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Abstract
Aims Plant growth forms can influence carbon cycling,
particularly in carbon-rich ecosystems like northern
peatlands; however, mechanistic evidence of this rela-
tionship is limited. Our aim was to determine if northern
peatland plant growth forms alter belowground dis-
solved carbon chemistry and enhance carbon release
through stimulated microbial metabolism.
Methods We used replicated, peat monoliths populated
exclusively by Sphagnum mosses, graminoids, or bare
peat and quantified changes in belowground dissolved
organic carbon chemistry, microbial metabolism, as well
as respired CO2.
Results The graminoid growth form was significantly
distinct in belowground dissolved organic carbon chem-

istry with carbon compound lability 20 % and 11 %
greater than bare peat and Sphagnummoss respectively.
The labile dissolved organic carbon stimulated the mi-
crobial community, as indicated by greater microbial
metabolic activity and richness values in conjunction
with 50 % higher respired CO2 fluxes under the
graminoid treatment.
Conclusions Our results provide mechanistic evi-
dence that peatland plant growth forms can drive
carbon cycling processes by altering dissolved organic
carbon chemistry to prompt cascading effects on the
microbial community and carbon release — trends
suggestive of microbial priming effects. Should
climate change increase graminoid prevalence at
the expense of Sphagnum moss northern peatland
carbon store stability may be threatened by this
mechanism.
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Abbreviations
AWCD Average well colour development
BIX Freshness index
CO2 Carbon dioxide
DOC Dissolved organic carbon
FI Fluorescence index
HIXEM Humification index
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SUVA254 Specific ultraviolet absorbance at 254 nm
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Introduction

Plant communities have a central role in ecosystem
carbon dynamics, driving carbon uptake via photosyn-
thesis and indirectly regulating carbon release through
decomposition (Dorrepaal 2007; Del Giudice and Lindo
2017). Different plant species vary greatly in their ca-
pacity to take up or release carbon, with implications for
ecosystem level carbon cycling. To address this varia-
tion researchers have organized species into plant func-
tional groups, grouping together species with similar
effects on ecosystem processes (Lavorel and Garnier
2002). Building evidence has demonstrated the success
of this approach, with the plant growth form grouping
acting as a particularly effective predictor of carbon
dynamics — especially for decomposition processes
(Armstrong et al. 2012; Robroek et al. 2016; Walker
et al. 2016). In fact, plant growth form is such a strong
determinant of carbon dynamics that it can have a great-
er influence on decomposition rates than even warming
conditions (Ward et al. 2015), a well-established control
on decomposition (Davidson and Janssens 2006). Yet,
despite the clear predictive capacity of plant growth
form on carbon release, we have a very limited mecha-
nistic understanding of how different plant growth
forms influence belowground carbon processes (Dunn
et al. 2015; Ward et al. 2015; Robroek et al. 2016).

It is understood that plant growth form determines
the quantity and quality of primary, carbon-rich material
introduced into the belowground environment
(Dorrepaal et al. 2005; Del Giudice and Lindo 2017)
― factors that in turn drive microbial decomposition
rates (Blagodatsky et al. 2010). The quantity and quality
of plant contributions to the dissolved organic carbon
(DOC) pool are especially salient to decomposition
because DOC comprises a key energy source for micro-
bial communities (Allison et al. 2010; Blagodatsky et al.
2010). Simple, high-quality root inputs can be particu-
larly important because labile DOC compounds can
significantly enhance decomposition of the soil organic
matter by stimulating or ‘priming’ the microbial com-
munity (Bengtson et al. 2012). However, the specific
effect of different plant growth forms on overall below-
ground DOC quantity and quality remains unclear, even
though this information is key to developing a mecha-
nistic understanding of how plant growth forms influ-
ence belowground carbon dynamics.

Plant and soil linkages that dictate ecosystem-level
carbon dynamics are particularly pertinent for peatland

ecosystems, as peatlands store approximately 30 % of
the Earth’s terrestrial carbon (Gorham 1991; Yu 2012).
These vast stores of carbon in northern peatlands have
accumulated due to the remarkably slow decomposition
rates that characterise this ecosystem (Rydin and Jeglum
2013). Plant growth forms, such as Sphagnummoss, can
strongly contribute to these slow decomposition rates by
producing highly recalcitrant litter (Straková et al. 2010;
Pinsonneault et al. 2016). Conversely, other peatland
plant growth forms, such as graminoids, may actually
stimulate decomposition rates by producing compara-
tively readily-degradable litter (Bombonato et al. 2010;
Straková et al. 2010). Graminoids may also stimulate
decomposition rates by introducing simple carbon com-
pounds into the belowground system as root exudates,
providing energy that stimulates microbial activity,
priming microbial communities for enhanced decompo-
sition (Kuzyakov et al. 2000); however, very few studies
have considered such priming effects in peatland sys-
tems (but see Fan et al. 2013).

