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Abstract. Peatlands are carbon (C) storage ecosystems sus-
tained by a high water table (WT). High WT creates anoxic
conditions that suppress the activity of aerobic decomposers
and provide conditions for peat accumulation. Peatland func-
tion can be dramatically affected by WT drawdown caused
by climate and/or land-use change. Aerobic decomposers
are directly affected by WT drawdown through environmen-
tal factors such as increased oxygenation and nutrient avail-
ability. Additionally, they are indirectly affected via changes
in plant community composition and litter quality. We stud-
ied the relative importance of direct and indirect effects of
WT drawdown on aerobic decomposer activity in plant lit-
ter at two stages of decomposition (incubated in the field
for 1 or 2 years). We did this by profiling 11 extracellular
enzymes involved in the mineralization of organic C, nitro-
gen (N), phosphorus (P) and sulphur. Our study sites repre-
sented a three-stage chronosequence from pristine to short-
term (years) and long-term (decades) WT drawdown condi-
tions under two nutrient regimes (bog and fen). The litter
types included reflected the prevalent vegetation:Sphagnum
mosses, graminoids, shrubs and trees.

Litter type was the main factor shaping microbial activity
patterns and explained about 30 % of the variation in enzyme
activities and activity allocation. Overall, enzyme activities
were higher in vascular plant litters compared toSphagnum
litters, and the allocation of enzyme activities towards C or
nutrient acquisition was related to the initial litter quality
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(chemical composition). Direct effects of WT regime, site
nutrient regime and litter decomposition stage (length of in-
cubation period) summed to only about 40 % of the litter
type effect. WT regime alone explained about 5 % of the
variation in enzyme activities and activity allocation. Gener-
ally, enzyme activity increased following the long-term WT
drawdown and the activity allocation turned from P and N
acquisition towards C acquisition. This caused an increase
in the rate of litter decomposition. The effects of the short-
term WT drawdown were minor compared to those of the
long-term WT drawdown: e.g., the increase in the activity of
C-acquiring enzymes was up to 120 % (bog) or 320 % (fen)
higher after the long-term WT drawdown compared to the
short-term WT drawdown. In general, the patterns of mi-
crobial activity as well as their responses to WT drawdown
depended on peatland type: e.g., the shift in activity allo-
cation to C-acquisition was up to 100 % stronger at the fen
compared to the bog.

Our results imply that changes in plant community compo-
sition in response to persistent WT drawdown will strongly
affect the C dynamics of peatlands. The predictions of de-
composer activity under changing climate and/or land-use
thus cannot be based on the direct effects of the changed
environment only, but need to consider the indirect effects
of environmental changes: the changes in plant community
composition, their dependence on peatland type, and their
time scale.
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1 Introduction

Peatlands are a significant atmospheric carbon (C) sink due
to a long-term imbalance between litter production and de-
composition. This imbalance is caused by high water tables
(WT) and consequent anoxia that slows down decomposition
(e.g., Gorham, 1991; Schulze and Freibauer, 2005). Global
climate change is predicted to result in lowered WT in north-
ern peatlands (Gorham, 1991; Roulet et al., 1992; Gitay et
al., 2001) via changes in precipitation patterns, and/or in-
creased temperature and evapotranspiration. Another impor-
tant issue is currently the C balance of peatlands drained for
forestry by ditching, which is the most extensively applied
land-use practise on peatlands of Nordic countries and Rus-
sia (Minkkinen et al., 2008). Because peatlands represent
a large portion of the terrestrial C pool, it is important to
understand their role in the global C cycle and predict their
response to climate and/or land-use change (Limpens et al.,
2008).

Persistent lowering of the WT promotes several changes
in peatland environmental conditions (Laiho, 2006) that may
have direct effects on decomposition. Decreased water con-
tent in the surface peat and increased soil aeration may
stimulate the activity of aerobic decomposers. Increased
peat compaction may, in turn, slow down their activity.
Direct effects of WT drawdown on the current vegetation
cover include changes in nutrient concentrations because of
changes in nutrient availability or root functioning. However,
any direct effects may be overruled by the indirect effects
through changes in plant community structure (Dorrepaal et
al., 2005). These effects have not yet been thoroughly evalu-
ated.

A persistent change in the WT affects plant community
structure (Weltzin et al., 2000, 2003; Robroek et al., 2007;
Breeuwer et al., 2009), and eventually can lead to a complete
turnover of species adapted to the new conditions (Laine
et al., 1995a). Such changes tend to be more pronounced
in nutrient-rich sites and intensify over time (Laine et al.,
1995a). In consequence, the quantity and quality of plant
litter produced after the long-term WT drawdown greatly dif-
fer from that produced under pristine conditions (Laiho et al.,
2003; Strakov́a et al., 2010). Such changes may have impor-
tant consequences for soil C dynamics (e.g., Hobbie, 1996;
Dorrepaal et al., 2005; Cornelissen et al., 2007; Suding et al.,
2008).

The structure of the peatland microbial community varies
with the plant community (Borg̊a et al., 1994; Fisk et al.,
2003; Thormann et al., 2004; Jaatinen et al., 2007, 2008),
and it has been shown that changes in peatland hydrology
affect both (Jaatinen et al., 2007; Peltoniemi et al., 2009).
Microbial responses in the form of enzyme activities have
been detected (Fenner et al., 2005a; Toberman et al., 2010)
and may be directly induced by the increased availability
of oxygen and/or changes in pH. The presence of bimolec-
ular oxygen activates phenol oxidase enzymes that degrade

highly recalcitrant polyphenolic compounds. Phenol oxidase
may also activate extracellular hydrolase enzymes by their
release from phenolic inhibition; the “enzymic latch theory”
(Freeman et al., 2001, 2004). Decomposition is a summative
effect of several enzymes produced by the microbial commu-
nity, and changes in the quality and quantity of litter inputs
may affect the activity of each enzyme in a unique manner
(Herńandez and Hobbie, 2010).

Indirect effects of WT drawdown on the composition and
activity of aerobic microbial decomposers in peatlands via
changes in plant community structure are, in spite of their
significance, still poorly understood (Laiho, 2006; Thor-
mann, 2006). Furthermore, soil nutrient availability may in-
fluence community-level decomposition processes (Hobbie
and Gough, 2004). Plant communities and, consequently, lit-
ter qualities vary along with environmental factors such as
WT, soil pH and nutrient availability that can affect different
species in different ways (Hobbie and Gough, 2004). Con-
sequently, it is difficult to predict changes in decomposition
rates in situations where the plant community and/or soil fac-
tors are changing. As a first step, we focus on the relative im-
portance of substrate quality, soil conditions, and microbial
community composition on microbial activity.

The aim of our study was thus to disentangle (1) direct and
(2) indirect effects of WT drawdown on the activity of aer-
obic microbial decomposers in boreal peatland ecosystems,
and to link the activity to microbial community composition,
litter quality and litter decomposition rates. We characterized
microbial activity by quantifying 11 extracellular enzymes
involved in mineralization of organic C, nitrogen (N), phos-
phorus (P) and sulphur (S) in selected litter types, typical of
our sites, at two stages of decomposition. By this we aimed
to capture both spatial (litter type) and temporal (decompo-
sition stage) variation in microbial activity. The selection of
C-, N- and P-acquiring enzymes was based on previous stud-
ies, aiming to include enzymes that play principal roles in the
process of organic matter decomposition (e.g., Sinsabaugh,
1994; Allison and Vitousek, 2004; Vepsäläinen et al., 2004;
Fenner et al., 2005b; Rejḿankov́a and Sirov́a, 2007). Addi-
tionally, we included the S-acquiring enzyme arylsulphatase,
an important enzyme of wetland soils (Kang and Freeman,
1999; Rejḿankov́a and Sirov́a, 2007).

We hypothesized that WT drawdown has (1) direct pos-
itive effects on microbial enzyme activities, caused by im-
proved environmental conditions for aerobic decomposers,
and (2) indirect effects, via changes in plant community
structure and thus litter quality as the substrate for decom-
posers. Following WT drawdown, direct effects will be ob-
served as an increase in microbial enzyme activity in lit-
ter types common to all WT regimes. Indirect effects will
be observed as variation in enzyme activity allocation (stan-
dardized activities of each enzyme within a sample) between
the different litter types reflecting the changes in the plant
communities. Furthermore, we hypothesized that (3) the
relatively nutrient-rich fen will have a higher production of
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C-acquiring enzymes and consequently a faster decomposi-
tion rate compared to the nutrient-poor bog.

