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Peatland decomposition may be altered by hydrology and plant functional groups (PFGs), but exactly
how the latter influences decomposition is unclear, as are potential interactions of these factors. We used
a factorial mesocosm experiment with intact 1 m> peat monoliths to explore how PFGs (sedges vs Eri-
caceae) and water table level individually and interactively affect decomposition processes. Decompo-
sition was measured using litter bags at three depths filled with cellulose strips to mimic decomposition
of a simple plant-derived structure, and Sphagnum tissue to simulate decomposition of the most
abundant recalcitrant material in peatlands. We also analyzed the potential activity of five hydrolytic

Keywords: . . .
Ex}t’racellular enzymes extracellular enzymes at an intermediate depth. We found lowered water table reduced activity of
Wetlands several enzymes and increased cellulose and Sphagnum decomposition. Presence of Ericaceae reduced

decomposition of the recalcitrant Sphagnum tissue, whereas higher activity of chitinase was found in the
combined presence of sedges and Ericaceae. We found no relationship between any potential enzyme
activity and Sphagnum decomposition rate. Overall our results showed a dominating role of water table
controlling decomposition processes, as well as support for the hypothesis that the presence of
mycorrhizal Ericaceae can slow decomposition processes of complex plant tissues in peatlands.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Peatlands are the most important terrestrial ecosystems for
long-term carbon sequestration (Clymo et al., 1998; Gorham, 1991)
because the imbalance of biomass production and decay (e.g.
Frolking et al., 2010; Kurnianto et al., 2015) leads to the accumu-
lation of dead organic material often exceeding several meters in
depth (Buffam et al., 2010). Peatlands have been net long-term
carbon sinks under Holocene climatic conditions (Gorham, 1991;
Nilsson et al.,, 2008), but climate change threatens these sinks
(Waddington et al., 2015) both directly through altered water tables
and temperature and indirectly through altered plant functional
group (PFG) composition and biotic interactions (Weltzin et al.,
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2003). Whether peatlands will remain carbon sinks or become
carbon sources (e.g. Charman et al., 2015; Moore et al., 1998;
Wieder, 2001) will depend on the extent to which these hydro-
logical and biological processes are altered as climate changes
(Armstrong et al., 2015; Kardol et al., 2010; Trettin et al., 2006).
There are several different PFGs in peatlands. Ombrotrophic
peatlands are dominated by Sphagnum mosses, which play a key
role in peat formation (Turetsky et al., 2012; Vanbreemen, 1995).
Vascular peatland plants mainly include two PFGs with divergent
strategies for nutrient acquisition in a variably water saturated
environment: sedges such as Carex and Eriophorum spp., and dwarf
shrubs in the Ericaceae. Peatland sedge roots are typically non-
mycorrhizal (Thormann et al., 1999; Miller et al., 1999), but
possess aerenchyma (open air channels in stem and roots)
providing oxygen for their roots that allows them to persist under
permanently waterlogged and often anoxic soil/water conditions.
Sedges thus have the potential to mine water and nutrients from
deeper peat inaccessible to non-aerenchymous plants (Murphy
et al., 2009). In contrast, Ericaceae roots are non-aerenchymous
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and hence can only withstand temporary waterlogged conditions.
Their roots and associated ericoid mycorrhizal fungi (ErMF) require
aerated peat for most of the growing season. Persistent low water
table (WT) levels therefore favor the Ericaceae (Breeuwer et al.,
2009; Weltzin et al., 2003).

ErMF may play a key role in determining decomposition pro-
cesses in peatlands. These fungi (Bajwa et al., 1985; Read, 1996)
produce a diverse assemblage of extracellular enzymes (Burke
et al.,, 2014; Kohler et al., 2015), yet are believed to be inferior de-
composers compared to the most competent free living sapro-
trophic microbes (Baldrian, 2009; Read et al., 2004) because they
lack class Il peroxidases, which are essential for oxidation of lignin
(Kohler et al., 2015). Given that ErMF are supplied with labile car-
bon by host plants, it is believed that their main function is nutrient
mining rather than carbon uptake (Hobbie et al., 2013; Lindahl and
Tunlid, 2015; Treseder et al., 2006). This may lead to nutrient
competition with free living saprotrophs (Michelsen et al., 1996;
Orwin et al.,, 2011), which in turn may result in slowed decompo-
sition (Averill et al., 2014; Clemmensen et al., 2013; Gadgil and
Gadgil, 1971). Similarly, direct decomposer activity of mycorrhizal
fungi (Talbot et al., 2008) targeting non-lignin polymers might
exacerbate C limitation of free-living saprotrophs. Alternatively, the
exudation of labile carbon by mycorrhizae and plant roots (Crow
and Wieder, 2005) might result in a priming effect in which the
additional labile substrates from the host plants enhance decom-
position (Kuzyakov et al., 2000). Exactly which of these processes
dominates remains to be elucidated.

The interaction of PFGs and WT level influences decomposition
in peatlands (Laiho, 2006; Robroek et al., 2015; Ward et al., 2015).
Due to the specific adaptations described above, sedges and Eri-
caceae occupy different niches with respect to water tables. Thus,
WT plays a key role in shaping plant communities and the associ-
ated microbial composition. In addition, WT level determines the
availability of oxygen for decomposition. Whereas the acrotelm
(shallow, lower bulk density, typically more oxic, variably flooded
layer) supports saprotrophic bacteria and fungi as well as mycor-
rhizal fungi and ericaceous roots, the catotelm (deeper, higher bulk
density, typically anoxic flooded layer) hosts sedge roots and
chemoautotrophic prokaryotes, methanogens, and fermenting
bacteria. Anaerobic breakdown of organic material yields less en-
ergy compared to aerobic decomposition and is therefore much less
efficient, leading to the preservation of organic material in the
catotelm (e.g. Beer et al.,, 2008). However, examining exactly how
peat C storage is likely to change with changes in hydrology and
PFG is difficult because of their interactive controls on peat redox
conditions.