Peatland plant growth forms have the potential to
strongly alter peatland belowground carbon dynamics
via differing carbon inputs (Dunn et al. 2015; Walker
et al. 2016). Among the few studies that have considered
peatland plant growth form and belowground DOC
relationships, the findings have been largely incongru-
ent. For example, even broad DOC concentration trends
are wide ranging in the literature, where both non-
significant and significant effects of plant form are both
reported (Armstrong et al. 2012; Dunn et al. 2015;
Robroek et al. 2016). These difficulties appear to reflect
the various limitations of the experimental approaches
employed, such as single time point measurements, the
absence of living plants, and natural variability in local
environmental conditions. Our experiment builds on
this knowledge base by studying belowground carbon
dynamics in replicated, intact mesocosms populated
exclusively by Sphagnum mosses, graminoids, or bare
peat maintained under standardized environmental con-
ditions for nine months. In addition, our study presents
one of the first applications of Biolog Ecoplates® as a
measure of microbial activity in peatland environments.
In doing so, our main objective was to determine if
different plant growth forms influence belowground
DOC quantity and quality to stimulate microbial activity
and carbon release. As graminoids produce root exu-
dates and relatively high quality litter, we anticipated
this growth form would increase both belowground
DOC concentration and biodegradability, resulting in
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increased microbial activity, decomposition rates, and
ultimately carbon release.

Methods and materials

Study site

Intact, vegetated monoliths were collected from a
10.2 ha fen located near the city ofWhite River, Ontario,
Canada (48°21’N, 85°21’W). The research area is part
of the White River Experimental Watersheds Study, a
long-term program that has previously established the
plant community structure, hydrology, and carbon dy-
namics (McLaughlin and Webster 2010; Webster and
McLaughlin 2010), which is maintained by the Ontario
Ministry of Natural Resources and Forestry - Ontario
Forest Research Institute. The 31-year annual average
precipitation and temperature are 970 mm and 2.2 °C
respectively, with a growing season ranging from 70 to
100 days (McLaughlin andWebster 2010;Webster et al.
2013). In January and July the mean temperature values
are −14.2 °C and 14.7 °C respectively; temperatures are
rarely above 0 °C during the winter or 30 °C in summer
(McLaughlin and Webster 2010). The precipitation at
this site dominantly falls as rain, although 40 % occurs
as snowfall (McLaughlin and Webster 2010). Previous
vegetation surveys of the site have documented that
approximately 80 % of the fen is vegetated by
graminoid species, primarily Carex spp. The shrub and
bryophyte species include sweet gale (Myrica gale L.),
leatherleaf (Chamaedaphne calyculata (L.) Moench.),
and Labrador tea (Rhododendron groenlandicum
(Oeder) Kron and Judd), with Scorpidium spp.,
Rhizomnium spp., and Sphagnum spp. as dominant
bryophytes.

Experimental design

In August 2014, 18 intact peat monoliths (10 cm diam-
eter × 20 cm deep) were collected from the study site,
with six monoliths each of exclusively bare soil, Sphag-
num moss cover on bare peat, or graminoid cover on
bare peat (3 treatments × 6 replicates =18 mesocosms).
The dimensions of our mesocosms were modeled from a
successful series of publications considering carbon dy-
namics associated with both Sphagnum mosses and
graminoids (see Fenner et al. 2007a, b). The monoliths
were extracted from regions of relatively homogenous

cover, reflecting treatment conditions. On average the
Sphagnum moss monoliths initially contained 39 ± 4
individuals, while the graminoid monoliths initially
contained 12 ± 2 individuals. Monoliths were collected
by cutting a 10 cm diameter ring using a 40 cm narrow
blade saw and then carefully inserting a PVC pipe into
the ground (10 cm diameter × 25 cm deep) to extract the
intact peat core within the PVC pipe. The collected
monolith was then capped at the base and transported
to the University of Western Ontario’s Biotron Institute
for Experimental Climate Change. Once at the institute a
tapered hole was drilled 1 cm from the base of each
mesocosm and fitted with ½ inch threaded ABS barbed
fitting to form a drain. A 30 cm length of clear vinyl tube
was attached to the fitting for water sample collection as
discussed below. All mesocosms were then placed in a
greenhouse under the ambient growing conditions (de-
scribed below) for 20 weeks to stabilize after the initial
collection disturbance.