WT in a peatland usually fluctuates within a certain range,
depending on season and weather conditions. Such fluc-
tuations have their specific effects on biogeochemical pro-
cesses (Corstanje and Reddy, 2004), and these may differ
from those of a persistent change (Hughes et al., 1999). In
this study we focus on a persistent change in average WT.
Our results may thus not be applied on temporal WT fluctu-
ations or short-term droughts.

2 Material and methods

2.1 Study sites

The research was carried out at Lakkasuo, a raised bog com-
plex in Central Finland (61◦48′ N, 24◦19′ E, ca. 150 m a.s.l.).
Annual rainfall in this area is 710 mm, of which about one-
third falls as snow. The average annual temperature sum
(threshold value 5◦C) is 1160 degree days and average tem-
peratures for January and July are –8.9 and 15.3◦C, respec-
tively (Finnish Meteorological Institute, Juupajoki weather
station 1961–1990).

We had two study sites with differing nutrient regimes:
ombrotrophic bog (precipitation-fed, nutrient-poor) and
mesotrophic fen (additionally groundwater-fed, more
nutrient-rich). Both sites included a pristine control plot, a
plot with short-term (ca. 4 years), and a plot with long-term
(ca. 40 years) WT drawdown (Laine et al., 2004). Together,
these plots formed a gradient from a wet pristine peatland
through a drying environment and finally towards a peatland
forest ecosystem (Laiho et al., 2003). Within each site, all
plots supported the same plant community and had similar
soil composition and structure before the WT drawdown.
The pristine and long-term drained plots were about 900 m2

and the short-term drained plots about 500 m2.
Water tables in the experimental plots were manipu-

lated by ditching. The long-term WT drawdown had been
achieved with practical-scale drainage for forestry in 1961,
and the short-term WT drawdown with new ditches for our
experimental purposes in 2001. The short-term WT draw-
down had led to the average WT being 10 (bog) to 20 (fen)
cm deeper than in the corresponding pristine plots, which
is close to the estimate given by Roulet et al. (1992) for the
short-term impact of climate change on WT in northern peat-
lands. In the long-term drained plots, the average WT was
15 (bog) to 40 (fen) cm deeper than in the pristine plots.
We assumed that the initial post-drainage drop in WT was
close to that observed in our short-term drained plots, and
that further lowering was due to increased evapotranspira-
tion caused by local tree stands (Sarkkola et al., 2010). The
difference between fen and bog also largely derives from the
higher tree stand evapotranspiration in fens where the tree
stands develop faster (Minkkinen et al., 2001). As the WT

Table 1. Experimental layout: litter types included in this study, and
the number of replicate litterbags per litter type, plot (water table
regime) and site (nutrient regime: fen and bog) prepared for annual
recovery. Litter ofBetula nanaandPinus sylvestriswas present at
all sites and plots (common litter) while the other litter types were
typical of certain sites or plots (specific litter). The samples repre-
sent a subset of an ongoing long-term decomposition study.

Fen Bog

Litter type pristine STD LTD pristine STD LTD

Carex lasiocarpaleaves 2 2
Betula nanaleaves 3 3 3 3 3 3
Pinus sylvestrisneedles 2 2 2 2 2 2
Sphagnum fallax 3 3
Sphagnum angustifolium 3 3
Sphagnum balticum 3 3
Sphagnum fuscum 2 2 2

Plots: pristine, undrained; STD, short-term water table drawdown;
LTD, long-term water table drawdown.

depth is clearly different (usually lower) next to a drainage
ditch than is the average of the drained area (Grieve et al.,
1995; Schlotzhauer and Price 1999), no measurements were
made next to the ditches (minimum distance>1 m for the
short-term WT drawdown and 10 m for the long-term WT
drawdown).

The short-term, four-year, WT drawdown had a minor ef-
fect on plant community composition. In the long-term, 40
years, the changes in plant community composition were dra-
matic: WT drawdown transformed an open peatland domi-
nated bySphagnumand graminoids into a forest ecosystem
dominated by pine and birch (Straková et al., 2010). In addi-
tion to a lower WT, the change in flora was associated with a
drop in pH and increase in nutrient (N and P) concentrations
of surface peat (Straková et al., 2010).

2.2 The litter material

We collected 7 litter types that reflected the dominant species
growing under the different nutrient and WT regimes (sites
and plots), and were of different plant groups with distinc-
tive chemical composition (Straková et al., 2010). Namely,
Carex lasiocarpaleaf litter, Betula nanaleaf litter, Pinus
sylvestrisneedle litter and moss litter ofSphagnum angus-
tifolium, Sphagnum balticum, Sphagnum fallaxandSphag-
num fuscum. Litter of B. nanaandP. sylvestriswas present
in all nutrient and WT regimes (“common litter”) and could
be used to evaluate the direct effect of WT drawdown on mi-
crobial activity. Other litter types in our study were typical of
certain nutrient and WT regimes (“specific litter”) (Table 1)
and thus reflected indirect effects.

Vascular plant litter was collected by harvesting senescent
leaves and needles from living plants, moss litter by cut-
ting a 3–5 cm thick layer below the living moss with scissors
(thus, excluding both the upper green and the lower, already
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decomposing, layers). Litter samples were examined and any
green or clearly decomposing material was removed. Har-
vesting took place in September and October 2004 during pe-
riods of highest natural litter fall at our sites (Anttila, 2008).
Each litter type was air-dried at room temperature (20◦C) to
constant mass (about 92–94 % dry mass) and gently mixed.
Two sub-samples per litter type and plot were withdrawn to
determine initial litter quality (Strakov́a et al., 2010). Dry
mass content was determined by drying two sub-samples at
105◦C overnight.

Of the litter types tested,B. nanaleaf litter generally had
the highest concentration of nutrients, extractives (substances
extractable by hot water) and Klason lignin, and the low-
est concentration of holocellulose. The opposite pattern was
found for Sphagnummoss litter, except for the concentra-
tion of P that was also high inSphagnum. Detailed chemical
characterization of the different litter types was presented by
Strakov́a et al. (2010).

2.3 Decomposition measurements

Litter decomposition was studied using the litterbag method,
which, in spite of some known sources of inaccuracy (Tay-
lor, 1998; Domisch et al., 2000; Kurz-Besson et al., 2005), is
the most practical and widely used method for determining
mass loss rates of different materials in situ. To minimize the
negative effect of air-drying on litter decomposition (Taylor,
1998), litterbags were remoistened with surface water from
the test plot before installation. We assumed that this helped
the microbial communities typical of the plots to re-colonize
the litter. Nylon bags had a mesh size of 1× 1 mm and con-
tained on average 5 g and 4 g of air-dried litter for vascular
plants and moss, respectively. For each plot (nutrient and
WT regime), 2–3 replicates per litter type were prepared for
annual recovery (Table 1).

Litterbags with vascular plant litter were placed horizon-
tally on the surface where litters naturally fall, always in con-
tact with fallen litter of the same type. Litterbags contain-
ing moss litter were installed under the living parts of moss
shoots of the given species, where moss litter is naturally
formed and begins to decompose. Installation took place in
October–November 2004. Incubation periods presented here
are years 1 and 2 and represent a subset of an ongoing long-
term study.

After each recovery, litterbags were transported to the lab-
oratory where their contents were cleaned by removing all
additional (ingrowth) materials, weighed to determine the re-
maining “fresh” mass and gently homogenized before sub-
sampling. Two sub-samples were taken from each litterbag
for the enzyme assays, one for the microbial community
composition analysis, and two for dry mass content determi-
nation. Dry mass content of the “fresh” samples was deter-
mined by drying two sub-samples at 105◦C overnight. De-
composition rates were expressed as dry mass loss after each
incubation period (Appendix A).

2.4 Enzyme assays

Measurements of extracellular enzyme activities in soil are
very sensitive to sample handling and storage. Further, they
are strongly affected by the pH of the reaction mixture and
the incubation temperature. In earlier studies, both “labora-
tory” (pH-buffered reaction mixture, incubation temperature
higher than in the field) and “natural” conditions have been
applied (e.g., Kang and Freeman, 1999; Vepsäläinen et al.,
2001; Sinsabaugh et al., 2002; Fenner et al., 2005b; Niemi
and Veps̈aläinen, 2005; Romanı́ et al., 2006). The first ap-
proach gives information about the potential enzyme activi-
ties and especially the quantity of active enzymes (Kang and
Freeman, 1999). The second approach more closely reflects
the actual natural processes, including the influence of possi-
ble litter type or environmentally-related differences in pH,
as well as the influence of site temperature that might be
rather low in some environments. Outcomes may vary be-
tween the two approaches (Freeman et al., 1995).