To disentangle these effects, we used a factorial mesocosm
experiment to manipulate PFGs and hydrology. Specifically, we
tested three main hypotheses examining how PFG composition and
WT level influence extracellular enzyme activity (EEA) and
decomposition processes at various depths, four years after the
onset of the experimental manipulation of PFG type and water
level. 1.) We anticipated a strong positive link between EEA and
decomposition, as EEA plays a key role in organic matter break-
down (Sinsabaugh, 1994). 2) We expected the treatments to modify
EEA due to a) WT effects, and b) effects by plant functional types
and associated biotic communities. 3) We postulated lowered WT
would increase decomposition, and Ericaceae would slow
decomposition.

2. Methods
2.1. Experimental design

We used a mesocosm experiment initiated in summer 2011 at

the USDA Forest Service, Northern Research Station in Houghton,
Michigan. Briefly, intact monoliths (1 m3) of peat were extracted
from an extensive oligotrophic peatland in Meadowlands, MN
(N47.07278°, W92.73167°) and transported to the mesocosm fa-
cility (Potvin et al., 2015). The experiment was a full factorial design
replicated in four blocks. Treatments comprised two levels of WT
(high and low; manipulated during the growing season, see Potvin
et al. (2015), and supplementary material) and three PFG treat-
ments: Ericaceae only (E), sedge only (S), untreated PFG controls
(U) with both PFGs in mixture, which resulted in a total of 24
mesocosm bins. The sedge bins contained Carex oligosperma
Michx., and Eriophorum vaginatum L., whereas the Ericaceae bins
were dominated by Chamaedaphne calyculata L., Moench., Kalmia
polifolia Wangenh., and Vaccinium oxycoccos L. For further details
on the experimental setup and species composition see Potvin et al.
(2015).

2.2. Decomposition assay

In late June 2014 three replicate cellulose assays were inserted
into each bin. The assays were harvested in October 2014, after a
four month incubation. Assay bags were constructed using Nytex
mesh (size 80 pm) to minimize root ingrowth, and each bag con-
tained three separate pockets, 9 cm long and 3 cm wide, containing
a cellulose filter paper strip (Whatman 1001-929 Quantitative Filter
Paper Sheet) with an initial dry (55 °C) mass of approximately
190 mg. The stacked pockets spanned the following depths A:
2—11 c¢m, B: 11.5—20.5 cm and C: 21—-30 cm. In parallel to the cel-
lulose assay we inserted an additional set of two replicates of
Sphagnum-filled bags. We only had two replicates for the Sphagnum
assay because we had pulled one set concurrently with the cellu-
lose assay (after four months), but hardly any of the material had
decomposed. Instead of the cellulose strips we used ca. 100 mg
dried Sphagnum rubellum Wilson, tissue to fill the pockets. Prior to
filling the pockets the green stem section of the mosses, spanning
about 4 cm below the capitula, was collected and dried at 30 °C to
stable mass. The Sphagnum assay was incubated for 12 months
(June 2014—June 2015). We used different incubation times for the
two decomposition assays to account for the fact that cellulose
mass loss occurs at a much faster rate than Sphagnum tissue (c.f.
Hajek, 2009). Upon harvest, assay bags were gently rinsed with DI
water to remove adhering peat. The assay material was carefully
extracted from the bags. Cellulose strips were dried and weighed at
55 °C, and Sphagnum was dried and weighed at 30 °C to determine
mass loss over the period of incubation.

2.3. Assay for measuring potential extracellular enzyme activity
(EEA)

In late June 2015, four years after the onset of the experiment, a
round steel core (diameter = 2 cm) was used to extract peat from
one core in the center of each of the 24 bins. Homogenized, fresh
peat material at 10—20 cm (overlapping in depth with the central
pocket of the decomposition assay) was used in the enzyme assays.
At sampling the low and high WT treatments averaged 40 cm and
20 cm below the peat surface, respectively. To quantify potential
extracellular hydrolytic enzyme activity in the peat matrix we
closely followed the protocol by Bell et al. (2013) using deep well
incubations. Romanowicz et al. (2015) demonstrated that most
enzyme activity in peat is associated with the peat matrix as
compared to the pore water. To assay peat, a greater incubation
volume (1000 ul instead of the commonly used 200 ul) and a
subsequent centrifugation step to remove interfering peat tissue is
particularly advantageous. To create a homogeneous peat suspen-
sion we used a 0.05 M sodium acetate buffer at pH 4.2 (ambient
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pH), added 6 g wet peat and used a hand blender for 30 s. All of the
following substrates were added well in excess at 200 uM: 4-
Methylumbelliferyl B-D-cellobioside (Sigma M6018) to measure
potential cellulase activity (CBH), 4-Methylumbelliferyl B-p-gluco-
pyranoside (Sigma M3633) for potential glucosidase activity (BG),
4-Methylumbelliferyl N-acetyl-B-p-glucosaminide (Sigma M2133)
for potential chitinase activity (NAG), 4-Methylumbelliferyl phos-
phate (Sigma M888) for potential phosphatase activity (PHOS) and
4-Methylumbelliferyl-sulfate (Sigma M7133) for potential sulfatase
activity (SULF). We used eight technical replicates for each assay
and incubated 1000 pl of the peat-substrate slurry in the 2 ml deep
well trays at 25 °C in the dark. After a three hour incubation fol-
lowed by centrifugation at 41 RCF for 3 min, 250 ul of the super-
natant was transferred into corresponding opaque microplates
then read for fluorescence on a Molecular Devices Spectramax M2
plate reader with excitation and emission wavelengths of 365 and
460 nm respectively. To convert the fluorescence readings into
potential enzyme activity we followed the protocol by Bell et al.
(2013), which utilizes a 4-Methylumbelliferone (Sigma M1381)
standard curve for each peat sample.