The greenhouse used throughout this experiment was
an environmentally controlled system, regulating hu-
midity, atmospheric CO2, and temperature conditions
through fully automated processes (ARGUS Control
Systems Ltd., White Rock, BC, Canada). Specifically,
the relative humidity conditions were not less than 60%,
while the atmospheric CO2 concentrations matched out-
door ambient conditions, averaging 426 ppm. The tem-
perature conditions purposefully followed two regimes,
reflecting pre-growing and growing seasons. During the
pre-growing season (November 1 – April 30) tempera-
ture conditions were held constant at 11.5 °C, with a
naturally reduced average photoperiod of approximately
12 h per day. These conditions allowed us to quantify
and control for differences in belowground chemistry
when plant inputs were minimal. Throughout the grow-
ing season (May 1 – October 31) temperatures were
programmed to the five year running average local daily
maximum and minimum with a maximum annual sum-
mer temperature of 35 °C on 8 Jul 2016. The photope-
riod was also naturally longer throughout the growing
season with an average of approximately 14 h of sun-
light daily. This climate program allowed us to discern
how belowground chemistry changed when plant inputs
were at their highest during the growing season. Unlike
the other environmental variables, water table height
was maintained manually, held at 2 cm below the peat
surface. The water table was maintained via biweekly
top and bottom water additions of dilute Rudolph’s
solution, used to mimic rainwater and subsurface lateral
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transport nutrient delivery (diluted by a factor of 4
and adjusted to pH 5.8; see Faubert and Rochefort
2002). Dilute Rudolph’s solution was also added
below the soil promptly following sampling events
to further maintain the appropriate water table height.
Finally the mesocosms were randomly relocated within
the greenhouse monthly to address any microclimate
effects.

Dissolved organic carbon sampling and analysis

Porewater samples were collected monthly from the
vinyl tubes at the base of the mesocosms from February
2015 – October 2015. The porewater (200 mL) was
collected in clean, pre-rinsed 500 mL Nalgene® bottles
and filtered using ashed, Macherey-Nagel GF-2 glass
filters (pore size 0.5 μm). The filtrate was used to
determine the dissolved organic carbon content mea-
sured as DOC in mg L−1, and carbon quality measured
as the specific ultraviolet absorbance at a wavelength of
254 nm (SUVA254) in L mg C−1 m−1. SUVA254 quan-
tifies the aromaticity of DOC (Weishaar et al. 2003),
where more aromatic carbon compounds indicate less
biodegradable carbon (Kalbitz et al. 2003). Carbon
quality was also determined using excitation-emission
matrix (EEMs) fluorescence spectroscopy analysis and
summarized using three common indices, the fluores-
cence index (FI), the humification index (HIXEM), and
the freshness index (BIX). The FI, HIXEM, and BIX
indices indicate the carbon source, the degree of humi-
fication, and carbon freshness respectively. Microbially
sourced, less humified, fresh carbon tends to be more
biodegradable (Fellman et al. 2010). Filtrate for DOC
and SUVA254 analysis was stored in 30 mL HDPE
bottles, while filtrate for EEMs was stored in 20 mL
acid-washed, glass bottles. All samples were stored in
the dark at 4 °C until analyzed.

The DOC content of the porewater samples was
determined using the persulfate wet oxidation method
using an iTOC Aurora 1030 (OI Analytical, College
Station, TX, USA). The SUVA254 character was quan-
tified using methods outlined by Weishaar et al. (2003).
Specifically, the ultraviolet absorbance at λ = 254 for
each sample was determined using a quartz cuvette with
a 1 cm path length in conjunction with a Spectramax®
M2 spectrophotometer (Molecular Devices Corp., Sun-
nyvale, CA, USA). Absorbance values were then con-
verted to m−1 and divided by the DOC concentration of
the sample to determine the SUVA254 value. The

fluorescence excitation and emission was determined
using a Horiba Aqualog® spectrofluorometer with a
xenon lamp in the Watershed Hydrology Group Labo-
ratory at McMaster University, Ontario, Canada. The
excitation wavelengths ranged from 240 to 600 nmwith
10 nm increments and the emission wavelengths ranged
from 210 to 620 nm with 3.27 nm increments, with an
integration time of 0.5 s. Samples were diluted 1:1 with
ultra pure deionised water to diminish any attenuation of
the light by the sample itself (inner filtering effects). All
samples were normalized using the area under the water
Raman peak at an excitation of 350 nm to address
natural changes in lamp intensity due to decay
(Lawaetz and Stedmon 2009). The produced excitation
and emission matrices were then used to calculate the
aforementioned carbon quality indices using R software
(R Core Team 2012) in combination with the most
recent index equations described by Fellman et al.
(2010).