We measured enzyme activities using both approaches.
Henceforth, we refer to the outcomes potential activities (PA)
and actual activities (AA) for those assayed in buffered con-
ditions with incubation temperature 20◦C and non-buffered
conditions with incubation temperature 5◦C, respectively.
Assays were performed in separate laboratories both having
extensive experience with the given approach (e.g., Freeman
et al., 2001; Veps̈aläinen et al., 2001).

2.4.1 Potential activities (PA)

PA were assayed according to Vepsäläinen et al. (2004), us-
ing the ZymProfiler® test kit. Substrates used for the as-
says are listed in Table 2. The substrate and standard so-
lutions were freeze-dried on multiwell plates and stored at
–20◦C until assayed. Prior to the measurements, 20 µl of
dimethyl sulfoxide was added to the wells used for chitinase
and phosphomonoesterase activity measurements to improve
substrate dissolution.

Based on the pH values of the litters (Appendix A) and
peat soil (Table 1 in Straková et al., 2010) at our sites, we
used site-specific buffer to control pH: 0.5 M sodium acetate
buffer at pH 5.5 for samples from the fen pristine and short-
term drained plot, and Modified Universal Buffer (MUB)
(Tabatabai, 1994) at pH 4 for samples from the fen long-term
drained plot and all three bog plots. To examine the effect
of the buffer pH on enzyme activities, samples from the fen
long-term drained plot were assayed using both buffers.

Litter samples were stored at –20◦C and assayed 6 months
after the litterbag recovery. An aliquot of 1.0 g or 5.0 g of the
frozen foliar or moss litter, respectively, was homogenised
in 35 ml of buffer using an OmniMixer (Omni International,
USA) for 3 min at 9600 rev min−1 in an ice bath. The ho-
mogenates were further diluted by the buffer to a final dilu-
tion of 1:100 and 5:100 for the foliar and moss litter, respec-
tively, and 200 µl aliquots of the homogenates were added
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Table 2. Fluorogenic substrates used for the enzyme activity measurements.

Enzyme Assay Substrate Element Macromolecule degraded

Arylsulphatase PA MUF-sulphate S Organic sulphur
α -Glucosidase PA MUF-α-D-glucopyranoside C Starch and glycogen

β-Glucosidase
AA MUF-β-D-glucoside

C CellulosePA MUF-β-D-glucopyranoside
β-Xylosidase PA MUF-β-D-xylopyranoside C Xylane, xylobiose
Cellobiosidase PA MUF-β-cellobiopyranoside C Cellulose
Chitinase AA, PA MUF-N-acetyl-β-D-glucosaminide C, N Chitin, chitobiose
Phenol oxidase AA L-DOPA C Phenolic compounds
Phosphomonoesterase AA, PA MUF-phosphate P Hydrolysis of phosphate esters
Phosphodiesterase PA bis-MUF-phosphate P Hydrolysis of phosphate diesters
Alanine-aminopeptidase PA L-alanine-AMC N Oligopeptides→ amino acids
Leucine-aminopeptidase PA L-leucine-AMC N Oligopeptides→ amino acids

Assays: AA, actual activities; PA, potential activities (see text for details). Substrates: AMC, 7-amido-4-methylcoumarin; DOPA, dihydroxyphenylalanine; MUF, 4-
methylumbelliferone.

directly to the freeze-dried substrates to yield substrate con-
centrations of 500 µM. Similarly, 200 µl aliquots of the ho-
mogenate were used in the standard measurements to yield
concentrations ranging from 0.5 to 100 µM for MUF (4-
methylumbelliferone) substrates and from 0.1 to 50 µM for
AMC (7-amido-4-methylcoumarin) substrates.

The reference blank fluorescence of the samples was mea-
sured immediately after adding the sample homogenate. Flu-
orescence values of the end products were obtained from the
measurements after 1.5 h (MUF substrates) or 3 h (AMC sub-
strates) incubation on a multiwell shaker at 20◦C in the dark.
Fluorescence was measured with a Wallac Victor2TM multi-
label counter (EG&G Wallac, Finland) using an excitation
filter of 355 nm and an emission filter of 460 nm.

A mean based on four replicate blanks was subtracted
from corresponding enzyme activity measurements, and the
MUF and the AMC concentrations were calculated using
standard curves. Results from three replicate reaction wells
were averaged for each enzyme and litterbag and the enzyme
activity was expressed as µmol of substrate converted per
minute and per g of litter dry mass.

2.4.2 Actual activities (AA)

AA of β-glucosidase, chitinase and phosphomonoesterase
were assayed according to Güsewell and Freeman (2005) us-
ing MUF substrates (Table 2). Litter samples were stored at
4◦C and assayed within 2 weeks of litterbag recovery. Lit-
ter was coarsely chopped with scissors and 1 cm3 of foliar
or 2 cm3 of moss litter was mixed with 6 or 7 ml ultra-pure
water, respectively, using a Stomacher machine (Seward Col-
worth model 400, London, UK) to minimize cell disruption.
For each of the hydrolases assayed, a 0.5 ml aliquot of the
extract (without large litter pieces) was transferred to an Ep-
pendorf reaction vial and 0.25 ml of the appropriate substrate
solution (Table 2) was added. Substrates were pre-dissolved

in cellosolve (2-ethoxyethanol) as they have minimal solubil-
ity in pure water. The concentration of the substrate solution
was 400 µM for the activity ofβ-glucosidase and chitinase,
and 200 µM for the activity of phosphomonoesterase.

Samples were mixed and incubated at field temperature
(5◦C) for 45 min (phosphomonoesterase) or 60 min (β-
glucosidase and chitinase). Reactions were terminated by
centrifugation at 10 000 rpm for 5 min and the fluorescence of
the supernatant was measured immediately on a microplate
reader (Perkin-Elmer) at 460 nm emission and 355 nm ex-
citation wavelength. For each assay, a range of standard
concentrations of MUF in cellosolve was made up in litter
extract obtained and incubated under identical conditions as
those described above, except for the substrates. Thus, cal-
ibration curves accounted for possible interactions between
MUF and other compounds in the litter extracts. Enzyme
activities were expressed as µmol of substrate converted per
minute and per g of litter dry mass. Results from two repli-
cate assays were averaged for each litterbag.

Extracellular phenol oxidase activity was determined ac-
cording to Fenner et al. (2005a) using 10 mmL-DOPA (di-
hydroxyphenylalanine) solution as substrate. A suspension
of 1 cm3 litter and 9 ml of ultra-pure water was prepared in
the same way as for the hydrolases, and 300 µl aliquots of the
extract were transferred into two 1.5 ml Eppendorf reaction
vials. Extracts were diluted with 450 µl of ultra-pure water,
and 750 µl of either 10 mmL-DOPA solution or ultra pure
water (control) was added to each vial. The samples were
mixed and incubated at field temperature (5◦C) for 9 min
(mixed once at 4.5 min). The reaction was terminated by cen-
trifugation at 10 000 rpm for 5 min. From each reaction vial,
300 µl aliquots of the supernatant were immediately pipet-
ted into three wells of a clear microplate and absorbance was
measured at 460 nm. Mean absorbance of the three control
wells was subtracted from that of the threeL-DOPA wells
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and phenol oxidase activity was calculated using the Beer-
Lambert law:

c = A/εl (1)

wherec = concentration of theL-DOPA product (M);A = av-
erage absorbance, calculated as described above;ε = molar
absorbency coefficient for theL-DOPA product (3.7× 104);
l = path length (cm).

Phenol oxidase activity was expressed as µmol of
the L-DOPA product (2,3-dihydroindole-5,6-quinone-2-
carboxylate; diqc) produced per minute and per g of litter
dry mass. Results from three replicate assays were averaged
for each litterbag. All solutions required for the assays were
maintained at field temperature (5◦C).

2.5 Microbial community analyses

In oxic conditions, aerobic bacteria and fungi are the most
important and effective decomposers of organic matter in
peatlands (Peltoniemi, 2010 and references therein). To pro-
file the active microbial community, analyses were based on
ribosomal RNA extracted directly from the litter samples.
RNA is more short-lived compared to DNA and is a bet-
ter index of the microorganisms that were active at the time
of sampling. Total RNA was extracted from deep-frozen (–
80◦C) litters following Korkama-Rajala et al. (2008) with
minor modifications. Reverse transcription of rRNA into its
complementary DNA (cDNA) was conducted as in Pennanen
et al. (2004) with primer FR1 (Vainio and Hantula, 2000) and
with universal bacterial primer R1378 (Nübel et al., 1996).
PCR from diluted cDNA template was conducted with fun-
gal 18S rRNA primers and with actinobacterial 16S rRNA
primers. The amplified cDNA products were analyzed by
denaturing gradient gel electrophoresis (DGGE). The DGGE
bands were selected for sequencing, excised, reamplified, pu-
rified and sequenced. The partial fungal and actinobacterial
DGGE-derived sequences were aligned with sequences re-
trieved from databases of GenBank/EMBL/DDBJ and RDP-
II release 9.44 (Cole et al., 2005). True chimeric and clearly
non-fungal or non-actinobacterial sequences were eliminated
from further analyses. Phylogenetic analyses were con-
ducted as in Jaatinen et al. (2008).