2.4. Statistical analyses and data visualization

Mixed effects models following Bolker et al. (2009) were used to
account for the nesting of multiple depths within each bin. For data
visualization and statistical analysis we used R version 3.0.2 for
linux-gnu (R Core Team, 2013) and the following packages “Ime4”
(Bates et al., 2015), “ImerTest” (Kuznetsova et al., 2015), “pbkrtest”
(Halekoh and Hegjsgaard, 2014), “car” (Fox and Weisberg, 2011),
“MASS” (Venables and Ripley, 2002), “multcomp” (Hothorn et al.,
2008), and “ggplot2” (Wickham, 2009). PFG, WT, and depth were
analyzed as fixed (categorical) factors. Bin and block were random
terms. All models were tested with likelihood ratio tests for sig-
nificant block contributions to the model; if not, block was removed
from the model. For hypothesis testing analysis of variance type II
with Kenward-Roger approximation for degrees of freedom were
used for normally distributed data. Data from a single depth
(10—20 cm) were analyzed with 2way-ANOVA (Type II). In case of
significant PFG treatment effects multiple comparisons of means
using Tukey contrasts (while accounting for the interaction struc-
ture of the model) were applied to assess the direction of the
treatment response. Regression analyses were used to test for the
explanatory power of the potential extracellular enzyme activity
(EEA) on mass loss of both the cellulose assay and the Sphagnum
tissue assay. For all statistical tests p-values <0.05 were considered
to be statistically significant.

3. Results
3.1. Cellulose decomposition assay

There was an overall WT effect (p < 0.0001; Table 1) with higher
decomposition in the low WT treatment (Fig. 1). When analyzing
the 3 depths separately all 3 models show a significant WT effect
and for A (2—11 cm) p = 0.011, B (11.5-20.5 cm) p < 0.0001, C
(21-30 cm) p < 0.0001, with consistently higher decomposition in
the low WT treatment (Fig. 1).

3.2. Sphagnum tissue decomposition assay

There was an overall WT x depth interaction (p = 0.006;
Table 1) with higher decomposition in the low WT only at depth C
(21-30 cm) (Fig. 1). When analyzing the 3 depths separately no
treatment effect can be detected at A (2—11 cm). Depth B
(11.5—20.5 cm) reveals a significant PFG effect (p = 0.048; Table 2),

Table 1

Estimates of fixed effects produced by mixed effects models of cellulose mass loss (in
grams) as well as of the Sphagnum rubellum mass loss (in grams) with “bin” as
random effect. Variables: veg comprises Ericaceae only (E), sedge only (S), untreated
controls (U) with both vegetation types in mixture; depth = three levels (2—11 cm,
11.5—20.5 cm, 21-30 cm), WT = two levels of water table manipulation (high, low);
n = 24 bins.

Variables Full model for cellulose Full model for Sphagnum

mass loss mass loss

F test p F test P
veg F2,18) = 0.041 0.960 F2,18) = 0.390 0.682
depth F(2|40) =0.238 0.790 F(2|40) =0.333 0.719
WT F1,18) = 65.281 2.128e-07 F(1,18) = 0.823 0.377
veg:depth F(4,40) = 0.054 0.994 Fl4,40) = 1.074 0.383
veg:WT F(Z,‘IS) =1.147 0.340 F(zjg) = 1.167 0.334
depth:WT F(2|40) =2.928 0.065 F(2,40) = 5.798 0.006

with highest decomposition in the sedge only treatment (U=S:
p=0.039; U=E: p=0476; S =E: p=0.318; Fig. 1). At depth C
(21—-30 cm) we observed a significant WT effect (p = 0.018) with
higher decomposition in the low WT treatment (Fig. 1).

3.3. Potential extracellular enzyme activity (EEA)

The measured potential EEA revealed a strong WT effect, with
higher enzyme activity at the high WT for four of five measured
enzymes: BG, NAG, PHOS, and SULF (Table 2; Fig. 2). CBH did not
show any significant responses to the treatments (Table 2). Only
NAG showed a significant response to the PFG treatment (Table 2),
with lower activity in the sedge and Ericaceae treatments
compared to the untreated controls (U=S: p = 0.011; U = E:
p=0.031; S = E: p = 0.884; Fig. 2). However, we found a consistent
trend toward significance (p < 0.09) across all five enzymes.

None of the assayed EEA showed any explanatory power for the
Sphagnum decomposition patterns in regression analysis: CBH
(p=10.741), BG (p = 0.499), NAG (p = 0.132), PHOS (p = 0.261), SULF
(p = 0.868). Regression analyses showed that cellulose mass loss
could not be explained by CBH (p = 0.612) or NAG (p = 0.343).
However, PHOS (p = 0.0004) was negatively correlated with cel-
lulose mass loss (c.f. Figs. 1 and 2). BG (p = 0.076) and SULF
(p = 0.081) showed marginally significant negative correlations
with cellulose mass loss.

3.4. Water table level manipulation

Differences in water table level (WT) could only be maintained
throughout the snow free period of the year from mid May to
November (c.f. supplementary material). Monthly averages (daily
measurements) in water table level for the high WT bins compared
to the low WT bins were as followed: for 2014 (month: average
high WT in cm/average low WT in cm): (June: 5.1/18.0), (July: 12.6/
34.1), (August: 17.6/46.9), (September: 13.8/38.2), (October: 11.4/
24.2), (November: 9.6/12.9), and for (June 2015: 19.3/30.2). During
the winter month higher WT were observed in the low WT treat-
ment due to enhanced subsidence (Potvin et al., 2015).

4. Discussion

We found support for our hypothesis that the presence of Eri-
caceae may slow decomposition of complex tissues, leading to an
accumulation of recalcitrantSphagnum-derived material in the
peat. The majority of the peat inSphagnum dominated peatlands
consists of Sphagnum remnants (Dorrepaal et al., 2005; Turetsky,
2003). Highest densities of ericaceous roots and mycorrhizae are
found in the acrotelm (Murphy et al, 2009, and personal
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Fig.1. Left panel; Average percent mass loss of cellulose assay after a four month (July—November) incubation period split by depth (2—11 cm, 11.5-20.5 cm, 21-30 cm; n = 24). The
vegetation treatment (veg) comprises Ericaceae only (E), sedge only (S), untreated controls (U) with both vegetation types in mixture, water table: high and low. Right panel;
Average percent mass loss of Sphagnum rubellum tissue assay after a twelve month (July—July) incubation period.

communication for this experiment by Todd Ontl). Our results
suggest that ErMF may have a strong influence on microbial com-
munities and thus decomposition processes, but the exact mecha-
nism behind the observed suppression of decomposition in the
presence of ectomycorrhizal fungi has yet to be determined. In a
recent review on studies addressing the 'Gadgil effect’, Fernandez

and Kennedy (2016) propose that the negative effects of competi-
tive interaction between fungal guilds may be particularly pro-
nounced when resources (nutrients, labile carbon and water) are in
short supply. In support of the potential nutrient mobilization ef-
fects on decomposition, it is striking that the one significant PFG
effect on enzymes was for NAG, a nitrogen-mobilizing enzyme.
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Table 2

Statistical results of 2way-ANOVA (Type II) models on potential extracellular enzyme activity (in nmol activity/g dry peat/hr) and mass loss (in grams) of the cellulose as well as
the Sphagnum rubellum tissue assay at a peat depth of 10—20 cm below the surface; variables: veg comprises Ericaceae only (E), sedge only (S), untreated controls (U) with both
vegetation types in mixture, WT = two levels of water table manipulation (high, low); n = 24 bins.

