential for carbohydrate degradation might thus
reduce the total C stock in the long-term and explain
reductions in soil C stock following nutrient additions in
field experiments that extend to several decades
(Nowinski et al. 2008; Koyama et al. 2013).

The potential activities of enzymes for nutrient ac-
quisition (LAP, NAG, AP; Sinsabaugh et al. 2008, PO;
Sinsabaugh 2010) were not affected by nutrient addition
when calculated per SOM; however, nutrient addition
decreased potential AP activity and tended to decrease
potential LAP and NAG activities (P<0.10) when cal-
culated per total PLFAs. Contrasting with previous stud-
ies (Waldrop and Zak 2006; Grandy et al. 2008;
Sinsabaugh 2010), we did not find negative effects of
nutrient addition on PO activity. These findings indicate
that increased nutrient availability did not down-
regulate the total microbial potential for deriving N or
P via SOM degradation, but — in line with our hypoth-
esis — nutrient addition did reduce microbial nutrient
acquisition per unit microbial biomass. Several previous
studies in boreal and temperate forests (DeForest et al.
2004; Allison and Vitousek 2005) and alpine tundra
(Nemergut et al. 2008) have shown decreased enzyme
activities for N and P acquisition. In a recent study in
Arctic tundra, Koyama et al. (2013) found negative
effects of nutrient addition on AP activity (synthesized
for P acquisition), but no effects on LAP and NAG
activities (synthesized for N acquisition). They sug-
gested that soil microorganisms may still keep synthe-
sizing LAP and NAG in N-enriched conditions for
deriving C from proteins and chitin. In our experiment,
we detected reduced nutrient acquisition per microbial
biomass in response to nutrient addition, but the in-
creased microbial biomass counteracted this decrease,
resulting in no effects when activities were expressed
per SOM. Thus, the degradation potential of N-
containing compounds stayed at the same level in N-

rich conditions even when the activity for N acquisition
per microbial biomass decreased. Put together, the en-
hanced degradation potential for C-compounds and the
lack of down-regulation of degradation potential for N-
compounds highlights that increased soil nutrients in-
deed have a powerful potential to increase SOM degra-
dation in nutrient-poor tundra.

Increased soil pH did not influence microbial biomass
but reduced BG and PO activities

We hypothesized that increased soil pH would enhance
microbial biomass and potential BG and LAP activities
but reduce potential AP activity and that fertilization and
liming in combination would exert a particularly strong
positive effect on microbial biomass and BG activity.
Contrary to these predictions, liming had no effect on
microbial biomass, LAP, PO or AP activity and exerted
a negative effect on BG activity. Also contrasting with
predictions, there were no interactive effects of com-
bined fertilization and liming. To our knowledge, our
results provide the first experimental evidence on the
effects of increasing soil pH on microbial biomass and
extracellular enzyme activities in tundra. These effects
were contrasting with the findings in arable soils, which
show positive effects on microbial biomass
(Blagodatskaya and Anderson 1998; Aciego Pietri and
Brookes 2008; Rousk et al. 2010) or BG activity
(Acosta-Martinez and Tabatabai 2000; Ekenler and
Tabatabai 2003) in response to increasing soil pH, in
conditions where the soil microorganisms are adapted to
more nutrient-rich conditions and a higher pH range
than the soil microorganisms in tundra soils.

We suggest that weak effects of increased soil pH
on microbial biomass and community composition
results from the strong nutrient-limitation of soil
microbial growth in tundra ecosystems (Sistla et al.
2012; Stark et al. 2012). The importance of soil pH
in controlling soil microbial abundance or commu-
nity composition may thus depend on the strength of
soil nutrient control over microbial communities.
The lack of experimental liming effects on
fungal:bacterial —ratio contrasts with the observation
that microbial community composition varies greatly
among tundra ecosystems with varying soil pH
(Ménnisto et al. 2007; Eskelinen et al. 2009); how-
ever, the commonly observed important links be-
tween the microbial community composition and
the soil pH at the ecosystem level (Chu et al.
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2010) might result from a combination of environ-
mental factors, such as plant species composition,
soil nutrient availability and chemical composition
of SOM (Eskelinen et al. 2009; Sundqvist et al.
2011) rather than solely from soil pH.