We assumed that discrete bands within a profile differen-
tiated by PCR-DGGE represent different taxa from a micro-
bial consortium. In this study, the data recovered were used
to indicate the composition of litter-degrading actinobacte-
ria and fungi in relation to enzyme activities. The microbial
data are a subset of a more extensive study on the microbial
communities in the same sites (Peltoniemi, 2010).

2.6 Data analyses

2.6.1 General patterns

Ordination methods were applied due to the presence of
multiple intercorrelated variables. We chose linear response

models (redundancy analysis; RDA, and principal compo-
nent analysis; PCA) based on the heterogeneity of the re-
sponse variable data, i.e., the extent of response variable
turnover. This was evaluated using detrended correspon-
dence analysis (DCA) (Lepš andŠmilauer, 2003). Standard-
ized values of enzyme activities were used to minimize scale
effects. The ordinations were performed using Canoco for
Windows version 4.5 (ter Braak andŠmilauer, 2002). Based
on preliminary tests, the AA and PA data ofβ-glucosidase,
chitinase and phosphomonoesterase (the enzymes assayed by
both methods) were merged for the final ordinations in order
to simplify the main patterns presented in this paper.

To estimate the proportion of total variation in enzyme ac-
tivities explained by litter type, nutrient regime, WT and litter
decomposition stage (length of incubation period), variation
was partitioned by RDA. Enzyme activity values were used
as response variables and a group of binary variables describ-
ing either litter type, nutrient regime (site), WT regime (plot)
or decomposition stage (incubation period; year 1 and 2) was
used as explanatory variables while the others were used as
covariables. To analyse the overall pattern (including the in-
direct effects via changes in plant community structure, see
hypotheses), all litter types (common and specific, see Ta-
ble 1) were included in the analysis. The significance of the
canonical axes was evaluated using a Monte Carlo permu-
tation test with 499 permutations with a reduced model and
covariables as blocks for permutations.

Standardized activities of each enzyme within a sample
were calculated (henceforth called “enzyme activity alloca-
tion”) and PCA was used to explore the main gradient in ac-
tivity allocation. To examine possible correlation between
patterns of phenol oxidase and hydrolases, PCA was carried
out using the hydrolase activities as response variables. Cor-
relations between the resulting PCA sample scores and the
activity of phenol oxidase were then measured.

2.6.2 Direct effects of site nutrient and WT regime

The direct effects of WT drawdown (Hypothesis 1), site nu-
trient regime (Hypothesis 3) or incubation period on enzyme
activities were analyzed by repeated measures ANOVA on
the common litter, followed by Tukey’s post-hoc compari-
son to test significance among the WT regimes or sites at
p ≤ 0.05. Separate analyses were performed for each en-
zyme.

The effect of buffer pH on enzyme activities (estimated
for samples from the fen long-term drained plot only) was
estimated by ANOVA with litter type and pH as grouping
factors. In all cases, ANOVA was performed using Statistica
for Windows version 6.1 (StatSoft, 2003).

2.6.3 Litter type effects

The effect of litter type on enzyme activity allocation (Hy-
pothesis 2) was estimated based on the variation partitioning
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results obtained by RDA (described under General patterns).
To explore correlations between the main gradients in en-

zyme activities and litter quality and mass loss, sample scores
from the PCA analysis on enzyme activity allocation (de-
scribed under General patterns) were plotted with different
litter quality parameters and mass loss rates.

2.6.4 Effects of microbial community composition

To explore the correlation between the patterns of enzyme
activities and microbial community composition, PCA was
carried out using binary variables describing presence or ab-
sence of microbial DGGE bands as response variables. The
resulting PCA sample scores were then used as explanatory
variables in RDA, where enzyme activities were used as re-
sponse variables. Sequences showing a significant correla-
tion with enzyme activities were selected by RDA with man-
ual forward selection of explanatory variables. Measured ac-
tivities of different enzymes were used as response variables
and binary variables describing presence or absence of mi-
crobial DGGE bands as explanatory variables. The signifi-
cance of the contribution of each explanatory variable to the
final model was evaluated using a Monte Carlo permutation
test with 499 permutations with a reduced model atp ≤ 0.05.

The number of DGGE bands per sample was used as a sur-
rogate for microbial diversity. To estimate the correlation be-
tween patterns of enzyme activities and microbial diversity,
RDA was carried out using activities of different enzymes as
response variables and the number of DGGE bands per sam-
ple as the explanatory variable.

3 Results

3.1 General patterns

Litter type explained the most variation in enzyme activities
(Table 3). Effects of site nutrient and WT regime and lit-
ter decomposition stage (incubation period) summed to only
about 40 % of the litter type effect.

The main gradient (32 %) in enzyme activity allocation
was attributed to the acquisition of C and P (negative mutual
correlation, not shown). The second main gradient (21 %)
was attributed to the acquisition of N (not shown).

3.2 Litter type effects

The enzyme activities were generally higher in vascular plant
litters compared toSphagnumlitters (Appendix A). InB.
nana leaf litter, enzyme activities were allocated mainly to
C acquisition whereas P acquisition was the main activity in
SphagnumandC. lasiocarpalitters (Figs. 1 and 2).Sphag-
num fallaxlitter was distinguished from other moss species
by allocating enzyme activities into N and S acquisition (not
shown).

Fig. 1. Differences between litter types based on redundancy anal-
ysis (RDA) of the enzyme activity allocation. Dummy variables
indicating incubation periods and plots of different nutrient and
water table regimes were used as covariables. The first and the
second axis account for 22.3 % and 5.0 % of the total variation,
respectively. Grey arrows, potential activity; black arrows, ac-
tual activity (see Material and Methods). Enzymes:α-GLU, α-
glucosidase;β-GLU, β-glucosidase;β-XYL, β-xylosidase; ALA,
alanine-aminopeptidase; ARY, arylsulphatase; CEL, cellobiosidase;
CHI, chitinase; LEU leucine-aminopeptidase; PDE, phosphodi-
esterase; PHOX phenol oxidase; PME, phosphomonoesterase.

Allocation of enzyme activity towards C acquisition (in-
creased activity of C enzymes relative to the activity of P,
N and S enzymes) was positively correlated with litter mass
loss and the initial concentration of extractives (substances
extractable by hot water) and Klason lignin (both high in
foliar litter and low in Sphagnum), and negatively corre-
lated with the initial concentration of holocellulose (high in
Sphagnumand low in foliar litter) (Fig. 2). Allocation of
enzyme activity towards P acquisition (increased activity of
P enzymes relative to the activity of C, N and S enzymes)
was positively correlated with C:P and N:P ratios in vascular
plant foliar litter (high inC. lasiocarpa, low in B. nana).

3.3 Environmental effects

The long-term WT drawdown had a direct positive effect
on the quantitative measures of C-acquiring enzymes while
the effect of the short-term WT drawdown was minor. The
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Table 3. Variation partitioning using redundancy analysis (RDA) showing percentage of the total variation in enzyme activities and activity
allocation explained by litter type, nutrient and water table regime and litter decomposition stage (incubation period). To analyse the overall
pattern rather than the direct effects (see hypotheses), all litter types (common and specific, see Table 1) were included in the analysis. All
effects were significant atp < 0.002.

Enzyme activities Activity allocation
Main effect F -ratio Explanatory power (%) F -ratio Explanatory power (%)

litter type1,2,3 7.8 25.5 10.2 31.1
water table regime2,3,4 3.4 3.9 5.7 5.9
site nutrient regime1,3,4 8.6 4.8 9.5 4.9
incubation period1,2,4 4.0 2.4 3.9 2.0

Covariables used in the test:1 water table regime;2 nutrient regime;3 incubation period;4 litter type.

increase in the activity of C-acquiring enzymes was 10–
120 % (bog) to 110–320 % (fen) higher after the long-term
WT drawdown compared to the short-term WT drawdown
(Fig. 3). Enzyme activities generally turned from N and P ac-
quisition towards C acquisition following the long-term WT
drawdown (Fig. 4). Site nutrient regime had a direct effect
on the allocation of enzyme activities. The observed pattern
rejected our hypothesis in that enzyme activity actually em-
phasized N and P acquisition at the nutrient-rich fen more
than at the nutrient-poor bog (Fig. 4). The shift in allocation
of enzyme activities from N and P acquisition towards C ac-
quisition was 10–100 % stronger at the fen compared to the
bog (Fig. 4).