Variables Cellulase (CBH) Glucosidase (BG) Chitinase (NAG) Phosphatase (PHOS) Sulfatase (SULF)

F test P F test P F test P F test P F test P
veg Fo,18) = 3.221 0.064 F2,18)=3.313 0.060 F2,18) = 6.223 0.009 Fo,18) = 2.784 0.088 F2,18) = 2.797 0.088
WT F1,18) = 1.033 0.323 F(1,18) = 4.893 0.040 Fa,18) = 4.761 0.043 F1,18) = 31.558 2.489e-05 F1,18) = 6.521 0.020
veg:WT F(2.13) = 0.799 0.465 F(2v1g) = 0.602 0.559 F(zjg) =2.770 0.089 F(2.1g) = 0.481 0.626 F(2'13) =2.153 0.145
Variables Mass loss cellulose Mass loss Sphagnum

F test P F test P

veg F2,18) = 0.030 0.972 F(2,18) = 3.605 0.048
WT Fa1,18) = 27.708 5.264e-05 Fa,18) = 0.214 0.650
veg:WT F(2,13) = 0.259 0.776 F(2,13) =1.234 0.315

We did not find any support for a priming effect on either the
EEA or the decomposition processes. This agrees with previous
studies concluding that priming effects were not evident for
decomposition processes in peatlands (Basiliko et al., 2012;
Linkosalmi et al, 2015). None of the EEAs were significantly
reduced in the absence of ericaceous roots. Cellulose decomposi-
tion was solely influenced by WT level and the only PFG effect we
found on the decomposition of the Sphagnum tissue pointed in the
opposite direction, with higher decomposition in the absence of
ErMFE. Of course this does not preclude priming by sedge roots
deeper in the peat, where oxygen transport could be more impor-
tant, and where sedge roots are more plentiful.

Vegetation impacted enzyme activity. Although only NAG
showed a significant effect of vegetation at P < 0.05, the other 4
enzymes all showed a trend of having a vegetation effect
(P = 0.06—0.09). The likelihood of this happening by chance for 5
out of 5 enzymes tested is exceedingly low (McDonald, 2014),
suggesting a consistent vegetation effect which is at the limit of our
power to detect. The consistent theme in all of these marginal ef-
fects was that, especially under high water tables, the treatments
with both types of vegetation (U) tended to be higher in activity
than in the Ericaceae only treatments (E). NAG shows a similar
pattern with significantly higher EEA in the untreated (U) bins
compared to both the sedge and Ericaceae treatments alone. One
possible interpretation is that in the untreated bins we observed
synergistic effects of both enhanced ErMF abundance providing
greater chitinase potential and sedges (S) providing enhanced
rhizosphere oxygen; these two factors could have stimulated
overall aerobic activity, leading to higher EEA. Chitinases are en-
zymes that catalyze the depolymerization of chitin and peptido-
glycan. They are hence associated with the decomposition of fungal
and arthropod tissue, both important N sources, and have been
found in ErMF (Kerley and Read, 1995). These results contrast with
earlier results from the same experiment, which found no signifi-
cant PFG effects on extracellular hydrolytic enzymes (Romanowicz
etal., 2015). This is possibly because we ran our tests two years later
in the experiment, and treatment effects had become more
pronounced.

Analyses of individual EEA seemed to support the hypothesis
that low WT levels in peatlands can lead to transient drought stress
for decomposers (Christiansen et al., 2017; Toberman et al., 2008).
Four of the five measured EEAs showed higher activity in the high
WT treatment. The strongest WT effect was shown by PHOS.
Phosphatases are secreted by both roots and microorganisms to
extract phosphorus from organically bound forms. Both the fungal
community as well as the Ericaceae with their mostly shallow roots
might respond to drought conditions with decreased enzyme
production. PHOS and BG are often used as general indicators of

microbial activity (Sinsabaugh, 1994) and a reduction in activity
supports the possibility of a drought related response. This leads to
another key finding of this study, that long term decomposition
processes were not captured with point measurements of EEA. The
mass loss of the Sphagnum tissue could not be explained by any of
the potential enzyme activities. The mass loss of the cellulose tissue
showed opposite responses to the WT treatment compared to the
EEA. In particular for PHOS we observed high potential activity in
the high WT treatment, whereas highest mass loss of the cellulose
tissue occurred at the low WT treatment. This strong opposite
response might be responsible for the strong negative correlation
observed between the cellulose mass loss and PHOS and highlights
that temporal drought stress might influence EEA, but is not
necessarily reflected in overall decomposition processes. Extracel-
lular enzyme measurements have become a standard tool in
decomposition studies because of the key role of extracellular en-
zymes for decomposition (Sinsabaugh, 1994). The activity of soil
enzymes depends not only on substrate availability but also on
nutrient availability, especially nitrogen and phosphorus, and suf-
ficient energy to synthesize and excrete the enzymes (Allison and
Vitousek, 2005). Accordingly, the breakdown of complex mate-
rials such as Sphagnum often requires a multiplex of concerted
processes and hence specific enzymes do not necessarily result in
higher mass loss (c.f. Thormann, 2006). Thus, snapshot measure-
ments might not reflect long term decomposition processes
because of the many temporally fluctuating biotic and abiotic fac-
tors modifying enzyme production and function (c.f. Kivlin and
Treseder, 2014).