At this point, the underlying mechanisms and eco-
logical consequences for the decreased potential BG
activity per both SOM and microbial biomass in re-
sponse to increasing soil pH remain unknown. The
degradation rates of cellulose and lignin in soils are
considered to be tightly interconnected because cellu-
lose in the SOM is often physically protected by lignin
(Sinsabaugh and Follstad Shah 2011). We therefore
suggest that the negative effects of increasing soil pH
on potential BG activity could reflect a change in the
potential of the soil microbial community for the deg-
radation of ligno-cellulose in the SOM. It is unclear,
however, whether this decreased enzymatic potential
results from increased or decreased bioavailability of
organic substrates in the soil matrix. Increased soil pH
may often enhance the solubility and degradability of
SOM by increasing the number of negative charges in
the soil components and the repulsion among mole-
cules (Anderson et al. 2000; Kalbitz et al. 2000; Oste
et al. 2002; Kleber 2010; Whittinghill and Hobbie
2012). Enhanced SOM solubility might improve the
accessibility of the ligno-cellulose in the soil matrix for
the extracellular enzymes because substrate diffusion —
an important factor regulating the reaction rates be-
tween extracellular enzymes and organic substrates —
would have a less limiting effect on the substrate
availability for the extracellular enzymes. Consequent-
ly, a smaller investment of resources from soil micro-
organisms to extracellular enzymes would yield similar
levels of C acquisition via ligno-cellulose degradation.
In support for this conclusion, Leifeld et al. (2013)
recently found in alpine soils that the SOM turnover
time decreased with increasing soil pH, suggesting
higher SOM degradation rates. Alternatively, de-
creased potential BG activity in response to increasing
soil pH could also indicate that the microbial potential
for SOM degradation was reduced by lime addition.
This response might be caused by the reduced avail-
ability of substrates for the extracellular enzymes, as
increased concentrations of Ca®" ions in the soil have
been shown to enhance SOM stability by creating
bridges among the soil particles and, in this way, to
decelerate the SOM degradation rates (Whittinghill
and Hobbie 2011, 2012).

@ Springer

Implications and future directions for study

According to the theory of eco-enzymatic stoichiometry,
soil nutrient availability directs the activities of extracel-
lular enzymes towards a balance between C and nutrient
acquisition depending on the microbial requirement and
the relative availability of C and nutrients in the soil
environment (Sinsabaugh et al. 2008; Sinsabaugh and
Follstad Shah 2012). Then, for understanding the regu-
lation of tundra SOM decomposition it is important to
ask which resources soil microorganisms are deriving
from SOM 1in each particular set of environmental con-
ditions. We found that nutrient addition through fertili-
zation enhanced microbial biomass and potential to
decompose C-rich soil carbohydrates. It has remained
an open question to which extent soil microbial activity
is limited by resource availability (i.e., supply driven) or
induced by resource deficiency (i.e., demand driven;
Weedon et al. 2011); our findings point towards a con-
clusion that microbial activity was limited by nutrients
and, in this way, supply driven. In line with expecta-
tions, nutrient addition down-regulated enzyme activi-
ties for nutrient acquisition when expressed per soil
microbial biomass. However, nutrient addition also in-
creased the microbial biomass, which counteracted the
reduction in microbial nutrient acquisition, resulting in
no effects on potential enzyme activities for degrading
N- and P-containing compounds per SOM. Although N-
containing organic compounds can be important sources
of C as well as N (Sinsabaugh and Follstad Shah 2012;
Koyama et al. 2013), our results support the idea that
increased nutrients may decrease microbial nutrient ac-
quisition based on C:nutrient stoichiometry, but that
changes in the amount of soil microorganisms in re-
sponse to nutrient addition constitute another important
mechanisms by which increasing nutrients influence
microbial potential for SOM degradation.

Contrasting with the effects of increased nutrient
availability, increased soil pH decreased BG activity,
while it had no effects on the total, bacterial or fungal
biomass. Thus, increasing soil pH reduced extracellular
enzyme activity for C acquisition despite the fact that
the microbial requirement of C and nutrients remained
unaffected. The cause of this phenomenon is uncertain,
but may reflect altered substrate diffusion due to chang-
ing soil pH (Kleber 2010) or direct effects of pH on
substrate degradation (Sinsabaugh et al. 2008). The
mechanisms underlying how soil pH regulates microbial
activity and the accessibility of soil C substrates for soil
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microorganisms in tundra ecosystems would thus be an
important subject for further research. Put together, our
results highlight that in nutrient-poor and acidic tundra,
soil nutrient availability and soil pH jointly control
microbial activity but with opposing consequences: in-
creased nutrient availability alleviates the nutrient-
limitation of microbial growth and enzyme synthesis
for degrading carbohydrates, while increased pH de-
creases the microbial potential for degrading carbohy-
drates. Given the important control of soil pH over
microbial activities, more information is needed on the
effects of land-use and climate warming on the soil pH
across tundra systems, as shifts in the soil pH are likely
to function as an important mechanism influencing
SOM degradation in these systems.
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