3.4 Effects of microbial community composition

Microbial community composition explained about 20 % of
the total variation in the enzyme activities (not shown). How-
ever, no strong patterns emerged and the influence of micro-
bial community on enzyme activity was difficult to interpret.
Furthermore, there were no clear changes in enzyme activ-
ities between the two stages of litter decomposition, even
though the incubation period accounted for some part of the
total variation (Table 3) and the microbial community com-
position changed (not shown).

4 Discussion

4.1 Litter type effects overruled the direct effects of WT
drawdown

As hypothesized, litter type was the main factor determining
microbial activity in decomposing litter. In reflection of litter
quality (Strakov́a et al., 2010), microbial activity of vascular
plant litters generally differed from that of mosses, andC.
lasiocarpalitter was more similar to moss litters than other
vascular plant litters. Considering the dramatic changes in
environment induced by WT drawdown in our study sites, it
is noteworthy that change in litter type (indirect effect of WT

Fig. 2. Correlations between the main gradient in enzyme activity
allocation and litter mass loss, initial concentration of extractives
(substances easily extractable by hot water), Klason lignin, holo-
cellulose, C:P and N:P ratio. The main gradient in enzyme activity
allocation (vertical axis of the graphs) represents the first axis from
principal component analysis (PCA) on standardized activities of
each enzyme within a sample. This main gradient accounted for
32 % of the total variation in enzyme activities, and was positively
associated with the acquisition of C (i.e., positively correlated with
the standardized activities of C-acquiring enzymes) and negatively
associated with the acquisition of P (i.e., negatively correlated with
the standardized activities of P-acquiring enzymes).
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Fig. 3. Direct effects of water table (WT) drawdown and site nutri-
ent regime on activities of C-acquiring enzymes. Enzyme activity
data are presented as averages per litter type and plot (nutrient and
WT regime), the error bars represent standard error of mean. Site
WT regimes: STD, short-term WT drawdown; LTD, long-term WT
drawdown.

Fig. 4. Direct effects of water table (WT) drawdown and site nu-
trient regime on enzyme activity allocation. Data are presented as
averages per litter type and plot (nutrient and WT regime), the er-
ror bars represent standard error of mean (s.e.). For N-acquiring
enzymes s.e. was less than 0.5. C, C-acquiring enzymes; N, N-
acquiring enzymes; P, P-acquiring enzymes. Site WT regimes:
STD, short-term WT drawdown; LTD, long-term WT drawdown.
Patterned bar fill marks the bog site.

drawdown) overwhelmed the direct effects of WT drawdown
on aerobic microbial activity. Our results are further sup-
ported by microbial community composition that revealed
similar patterns (Peltoniemi, 2010).

Because litter quality within litter types did not vary much
between nutrient and WT regimes (Straková et al., 2010), the
detailed characterization of litter quality did not allow us to
account for more variation in enzyme activities than the litter
type alone. Still, some noteworthy points are revealed when
examining the chemical parameters. P is often the limiting
nutrient in boreal peatlands. If P limitation of decomposers
is reduced in P-rich litter, decomposers seem to invest into
C-acquiring enzymes that produce high litter decomposition
rates. This was the case inB. nanaleaf litter with initially low
C:P and N:P ratio and high concentration of easily assimil-
able compounds (extractives), but also a high concentration
of more recalcitrant compounds captured in the Klason lignin
fraction (Fig. 2).

Enzyme activity allocation towards nutrient acquisition
is believed to reflect microbial nutrient demand (e.g., Sins-
abaugh, 1994; Allison and Vitousek, 2004). Enzyme activ-
ity allocation towards P acquisition was detected inSphag-
nummoss litters, irrespective of their initial C:P or N:P ratio
which varied among species. Unlike other litter types, de-
composingSphagnumlitter was heavily colonized by plant
roots that had penetrated the litterbags. Some enzymes, par-
ticularly phosphatases, may have been produced by roots or
associated mycorrhiza (Nannipieri et al., 2002), and thus the
activities of P-acquiring enzymes we detected inSphagnum
litter may in part be confounded by these external sources.

We found no clear relationship between the activity of phe-
nol oxidase and the hydrolases in the decomposing litter, un-
like in earlier studies where phenol oxidase released extra-
cellular hydrolases from phenolic inhibition in oxic peat soil
layers (Freeman et al., 2001, 2004). Our decomposing litters
represented rather fresh material compared to peat, and when
the litters become more decomposed, i.e., have a higher con-
centration of recalcitrant compounds, phenol oxidase may
play a more important role in regulating decomposition. Phe-
nol oxidase activity tended to be rather high inSphagnumlit-
ter that had high concentrations of hemicellulose and cellu-
lose, but also a relatively high content of p-hydroxy phenols
(CuO oxidation phenolic products) and other components
that were captured in the soluble lignin and Klason lignin
fractions (Strakov́a et al., 2010). It seems that inSphagnum
litter, microbes are not able to directly use C from hemicel-
lulose and cellulose (H́ajek et al., 2011) and need to produce
phenol oxidase to release C from the polyphenols and other
“lignin-like components”. Decomposition ofSphagnumwas
thus slow compared to other types (Fig. 2), in line with ear-
lier research.

4.2 Direct environmental effects were significant, but
rather small

4.2.1 Water table effect

As hypothesized, WT drawdown had a direct positive ef-
fect on microbial activity leading to higher activity of C-
acquiring enzymes and faster decomposition rates. In our ex-
periment, litter was generally decomposing in the oxic layer
in all WT regimes. Thus, the aerobic decomposer community
was not restricted by saturation even in the pristine plots, un-
like in peat (Fenner et al., 2005a), and factors other than in-
creased substrate aeration affected microbial activity follow-
ing WT drawdown. These might include an increase in the
aeration and, consequently, nutrient availability of the sur-
face peat, as well as changes in peat and litter pH.
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Fig. 5. Effect of pH on the enzyme activities. Increase (positive val-
ues) or decrease (negative values) (%) of the activity with decreased
pH (activity at pH 4 compared to that at pH 5.5). Data are pre-
sented as averages± standard error of mean;n = 16. ∗∗p ≤ 0.002;
∗p ≤ 0.05; NS nonsignificant. C, C-acquiring enzymes; N, N-
acquiring enzymes; P, P-acquiring enzymes; S, S-acquiring en-
zymes.

Peat and litter pH became more acidic with the long-term
WT drawdown at the fen site, probably as a result of iso-
lation from the supply of base-rich groundwater that has a
neutralizing effect in pristine fens, enhanced oxidation of or-
ganic and inorganic compounds, as well as increased inputs
of organic acids and greater uptake of base ions after the es-
tablishment of tree cover (Laine et al., 1995b). Lowering
of soil pH following the long-term WT drawdown has been
reported previously (Laine et al., 1995a) and affects several
processes in peatlands (Laiho, 2006). It is likely that the low-
ered pH contributed to the increased activity of C-acquiring
enzymes at the fen site following the long-term WT draw-
down (Fig. 5; Niemi and Veps̈aläinen, 2005) that produced
high litter decomposition rates.

Contrary to our findings for decomposing litter, suppres-
sion of phenol oxidase (also a C-acquiring enzyme) activity
in peat as a result of lowered peat pH following the long-term
WT drawdown was detected at the same sites (Tobermann et
al., 2010). For both peat and litter, the same patterns were
also observed at the bog although no drop in pH was detected
at this site following the long-term WT drawdown. These ob-
servations suggest that there are different factors regulating
microbial activity in peat and litter, and these factors may
vary between bog and fen sites. Its noteworthy that the ef-
fects of WT drawdown on microbial activity were dominant
in the long-term when the dramatic changes in vegetation
composition (indirect effect of WT drawdown) overruled the
direct effects of the changed environment.

4.2.2 Site effect

Contrary to our expectations, an increased production of
C-acquiring enzymes and faster decomposition rate was
observed at the nutrient-poor bog compared to the more
nutrient-rich fen site. One possible explanation of this find-
ing is adaptation and specialization of decomposers to plant
species characteristic of a given community; a “home field
advantage” (Hunt et al., 1988; Gholz et al., 2000; Bragazza
et al., 2007; Strickland et al., 2009). Litter types included in
common litter represent plant species more typical of bogs,
i.e., B. nanaandP. sylvestris. This is logical since no typ-
ical fen plants can be found in bogs. Such litters may then
decompose more slowly in the fen communities that have
lower abundance of comparable plant material and associated
microbial decomposers, irrespective of a favorable environ-
ment. This mechanism may also be involved in the increase
of decomposition rates of common litter following WT draw-
down as the species are also typical of drained plots (an indi-
rect effect of WT drawdown).