Climate change will alter temperature and precipitation pat-
terns, particularly at high latitudes (IPCC, 2014). Accordingly, it is
likely that specific local conditions will determine whether a
peatland will remain a net carbon sink or will turn into a net carbon
source due to enhanced decomposition. Drier conditions are
generally believed to promote decomposition (Trettin et al., 2006),
yet drier conditions are also anticipated to favor Ericaceae and
other mycorrhizal woody shrubs and trees (Breeuwer et al., 2009;
Weltzin et al., 2003) over Sphagnum and sedges. Dominance of
Ericaceae consequently might slow decomposition due to
competitive suppression of the saprotrophic decomposers (e.g.
Averill et al., 2014) and higher inputs of recalcitrant litter
(Cornelissen et al., 2007; Strakova et al., 2012). Under lower WT
levels a shift in PFG composition toward dominance of Ericaceae
(Potvin et al., 2015) might limit the anticipated positive effect of
increased oxygen on decomposition. However, this must be
considered in the context of the other factors that regulate peatland
carbon balance, such as the effects of drought on moss production
and deep peat fires (Kettridge et al., 2015; Turetsky et al., 2011,
2015). Thus to determine the net effect on C cycling, it is essential
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Fig. 2. Potential enzyme activity at 10—20 cm below the peat surface of Cellobiohydrolase (CBH), Phosphatase (PHOS), B-Glucosidase (BG), N-acetyl-Glucosaminidase (NAG),
Sulfatase (SULF) in nmol/g dry peat/hr averaged over treatment. Treatments: water table: high (—20 cm at sampling date) and low (—40 cm at sampling date), vegetation treatment
(veg): comprises Ericaceae only (E), sedge only (S), untreated controls (U) with both vegetation types in mixture; n = 24.

that we incorporate the potential negative feedbacks that we
observed into whole ecosystem carbon cycling models.

Acknowledgements

We want to thank the Editor and two anonymous reviewers for
helpful comments on an earlier version of the manuscript. This
study would not have been possible without the many helping

hands with the decomposition assay by Eryn Grupido, David EKkk-
ens, Sarah Harttung, Sara Kelso, Tia Scarpelli, and help in the lab
preparing the enzyme assays from Sarah Harttung. We thank Jamie
Lamit for help with the coring of the peat. This work was supported
primarily by the USDA Forest Service Northern Research Station
Climate Change Program and the National Science Foundation
(DEB-1146149).



M.M. Wiedermann et al. / Soil Biology & Biochemistry 108 (2017) 1-8 7

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.s0ilbio.2017.01.008.

References

Allison, S.D., Vitousek, P.M., 2005. Responses of extracellular enzymes to simple and
complex nutrient inputs. Soil Biology & Biochemistry 37, 937—944.

Armstrong, A., Waldron, S., Ostle, N.J., Richardson, H., Whitaker, J., 2015. Biotic and
abiotic factors interact to regulate northern peatland carbon cycling. Ecosys-
tems 18, 1395—1409.

Averill, C,, Turner, B.L., Finzi, A.C., 2014. Mycorrhiza-mediated competition between
plants and decomposers drives soil carbon storage. Nature 505, 543.

Bajwa, R., Abuarghub, S., Read, D.J., 1985. The biology of mycorrhiza in the Ericaceae.
10. The utilization of proteins and the production of proteolytic-enzymes by the
mycorrhizal endophyte and by mycorrhizal plants. New Phytologist 101,
469—486.

Baldrian, P., 2009. Ectomycorrhizal fungi and their enzymes in soils: is there enough
evidence for their role as facultative soil saprotrophs? Oecologia 161, 657—660.

Basiliko, N., Stewart, H., Roulet, N.T., Moore, T.R., 2012. Do root exudates enhance
peat decomposition? Geomicrobiology Journal 29, 374—378.

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects
models using Ime4. Journal of Statistical Software 67.

Beer, J., Lee, K., Whiticar, M., Blodau, C., 2008. Geochemical controls on anaerobic
organic matter decomposition in a northern peatland. Limnology and Ocean-
ography 53, 1393—-1407.

Bell, CW,, Fricks, B.E., Rocca, ].D., Steinweg, .M., McMahon, S.K., Wallenstein, M.D.,
2013. High-throughput fluorometric measurement of potential soil extracel-
lular enzyme activities. Jove-Journal of Visualized Experiments. http://
dx.doi.org/10.3791/50961.

Bolker, B.M., Brooks, M.E., Clark, CJ., Geange, S.W., Poulsen, J.R., Stevens, M.H.H.,
White, ].-S.S., 2009. Generalized linear mixed models: a practical guide for
ecology and evolution. Trends in Ecology & Evolution 24, 127—135.

Breeuwer, A., Robroek, B.J.M., Limpens, J., Heijmans, M.M.P.D., Schouten, M.G.C.,
Berendse, F., 2009. Decreased summer water table depth affects peatland
vegetation. Basic and Applied Ecology 10, 330—339.

Buffam, I., Carpenter, S.R., Yeck, W., Hanson, P.C.,, Turner, M.G., 2010. Filling holes in
regional carbon budgets: predicting peat depth in a north temperate lake dis-
trict. Journal of Geophysical Research 115.

Burke, D.J., Smemo, K.A., Hewins, C.R., 2014. Ectomycorrhizal fungi isolated from
old-growth northern hardwood forest display variability in extracellular
enzyme activity in the presence of plant litter. Soil Biology & Biochemistry 68,
219-222.

Charman, DJ. Amesbury, MJ., Hinchliffe, W., Hughes, P.D.M., Mallon, G.,
Blake, W.H., Daley, TJ., Gallego-Sala, A.V., Mauquoy, D., 2015. Drivers of Holo-
cene peatland carbon accumulation across a climate gradient in northeastern
North America. Quaternary Science Reviews 121, 110—119.

Christiansen, C.T., Haugwitz, M.S., Priemé, A. Nielsen, C.S. Elberling, B,
Michelsen, A., Grogan, P., Blok, D., 2017. Enhanced summer warming reduces
fungal decomposer diversity and litter mass loss more strongly in dry than in
wet tundra. Global Change Biology 23, 406—420. http://dx.doi.org/10.1111/
gcb.1336.

Clemmensen, K.E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad, A., Wallander, H.,
Stenlid, J., Finlay, R.D., Wardle, D.A., Lindahl, B.D., 2013. Roots and associated
fungi drive long-term carbon sequestration in Boreal Forest. Science 339,
1615—-1618.

Clymo, R., Turunen, J., Tolonen, K., 1998. Carbon accumulation in peatland. Oikos 81,
368—388.

Cornelissen, J.H.C, van Bodegom, PM., Aerts, R, Callaghan, TV. van
Logtestijn, R.S.P,, Alatalo, J., Chapin, ES., Gerdol, R., Gudmundsson, J., Gwynn-
Jones, D., Hartley, A.E., Hik, D.S., Hofgaard, A., Jonsdottir, LS., Karlsson, S.,
Klein, J.A., Laundre, ]., Magnusson, B., Michelsen, A., Molau, U., Onipchenko, V.G.,
Quested, H.M., Sandvik, S.M. Schmidt, LK., Shaver, G.R., Solheim, B.,
Soudzilovskaia, N.A., Stenstrom, A., Tolvanen, A. Totland, O. Wada, N,
Welker, J.M., Zhao, X., Team, M.O.L., 2007. Global negative vegetation feedback
to climate warming responses of leaf litter decomposition rates in cold biomes.
Ecology Letters 10, 619—627.

Crow, S.E., Wieder, R.K., 2005. Sources of Co-2 emission from a northern peatland:
root respiration, exudation, and decomposition. Ecology 86, 1825—1834.

Dorrepaal, E., Cornelissen, J.H.C., Aerts, R., Wallen, B., Van Logtestijn, R.S.P.,, 2005. Are
growth forms consistent predictors of leaf litter quality and decomposability
across peatlands along a latitudinal gradient? Journal of Ecology 93, 817—828.

Fernandez, C.W., Kennedy, P.G., 2016. Revisiting the “Gadgil effect”: do interguild
fungal interactions control carbon cycling in forest soils? New Phytologist 209,
1382—1394.

Fox, John, Weisberg, S., 2011. An {R} Companion to Applied Regression, second ed.
Sage, Thousand Oaks, CA.

Frolking, S., Roulet, N.T,, Tuittila, E., Bubier, J.L., Quillet, A., Talbot, ]J., Richard, P.J.H.,
2010. A new model of Holocene peatland net primary production, decompo-
sition, water balance, and peat accumulation. Earth Syst. Dynam 1, 1-21.

Gadgil, R.L., Gadgil, P.D., 1971. Mycorrhiza and litter decomposition. Nature 233, 133.

Gorham, E., 1991. Northern peatlands — role in the carbon-cycle and probable

responses to climatic warming. Ecological Applications 1, 182—195.

Hajek, T, 2009. Habitat and species controls on Sphagnum production and
decomposition in a mountain raised bog. Boreal Environment Research 14,
947-958.

Halekoh, U., Hegjsgaard, S., 2014. A kenward-roger approximation and parametric
bootstrap methods for tests in linear mixed models. The R package pbkrtest.
Journal of Statistical Software 59, 32.

Hobbie, E.A., Ouimette, A.P., Schuur, E.A.G., Kierstead, D., Trappe, ].M., Bendiksen, K.,
Ohenoja, E., 2013. Radiocarbon evidence for the mining of organic nitrogen
from soil by mycorrhizal fungi. Biogeochemistry 114, 381—389.

Hothorn, T., Bretz, F., Westfall, P,, 2008. Simultaneous inference in general para-
metric models. Biometrical Journal. Biometrische Zeitschrift 50, 346—363.
IPCC, 2014. Summary for policymakers. In: Field, C.B., Barros, V.R., Dokken, DJ.,
Mach, KJ., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., Ebi, K.L.,, Estrada, Y.O.,
Genova, R.C,, Girma, B., Kissel, E.S., Levy, A.N., MacCracken, S., Mastrandrea, P.R.,
White, L.L. (Eds.), Climate Change 2014: Impacts, Adaptation, and Vulnerability.
Part A: Global and Sectoral Aspects. Contribution of Working Group II to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY,

USA, pp. 1-32.

Kardol, P., Cregger, M.A., Campany, C.E., Classen, A.T., 2010. Soil ecosystem func-
tioning under climate change: plant species and community effects. Ecology 91,
767—-781.

Kerley, S.J., Read, D.J., 1995. The biology of mycorrhiza in the Ericaceae. XVIII. Chitin
degradation by Hymenoscyphus ericaeand transfer of chitin-nitrogen to the
host plant. New Phytologist 131, 369—375.

Kettridge, N., Turetsky, M.R., Sherwood, J.H. Thompson, D.K, Miller, CA.,
Benscoter, B.W., Flannigan, M.D., Wotton, B.M., Waddington, .M., 2015. Mod-
erate drop in water table increases peatland vulnerability to post-fire regime
shift. Scientific Reports 5.

Kivlin, S.N., Treseder, KK., 2014. Soil extracellular enzyme activities correspond
with abiotic factors more than fungal community composition. Biogeochem-
istry 117, 23—37.

Kohler, A., Kuo, A., Nagy, L.G., Morin, E., Barry, KW.,, Buscot, F.,, Canback, B., Choi, C.,
Cichocki, N., Clum, A., Colpaert, J., Copeland, A., Costa, M.D., Dore, ]., Floudas, D.,
Gay, G. Girlanda, M., Henrissat, B.,, Herrmann, S., Hess, ], Hogberg, N.,
Johansson, T., Khouja, H.R., LaButti, K. Lahrmann, U, Levasseur, A,
Lindquist, E.A., Lipzen, A., Marmeisse, R., Martino, E., Murat, C., Ngan, C.Y.,
Nehls, U., Plett, J.M., Pringle, A., Ohm, R.A., Perotto, S., Peter, M., Riley, R,
Rineau, F, Ruytinx, J., Salamov, A., Shah, E, Sun, H., Tarkka, M., Tritt, A., Ven-
eault-Fourrey, C., Zuccaro, A., Tunlid, A., Grigoriev, L.V., Hibbett, D.S., Martin, F.,
Mycorrhizal Genomics Initiative, C., 2015. Convergent losses of decay mecha-
nisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nature
Genetics 47, 410—-U176.

Kurnianto, S., Warren, M., Talbot, J., Kauffman, B., Murdiyarso, D., Frolking, S., 2015.
Carbon accumulation of tropical peatlands over millennia: a modeling
approach. Global Change Biology 21, 431—444.