Finally, the site effect we detected might be influenced by
peat and litter pH, as discussed above for the WT effect. The
activity response to pH varied among enzymes (Fig. 5) in
line with other studies (Niemi and Vepsäläinen, 2005; Kang
and Freeman, 1999). Lower pH resulted in generally higher
activities of C-acquiring enzymes in the bog, and P-, N- and
S-acquiring enzymes in the fen.

4.3 Vague effects of microbial community composition

Microbial community composition (presence/absence of a
DGGE band) accounted for some part of the total variation
in enzyme activities. However, the role of microbial com-
munity composition in shaping the patterns of enzyme ac-
tivities was difficult to interpret. Quantitative data concern-
ing the microbial community would likely be more informa-
tive. From the sequences that showed a significant correla-
tion with enzyme activities, fungal sequences were related to
various saprotrophic fungi found previously in soil and plant
litter. Most of the actinobacterial sequences were related to
some unknown clones or isolates coming from various en-
vironments, emphasizing the need to examine this microbial
group more closely.

Succession of microbial communities as decomposition
proceeds and litter quality changes (Kubartová et al., 2007;
Peltoniemi, 2010) should be reflected in enzyme activities.
However, the effect of decomposition stage (length of incu-
bation period) on enzyme activities in our litters was rela-
tively trivial and of no clear pattern. Stabilisation of enzymes
due to the attachment of particles (Gianfreda and Bollag,
1996) could partly explain this absence of variation where
one might expect it. Also, litter decomposition in the envi-
ronment is regulated by substrate availability that cannot be
included in laboratory assays.
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Table A1 Enzyme activity (µmol of substrate converted per minute and per g of litter dry weight), mass loss (%) and pH, mean values per
litter type and plot of different nutrient and/or water table regimes with standard error of mean in parenthesis. The standard error indicates
variation in enzyme activities and mass loss within a plot.

AA

β-glucosidase chitinase phosphomonoesterase phenol oxidase
litter type nutrient and WT regime n yr1 yr2 yr1 yr2 yr1 yr2 yr1 yr2

CL-L fen -PR 2 1.79 (0.10) 4.25 (0.33) 2.77 (0.18) 3.18 (1.32) 13.21 (1.03) 30.26 (1.88) 29.93 (19.98) 13.82 (13.82)
CL-L fen -STD 2 10.41 (2.02) 6.26 (0.16) 9.37 (2.37) 4.17 (0.99) 41.27 (6.33) 21.52 (6.01) 0 14.13 (14.13)
BN-L fen -PR 3 4.59 (2.56) 8.99 (5.44) 3.12 (1.92) 15.73 (12.82) 8.65 (2.81) 20.92 (3.37) 20.51 (8.14) 17.28 (5.93)
BN-L fen -STD 3 10.45 (5.01) 13.58 (3.69) 3.02 (1.62) 12.48 (10.36) 16.66 (5.52) 16.28 (4.64) 9.89 (6.25) 44.61 (8.44)
BN-L fen -LTD 3 9.67 (1.93) 15.47 (0.51) 2.18 (0.32) 10.18 (9.05) 8.52 (0.86) 15.11 (3.27) 33.89 (9.74) 9.02 (3.82)
BN-L bog -PR 3 1.72 (0.28) 14.84 (0.43) 1.28 (0.64) 6.03 (1.67) 5.85 (1.63) 21.02 (2.50) 3.19 (3.19) 14.61 (2.69)
BN-L bog -STD 3 8.67 (2.65) 14.60 (3.09) 3.19 (1.48) 14.03 (5.60) 14.52 (4.03) 22.54 (0.94) 1.96 (1.96) 0.97 (0.97)
BN-L bog -LTD 3 11.92 (3.74) 11.74 (2.32) 7.89 (2.13) 3.56 (0.41) 16.25 (0.97) 12.02 (3.12) 11.59 (5.88) 2.48 (2.38)
P-N fen -PR 2 2.65 (1.84) 1.69 (0.15) 3.28 (1.61) 5.78 (4.63) 22.29 (3.91) 24.18 (0.47) 16.20 (16.20) 3.41 (3.41)
P-N fen -STD 2 3.67 (1.22) 16.17 (0.13) 3.84 (1.56) 4.86 (3.89) 21.88 (1.89) 18.21 (0.71) 2.62 (2.62) 5.09 (5.09)
P-N fen -LTD 2 3.71 (2.19) 8.91 (1.60) 4.05 (0.66) 11.15 (5.37) 21.81 (6.02) 14.58 (0.91) 26.34 (12.01) 46.00 (4.44)
P-N bog -PR 2 1.63 (0.16) 21.42 (6.36) 2.95 (0.36) 9.42 (0.32) 20.47 (2.95) 19.64 (1.37) 0 0
P-N bog -STD 2 6.22 (3.48) 26.61 (0.33) 2.65 (0.84) 17.51 (0.72) 16.51 (1.81) 21.40 (0.52) 0 7.20 (5.68)
P-N bog -LTD 2 6.14 (0.43) 16.16 (2.24) 10.27 (3.57) 22.84 (12.09) 16.67 (2.56) 19.48 (4.39) 34.39 (4.29) 15.93 (4.97)
SFA fen -PR 3 2.48 (0.32) 3.94 (0.57) 1.02 (0.11) 2.69 (0.55) 14.10 (2.70) 27.50 (4.37) 20.32 (20.32) 24.08 (7.95)
SFA fen -STD 3 2.14 (0.34) 3.10 (0.53) 1.25 (0.17) 2.22 (0.37) 14.24 (1.87) 33.09 (6.49) 5.04 (5.04) 8.93 (2.24)
SA fen -LTD 3 2.18 (0.58) 2.86 (0.88) 2.06 (0.15) 2.88 (0.15) 14.19 (1.57) 21.13 (2.43) 42.87 (14.66) 22.05 (5.44)
SA bog -LTD 3 2.52 (0.90) 2.15 (1.14) 2.97 (0.98) 2.18 (0.54) 34.28 (9.07) 22.35 (6.21) 47.19 (22.31) 17.15 (4.90)
SB bog -PR 3 0.97 (0.10) 1.25 (0.09) 0.69 (0.08) 0.86 (0.08) 8.66 (0.96) 10.12 (0.96) 30.08 (21.16) 2.23 (1.83)
SB bog -STD 3 0.95 (0.19) 1.38 (0.10) 0.73 (0.07) 1.08 (0.03) 10.67 (2.81) 9.26 (1.09) 19.90 (15.22) 4.87 (1.60)
SFC bog -PR 2 0.80 (0.003) 1.22 (0.03) 0.80 (0.07) 0.86 (0.03) 5.79 (1.06) 9.58 (2.54) 0.22 (0.22) 1.24 (1.24)
SFC bog -STD 2 1.00 (0.23) 1.93 (0.50) 1.26 (0.24) 1.54 (0.36) 13.06 (5.27) 16.70 (1.30) 8.20 (2.84) 18.11 (1.21)
SFC bog -LTD 2 2.08 (0.75) 1.06 (0.04) 4.88 (3.27) 1.78 (0.39) 35.19 (15.59) 15.40 (1.97) 77.89 (48.79) 10.55 (5.15)

Table A1 Continued.

PA

α−glucosidase β-glucosidase cellobiosidase β-xylosidase
litter type nutrient and WT regime n yr1 yr2 yr1 yr2 yr1 yr2 yr1 yr2