Kuznetsova, A., Brockhoff, P.B., Christensen, R.H.B., 2015. ImerTest: tests in linear
mixed effects models. R Package Version 2 0—29.

Kuzyakov, Y., Friedel, J.K,, Stahr, K., 2000. Review of mechanisms and quantification
of priming effects. Soil Biology & Biochemistry 32, 1485—1498.

Laiho, R., 2006. Decomposition in peatlands: reconciling seemingly contrasting
results on the impacts of lowered water levels. Soil Biology & Biochemistry 38,
2011-2024.

Lindahl, B.D., Tunlid, A., 2015. Ectomycorrhizal fungi - potential organic matter
decomposers, yet not saprotrophs. New Phytologist 205, 1443—1447.

Linkosalmi, M., Pumpanen, J., Biasi, C, Heinonsalo, ]., Laiho, R., Linden, A,
Palonen, V., Laurila, T,, Lohila, A., 2015. Studying the impact of living roots on
the decomposition of soil organic matter in two different forestry-drained
peatlands. Plant and Soil 396, 59—72.

McDonald, J.H., 2014. Handbook of Biological Statistics, third ed. Sparky House
Publishing, Baltimore, Maryland.

Michelsen, A., Schmidt, LK., Jonasson, S., Quarmby, C., Sleep, D., 1996. Leaf N-15
abundance of subarctic plants provides field evidence that ericoid, ectomy-
corrhizal and non- and arbuscular mycorrhizal species access different sources
of soil nitrogen. Oecologia 105, 53—63.

Miller, R.M., Smith, C., Jastrow, J.D., Bever, ].D., 1999. Mycorrhizal status of the
genus Carex (Cyperaceae). American Journal of Botany 86, 547—553.

Moore, T.R., Roulet, N.T., Waddington, J.M., 1998. Uncertainty in predicting the effect
of climatic change on the carbon cycling of Canadian peatlands. Climatic
Change 40, 229—-245.

Murphy, M., Laiho, R., Moore, T.R., 2009. Effects of water table drawdown on root
production and aboveground biomass in a boreal bog. Ecosystems 12,
1268—1282.

Nilsson, M., Sagerfors, J., Buffam, I, Laudon, H., Eriksson, T., Grelle, A,
Klemedtsson, L., Weslien, P., Lindroth, A., 2008. Contemporary carbon accu-
mulation in a boreal oligotrophic minerogenic mire - a significant sink after
accounting for all C-fluxes. Global Change Biology 14, 2317—2332.

Orwin, KH., Kirschbaum, M.U.F, St John, M.G., Dickie, L.A., 2011. Organic nutrient
uptake by mycorrhizal fungi enhances ecosystem carbon storage: a model-
based assessment. Ecology Letters 14, 493—502.

Potvin, LR, Kane, E.S.,, Chimner, RA., Kolka, RK, Lilleskov, E.A., 2015. Effects of
water table position and plant functional group on plant community, above-
ground production, and peat properties in a peatland mesocosm experiment
(PEATcosm). Plant and Soil 387, 277—-294.


http://dx.doi.org/10.1016/j.soilbio.2017.01.008
http://dx.doi.org/10.1016/j.soilbio.2017.01.008
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref1
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref1
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref1
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref1
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref2
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref2
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref2
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref2
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref3
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref3
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref4
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref4
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref4
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref4
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref4
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref5
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref5
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref5
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref6
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref6
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref6
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref7
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref7
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref7
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref8
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref8
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref8
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref8
http://dx.doi.org/10.3791/50961
http://dx.doi.org/10.3791/50961
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref10
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref10
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref10
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref10
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref10
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref11
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref11
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref11
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref11
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref12
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref12
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref12
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref13
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref14
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref14
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref14
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref14
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref14
http://dx.doi.org/10.1111/gcb.1336
http://dx.doi.org/10.1111/gcb.1336
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref16
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref16
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref16
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref16
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref16
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref17
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref17
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref17
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref18
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref19
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref19
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref19
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref20
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref20
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref20
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref20
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref21
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref21
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref21
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref21
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref22
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref22
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref23
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref23
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref23
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref23
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref24
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref25
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref25
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref25
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref25
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref26
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref26
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref26
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref26
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref27
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref27
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref27
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref27
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref28
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref28
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref28
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref28
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref29
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref29
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref29
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref30
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref31
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref31
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref31
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref31
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref32
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref32
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref32
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref32
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref33
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref33
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref33
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref33
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref34
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref34
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref34
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref34
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref35
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref36
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref36
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref36
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref36
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref37
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref37
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref37
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref38
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref38
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref38
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref38
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref39
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref39
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref39
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref39
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref39
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref41
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref41
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref41
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref42
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref42
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref42
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref42
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref42
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref43
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref43
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref45
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref45
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref45
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref45
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref45
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref46
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref46
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref46
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref47
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref47
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref47
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref47
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref48
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref48
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref48
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref48
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref49
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref49
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref49
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref49
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref49
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref50
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref50
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref50
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref50
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref51
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref51
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref51
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref51
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref51

8 M.M. Wiedermann et al. / Soil Biology & Biochemistry 108 (2017) 1-8

R Core Team, 2013. R: a Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-
project.org/.

Read, DJ., 1996. The structure and function of the ericoid mycorrhizal root. Annals
of Botany 77, 365—374.

Read, D.J., Leake, ].R., Perez-Moreno, J., 2004. Mycorrhizal fungi as drivers of
ecosystem processes in heathland and boreal forest biomes. Canadian Journal of
Botany-Revue Canadienne De Botanique 82, 1243—1263.