CL-L fen-PR 2 0.59 (0.06) 0.61 (0.16) 10.83 (4.53) 6.50 (0.42) 3.60 (1.52) 2.54 (0.58) 4.54 (0.99) 3.45 (1.26)
CL-L fen-STD 2 1.08 (0.43) 0.73 (0.25) 15.86 (2.90) 10.69 (0.56) 3.65 (0.12) 4.82 (1.69) 5.08 (2.00) 5.56 (1.48)
BN-L fen -PR 3 0.85 (0.13) 1.17 (0.07) 10.24 (3.80) 5.28 (1.58) 2.54 (0.74) 1.71 (0.12) 3.47 (0.44) 2.72 (0.37)
BN-L fen -STD 3 1.16 (0.24) 1.33 (0.36) 7.80 (2.18) 8.95 (1.17) 3.65 (1.53) 2.63 (0.79) 2.90 (0.63) 3.94 (0.94)
BN-L fen -LTD 3 1.44 (0.09) 1.94 (0.85) 60.17 (18.20) 40.96 (3.95) 12.43 (1.94) 10.15 (2.12) 8.37 (0.76) 11.10 (2.78)
BN-L bog-PR 3 1.09 (0.12) 1.43 (0.29) 87.41 (12.80) 85.96 (15.82) 16.67 (3.01) 16.65 (5.06) 8.57 (0.23) 12.01 (3.63)
BN-L bog -STD 3 1.51 (0.19) 1.61 (0.19) 83.99 (8.71) 79.83 (32.74) 22.19 (2.46) 13.05 (5.99) 10.44 (1.27) 10.83 (3.26)
BN-L bog -LTD 3 1.49 (0.04) 1.82 (0.60) 94.57 (4.36) 83.98 (24.54) 20.29 (2.05) 27.14 (17.31) 11.70 (1.20) 10.28 (3.10)
P-N fen -PR 2 0.74 (0.03) 0.75 (0.19) 1.92 (0.08) 1.92 (0.30) 0.19 (0.19) 0.87 (0.37) 0.76 (0.02) 0.67 (0.06)
P-N fen -STD 2 0.86 (0.13) 1.01 (0.08) 5.42 (0.21) 9.57 (0.28) 1.00 (0.06) 2.43 (0.12) 1.61 (0.13) 2.58 (0.13)
P-N fen -LTD 2 0.64 (0.05) 1.39 (0.08) 18.00 (0.13) 38.71 (22.15) 5.78 (1.57) 7.66 (1.31) 2.69 (0.97) 5.69 (0.76)
P-N bog -PR 2 0.73 (0.15) 1.28 (0.43) 15.09 (3.21) 26.86 (9.08) 2.78 (0.96) 5.52 (1.81) 2.71 (0.38) 3.25 (0.85)
P-N bog -STD 2 0.72 (0.02) 0.74 (0.17) 17.35 (2.39) 24.50 (2.15) 3.60 (0.36) 5.85 (1.87) 2.73 (0.13) 3.03 (0.79)
P-N bog -LTD 2 1.20 (0.07) 1.47 (0.64) 30.23 (8.01) 49.63 (13.68) 7.29 (0.55) 10.34 (2.51) 4.07 (0.26) 6.34 (2.97)
SFA fen -PR 3 1.65 (0.49) 0.10 (0.05) 12.31 (2.88) 1.09 (0.32) 4.50 (1.60) 0.41 (0.17) 6.93 (0.79) 0.66 (0.03)
SFA fen -STD 3 1.15 (0.72) 0.13 (0.09) 5.64 (2.82) 1.28 (0.21) 2.72 (1.56) 0.32 (0.08) 3.00 (1.68) 0.63 (0.04)
SA fen -LTD 3 0.05 (0.05) 0.22 (0.18) 18.59(7.28) 9.94 (5.35) 4.00 (2.56) 1.68 (1.07) 3.94 (2.15) 3.11 (1.69)
SA bog -LTD 3 0.57 (0.29) 0.04 (0.04) 26.35 (10.36) 2.88 (1.22) 5.00 (1.79) 0.68 (0.17) 5.94 (1.89) 0.80 (0.21)
SB bog -PR 3 0 0 12.51 (4.73) 0.24 (0.13) 0 0 2.40 (0.95) 0.17 (0.08)
SB bog -STD 3 0.36 (0.29) 0.04 (0.02) 8.21 (6.48) 1.45 (0.16) 1.30 (0.94) 0.18 (0.04) 2.19 (1.58) 0.46 (0.01)
SFC bog -PR 2 1.21 (0.81) 0.38 (0.16) 11.26 (8.12) 1.70 (0.20) 1.87 (0.99) 0.48 (0.17) 3.57 (2.47) 0.97 (0.17)
SFC bog -STD 2 1.56 (1.15) 0.33 (0.09) 8.40 (4.32) 5.16 (1.54) 1.24 (0.60) 0.86 (0.23) 2.23 (1.34) 1.22 (0.16)
SFC bog -LTD 2 1.13 (0.09) 0.94 (0.24) 11.34 (5.91) 6.63 (0.71) 2.54 (0.07) 1.06 (0.31) 3.77 (0.46) 2.47 (0.32)
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Table A1 Continued.

PA

chitinase leucine-aminopeptidase alanine-aminopeptidase arylsulphatase
litter type nutrient and WT regime n yr1 yr2 yr1 yr2 yr1 yr2 yr1 yr2

CL-L fen -PR 2 10.18 (5.01) 5.71 (3.11) 4.09 (0.69) 6.35 (0.79) 3.67 (1.52) 5.44 (1.88) 0.46 (0.34) 0.76 (0.67)
CL-L fen -STD 2 30.63 (12.24) 8.75 (0.04) 4.27 (1.96) 4.91 (1.51) 6.85 (4.23) 5.08 (2.14) 0.03 (0.03) 0.11 (0.05)
BN-L fen -PR 3 5.44 (2.42) 23.10 (15.80) 2.85 (0.23) 3.59 (0.10) 3.11 (0.29) 4.33 (0.14) 0.28 (0.17) 0.59 (0.19)
BN-L fen -STD 3 15.85 (8.59) 54.59 (50.33) 2.82 (0.02) 6.30 (3.34) 5.09 (1.69) 4.31 (1.54) 0.23 (0.05) 0.30 (0.14)
BN-L fen -LTD 3 48.97 (35.58) 64.71 (57.89) 0.87 (0.16) 0.97 (0.31) 1.15 (0.14) 1.22 (0.30) 0.18 (0.09) 0.42 (0.33)
BN-L bog -PR 3 31.99 (12.78) 46.01 (26.37) 0.59 (0.11) 0.86 (0.22) 0.73 (0.06) 1.10 (0.31) 0.12 (0.03) 0.26 (0.10)
BN-L bog -STD 3 32.50 (13.10) 34.70 (9.10) 0.62 (0.05) 0.77 (0.05) 0.64 (0.08) 0.89 (0.10) 0.18 (0.01) 0.33 (0.04)
BN-L bog -LTD 3 47.74 (5.22) 20.04 (7.31) 1.02 (0.09) 0.98 (0.23) 1.05 (0.17) 1.19 (0.23) 0.24 (0.02) 0.20 (0.08)
P-N fen -PR 2 2.99 (0.26) 5.04 (3.43) 0.75 (0.18) 1.81 (0.09) 0.96 (0.16) 2.06 (0.09) 0.06 (0.03) 0.07 (0.01)
P-N fen -STD 2 3.82 (0.80) 6.75 (1.92) 1.24 (0.23) 2.33 (0.71) 1.43 (0.43) 2.06 (0.32) 0.05 (0.01) 0.18 (0.04)
P-N fen -LTD 2 19.75 (3.47) 28.48 (7.62) 0.35 (0.05) 1.27 (0.27) 0.57 (0.02) 1.08 (0.07) 0.04 (0.02) 0.10 (0.001)
P-N bog -PR 2 9.67 (1.20) 11.92 (1.85) 0.49 (0.21) 0.56 (0.16) 0.57 (0.23) 0.72 (0.18) 0.04 (0.04) 0.12 (0.05)
P-N bog -STD 2 11.47 (0.72) 12.09 (1.29) 0.35 (0.02) 0.41 (0.03) 0.36 (0.01) 0.60 (0.18) 0.04 (0.01) 0.08 (0.02)
P-N bog -LTD 2 20.56 (0.80) 47.07 (16.63) 0.36 (0.03) 0.84 (0.45) 0.48 (0.05) 1.09 (0.50) 0.08 (0.01) 0.16 (0.14)
SFA fen -PR 3 5.79 (1.64) 0.51 (0.08) 1.12 (0.22) 2.81 (0.44) 1.13 (0.16) 2.63 (0.51) 7.75 (1.44) 0.34 (0.20)
SFA fen -STD 3 3.25 (1.43) 1.28 (0.29) 4.40 (1.63) 3.77 (0.08) 3.32 (0.94) 3.09 (0.42) 0.26 (0.17) 0.04 (0.04)
SA fen -LTD 3 17.80 (10.02) 18.34 (5.60) 0.32 (0.08) 0.36 (0.13) 0.44 (0.12) 0.52 (0.23) 0 0
SA bog -LTD 3 19.60 (3.09) 3.61 (1.00) 0.27 (0.01) 0.69 (0.03) 0.36 (0.01) 0.91 (0.03) 0 0
SB bog -PR 3 6.59 (2.34) 0.64 (0.20) 0.25 (0.13) 0.46 (0.05) 0.31 (0.14) 0.54 (0.04) 0 0
SB bog -STD 3 8.82 (6.26) 1.53 (0.35) 0.50 (0.16) 0.40 (0.02) 0.58 (0.16) 0.51 (0.04) 0 0
SFC bog -PR 2 5.92 (3.43) 2.71 (0.53) 0.30 (0.14) 0.44 (0.02) 0.34 (0.17) 0.56 (0.05) 0 0
SFC bog -STD 2 8.19 (6.32) 3.10 (0.001) 0.31 (0.11) 0.37 (0.03) 0.34 (0.12) 0.46 (0.05) 0 0
SFC bog -LTD 2 28.93 (9.62) 13.95 (0.24) 0.21 (0.02) 0.20 (0.01) 0.25 (0.04) 0.26 (0.04) 0 0

Table A1 Continued.

PA mass loss pH

phosphomonoesterase phosphodiesterase
litter type nutrient and WT regime n yr1 yr2 yr1 yr2 yr1 yr2 yr1 yr2

CL-L fen -PR 2 74.10 (26.35) 130.17 (63.66) 23.23 (0.85) 26.85 (2.66) 23.18 (6.82) 38.85 (1.59) 5.64 (0.16) 5.12 (0.64)
CL-L fen -STD 2 195.39 (38.92) 161.58 (38.53) 28.08 (18.37) 21.61 (4.86) 36.20 (2.65) 48.24 (12.68) 5.31 (0.21) 5.27 (0.44)
BN-L fen -PR 3 46.08 (4.41) 64.54 (17.62) 6.36 (0.73) 7.97 (0.64) 36.17 (1.51) 45.35 (2.16) 4.67 (0.04) 4.81 (0.07)
BN-L fen -STD 3 109.28 (51.71) 105.82 (63.31) 8.89 (2.46) 9.92 (4.89) 35.14 (5.01) 53.67 (12.91) 5.54 (0.18) 5.65 (0.22)
BN-L fen -LTD 3 102.32 (15.81) 119.41 (84.77) 9.68 (2.15) 11.91 (7.51) 41.34 (3.91) 53.18 (7.73) 4.15 (0.21) 5.65 (0.14)
BN-L bog -PR 3 104.83 (11.91) 169.38 (7.33) 9.64 (0.71) 17.70 (4.26) 40.28 (4.00) 50.54 (8.37) 4.80 (0.53) 4.85 (0.18)
BN-L bog -STD 3 107.47 (13.23) 169.76 (26.18) 14.76 (2.97) 18.40 (3.96) 43.86 (1.67) 62.29 (5.22) 4.47 (0.05) 4.79 (0.07)
BN-L bog -LTD 3 88.50 (9.11) 88.59 (28.13) 9.96 (1.38) 6.79 (1.75) 42.69 (5.21) 60.22 (6.47) 4.52 (0.06) 4.53 (0.19)
P-N fen -PR 2 66.11 (15.57) 82.64 (15.60) 12.01 (0.82) 15.18 (1.52) 32.58 (0.93) 42.43 (1.32) 4.47 (0.12) 4.46 (0.21)
P-N fen -STD 2 88.98 (23.81) 87.97 (0.84) 17.30 (5.45) 17.18 (0.49) 32.91 (4.24) 50.18 (1.34) 4.42 (0.06) 4.78 (0.01)
P-N fen -LTD 2 85.00 (8.21) 88.01 (35.90) 10.83 (0.90) 16.25 (1. 53) 37.98 (3.11) 54.72 (1.01) 4.15 (0.28) 4.03 (0.15)
P-N bog -PR 2 44.18 (4.97) 72.53 (1.54) 8.01 (1.90) 9.13 (1.30) 32.43 (0.24) 49.34 (1.03) 4.65 (0.09) 4.28 (0.16)
P-N bog -STD 2 43.00 (3.57) 72.94 (8.50) 8.84 (0.69) 9.48 (0.62) 30.21 (0.58) 46.21 (2.74) 4.39 (0.13) 4.29 (0.18)
P-N bog -LTD 2 36.55 (1.40) 115.36 (40.34) 8.88 (0.26) 8.86 (3.68) 36.59 (1.06) 53.35 (7.87) 3.53 (0.07) 3.65 (0.17)
SFA fen -PR 3 416.44 (21.73) 57.38 (8.93) 26.76 (4.02) 4.21 (0.77) 16.07 (0.68) 25.30 (1.55) 3.94 (0.02) 3.76 (0.16)
SFA fen -STD 3 208.00 (140.91) 53.20 (12.62) 14.09 (8.40) 4.09 (0.55) 32.90 (3.69) 42.32 (8.48) 4.97 (0.23) 4.18 (0.10)
SA fen -LTD 3 217.12 (77.80) 179.54 (62.04) 10.22 (4.05) 13.46 (4.43) 27.06 (1.64) 30.22 (10.26) 4.46 (0.03) 4.47 (0.05)
SA bog -LTD 3 287.32 (18.72) 52.57 (8.88) 14.48 (0.96) 3.03 (0.26) 26.55 (1.11) 42.73 (2.06) 4.05 (0.03) 4.06 (0.05)
SB bog -PR 3 97.03 (33.06) 28.82 (4.30) 12.39 (5.01) 4.75 (0.31) 14.91 (0.51) 19.44 (2.77) 4.46 (0.50) 3.84 (0.13)
SB bog -STD 3 95.11 (54.26) 51.47 (2.07) 7.40 (4.16) 5.10 (1.41) 21.36 (0.42) 26.25 (2.83) 4.85 (0.05) 4.52 (0.13)
SFC bog -PR 2 74.92 (50.78) 36.83 (6.10) 10.02 (7.04) 4.27 (0.23) 16.21 (1.65) 23.60 (0.58) 4.50 (0.24) 4.57 (0.14)
SFC bog -STD 2 151.21 (103.43) 53.13 (1.44) 8.85 (6.27) 4.44 (0.01) 16.75 (0.31) 23.55 (3.21) 4.10 (0.17) 4.13 (0.19)
SFC bog -LTD 2 260.31 (13.84) 191.28 (59.49) 15.08 (3.57) 10.76 (0.45) 19.18 (1.54) 26.51 (1.06) 3.97 (0.19) 3.85 (0.11)

AA, actual activities; PA, potential activities (see Material and Methods);n, number of samples per litter type and nutrient and/or water table
(WT) regime; yr1, litter decomposing for one year; yr2, litter decomposing for two years. WT regimes: LTD, long-term WT drawdown;
PR, pristine; STD, short-term WT drawdown. Litter types: BN-L,Betula nanaleaves; CL-L,Carex lasiocarpaleaves; P-N,Pinus sylvestris
needles; SA,Sphagnum angustifolium; SB,S. balticum; SFA,S. fallax; SFC,S. fuscum.
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5 Conclusions

We combined analyses of litter quality, litter decomposition
rates, microbial community composition, and extracellular
enzyme activities to estimate how WT drawdown may affect
litter decomposition and element cycling in a range of peat-
land sites differing in soil nutrient availability. These factors
have never before been examined simultaneously.

Litter type was the main factor shaping the patterns of en-
zyme activities and overruled the direct effects of WT draw-
down on aerobic microbial activity. Our results imply that
change in the structure of plant communities in response to
persistent WT drawdown will strongly affect the C dynam-
ics of peatlands. The dynamics of plant community compo-
sition and consequent litterfall need to be considered along
with soil factors when estimating the impacts of global cli-
mate change on C cycling in peatlands. The soil factors need
to include pH, since that also changes along with persistent
WT drawdown.

Enzyme activities generally turned from N and P acqui-
sition towards C acquisition following the long-term WT
drawdown, suggesting reduced nutrient limitation of decom-
posers. Decomposers then seemed to invest into C-acquiring
enzymes that produced high litter decomposition rates.

Sphagnummosses exhibited low enzyme activities and de-
composed slowly compared to vascular plants. Yet, we ob-
served abundant fine root growth and an enzyme activity al-
location shift towards P acquisition. This may have been
induced by the roots of arboreal plants and suggests that
mosses or their degradation products may be used as a sub-
strate by trees and shrubs. SinceSphagnumis generally con-
sidered to be a hostile environment, this feature would de-
serve further study.

Coupled with the findings of earlier research, our observa-
tions suggest that different factors regulate microbial activity
in peat and in the litter that contributes new C to this im-
portant pool. These factors also vary between bog and fen
sites. Thus, C cycling in litter and in peat should be exam-
ined separately in order to improve our understanding of C
dynamics under changing environmental conditions (see also
Laiho, 2006). To further complicate reaching clear conclu-
sions about peatland responses to climate change, our results
emphasize that bogs and fens may respond in different man-
ners, and that there may be notable spatial variation related
to plant community composition.

Our results emphasize the importance of considering the
time-scale of the environmental changes. The effects of envi-
ronmental changes on soil processes are getting dominant in
the long-term, following the dramatic changes in vegetation
composition (indirect effect of the environmental changes).
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