Robroek, B.J.M., Jassey, V.E]J., Kox, M.A.R., Berendsen, R.L.,, Mills, RT.E., Cecillon, L.,
Puissant, J.,, Meima-Franke, M., Bakker, P, Bodelier, P.LE., 2015. Peatland
vascular plant functional types affect methane dynamics by altering microbial
community structure. Journal of Ecology 103, 925—934.

Romanowicz, KJ., Kane, E.S., Potvin, L.R., Daniels, A.L, Kolka, RK., Lilleskov, E.A.,
2015. Understanding drivers of peatland extracellular enzyme activity in the
PEATcosm experiment: mixed evidence for enzymic latch hypothesis. Plant and
Soil 397, 371-386.

Sinsabaugh, R.L., 1994. Enzymatic analysis of microbial pattern and process. Biology
and Fertility of Soils 17, 69—74.

Strakova, P., Penttila, T., Laine, ]J., Laiho, R., 2012. Disentangling direct and indirect
effects of water table drawdown on above- and belowground plant litter
decomposition: consequences for accumulation of organic matter in boreal
peatlands. Global Change Biology 18, 322—335.

Talbot, J.M., Allison, S.D., Treseder, K.K., 2008. Decomposers in disguise: mycorrhizal
fungi as regulators of soil C dynamics in ecosystems under global change.
Functional Ecology 22, 955—963.

Thormann, M.N., Currah, RS., Bayley, S.E., 1999. The mycorrhizal status of the
dominant vegetation along a peatland gradient in southern boreal Alberta,
Canada. Wetlands 19, 438—450.

Thormann, M.N., 2006. Diversity and function of fungi in peatlands: a carbon
cycling perspective. Canadian Journal of Soil Science 86, 281—-293.

Toberman, H., Freeman, C., Evans, C., Fenner, N., Artz, R.R.E., 2008. Summer drought
decreases soil fungal diversity and associated phenol oxidase activity in upland
Calluna heathland soil. Fems Microbiology Ecology 66, 426—436.

Treseder, K.K., Torn, M.S., Masiello, C.A., 2006. An ecosystem-scale radiocarbon
tracer to test use of litter carbon by ectomycorrhizal fungi. Soil Biology &
Biochemistry 38, 1077—1082.

Trettin, C.C.,, Laiho, R., Minkkinen, K., Laine, ]., 2006. Influence of climate change
factors on carbon dynamics in northern forested peatlands. Canadian Journal of
Soil Science 86, 269—280.

Turetsky, M., 2003. The role of bryophytes in carbon and nitrogen cycling. The
Bryologist 106, 395—409.

Turetsky, M.R., Benscoter, B., Page, S., Rein, G., van der Werf, G.R., Watts, A., 2015.
Global vulnerability of peatlands to fire and carbon loss. Nature Geoscience 8,
11-14.

Turetsky, M.R., Bond-Lamberty, B., Euskirchen, E., Talbot, J., Frolking, S.,
McGuire, A.D., Tuittila, E.S., 2012. The resilience and functional role of moss in
boreal and arctic ecosystems. New Phytologist 196, 49—67.

Turetsky, M.R., Kane, E.S., Harden, J.W. Ottmar, R.D., Manies, K.L. Hoy, E.,
Kasischke, E.S., 2011. Recent acceleration of biomass burning and carbon losses
in Alaskan forests and peatlands. Nature Geoscience 4, 27—-31.

Vanbreemen, N., 1995. How Sphagnum bogs down other plants. Trends in Ecology &
Evolution 10, 270—-275.

Venables, W.N., Ripley, B.D., 2002. Modern Applied Statistics with S, Statistics and
Computing. Springer New York, New York, NY.

Waddington, ].M., Morris, PJ. Kettridge, N., Granath, G. Thompson, D.K,
Moore, P.A., 2015. Hydrological feedbacks in northern peatlands. Ecohydrology
8, 113—-127.

Ward, S.E., Orwin, K.H., Ostle, N.J., Briones, M.J.I, Thomson, B.C., Griffiths, R.L,
Oakley, S., Quirk, H., Bardgett, R.D., 2015. Vegetation exerts a greater control on
litter decomposition than climate warming in peatlands. Ecology 96, 113—123.

Weltzin, J.F,, Bridgham, S.D., Pastor, J., Chen, J.Q., Harth, C., 2003. Potential effects of
warming and drying on peatland plant community composition. Global Change
Biology 9, 141—-151.

Wickham, H., 2009. ggplot2. Springer New York, New York, NY.

Wieder, R, 2001. Past, present, and future peatland carbon balance: an empirical
model based on Pb-210-dated cores. Ecological Applications 11, 327—342.


http://www.R-project.org/
http://www.R-project.org/
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref53
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref53
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref53
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref54
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref54
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref54
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref54
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref55
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref55
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref55
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref55
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref55
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref56
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref56
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref56
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref56
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref56
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref57
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref57
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref57
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref58
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref58
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref58
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref58
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref58
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref59
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref59
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref59
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref59
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref60
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref60
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref60
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref60
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref61
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref61
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref61
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref63
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref63
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref63
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref63
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref64
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref64
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref64
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref64
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref65
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref65
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref65
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref65
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref67
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref67
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref67
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref68
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref68
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref68
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref68
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref69
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref69
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref69
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref69
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref70
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref70
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref70
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref70
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref71
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref71
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref71
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref72
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref72
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref73
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref73
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref73
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref73
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref74
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref74
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref74
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref74
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref75
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref75
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref75
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref75
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref76
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref77
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref77
http://refhub.elsevier.com/S0038-0717(17)30057-3/sref77

	Interactive plant functional group and water table effects on decomposition and extracellular enzyme activity in Sphagnum p ...
	1. Introduction
	2. Methods
	2.1. Experimental design
	2.2. Decomposition assay
	2.3. Assay for measuring potential extracellular enzyme activity (EEA)
	2.4. Statistical analyses and data visualization

	3. Results
	3.1. Cellulose decomposition assay
	3.2. Sphagnum tissue decomposition assay
	3.3. Potential extracellular enzyme activity (EEA)
	3.4. Water table level manipulation

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