Respired carbon dioxide

Respired carbon dioxide from combined autotrophic
and heterotrophic sources was determinedmonthly from
February 2015 – October 2015 following the method-
ology established by Carroll and Crill (1997). This
approach resulted in nine separate measures of respired
carbon dioxide from all mesocosms, corresponding with
repeated porewater sample collection. The dark static
chamber measurements were completed using a Licor-
8100A infrared gas analyzer (LI-COR, Lincoln, NE,
USA) in combination with a custom chamber head.
The chamber head was 2.4 L in volume (10 cm diame-
ter, 30 cm height), with a foam seal, and was constructed
of non-translucent PVC to stop photosynthesis during
readings. No internal fans were placed in the chamber
head as initial trials demonstrated the sampling unit
could adequately mix the gas within the relatively small
chamber head. The LI-8100A unit was programmed to
record the air carbon dioxide concentration every 0.5 s,
averaging these values every 4 s over a 2.5 min collec-
tion period. The final carbon dioxide flux values were
corrected for the chamber volume, soil temperature (top
5 cm), air moisture content, initial carbon dioxide con-
centration, and initial pressure as measured by the LI-
8100A unit. The final carbon dioxide flux values are
presented asμmol of CO2 per m

2 per second (μmol CO2

m−2 s−1).
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Vegetative biomass and peat collection

All mesocosms were destructively sampled after nine
months to determine vegetative biomass and collect peat
substrate for microbial community level physiological
profiling. Aboveground vegetation was clipped at the
surface before the monoliths were carefully extracted
from their containers and the coarse live root biomass
(diameter > 0.2 cm) was removed by hand. The collect-
ed vegetative biomass was dried at 60 °C to a constant
weight to give aboveground and root biomass in g as
summarized in Supplementary Table S1. All of the peat
substrate for each mesocosm was then fully homoge-
nized by hand, placed in an individual plastic bag, and
stored in the dark at 4 °C until further processing for
microbial community profiling.

Microbial community level physiological profiling

Differences in the microbial community metabolic pro-
files of peat substrate were determined using Biolog
Ecoplates® (Biolog Inc., Hayward, CA, USA) for nine
of the eighteen mesocosms (3/6 replicates). Ecoplates
are 96 well microplates that contain a triplicate set of 31
different carbon substrates as well as three water control
wells. The carbon substrates vary in quality including
ten carbohydrates, nine carboxylic/acetic acids, four
polymers, six amino acids, and two amine/amide com-
pounds (see Table 3 in Frąc et al. 2012). Themetabolism
of a particular carbon substrate by a microbial commu-
nity is indicated by a colour change caused by the redox-
indicator tetrazolium. To determine the microbial meta-
bolic profile, peat samples were processed using the
methods established by Garland (1996). Specifically,
10 g fresh weight, fully homogenized peat was
suspended in 100 mL of sterile ultra pure water using
sterile techniques, and shaken for 10 min on a wrist
shaker at maximum speed. The sample then settled for
10 min before being serially diluted to 10−3. A plate was
then inoculated with the resultant suspension by adding
150 μl of it to each well. Three replicate sets of carbon
substrates within a plate were averaged for each
mesocosm examined. The well absorbance at 590 nm
was determined using a Spectramax® M2 spectropho-
tometer (Molecular Devices Corp., Sunnyvale, CA,
USA) at the time of inoculation, and every 24 h for
7 days while being incubated at 22 °C.

The raw absorbance data were corrected by
subtracting both the control values and the absorbance

values recorded at the time of inoculation. All resultant
negative values were converted to zero as suggested by
Garland (1997). For each time point the carbon substrate
utilization richness of the microbial community was
determined as an indicator of metabolic richness by
deriving the number of wells with metabolic activity
(absorbance at 590 > 0.25). The average well colour
development (AWCD) was also determined as an indi-
cator of overall microbial metabolic activity using fol-
lowing equation:

AWCD ¼ Σ C–Rð Þ=31
where C is the raw absorbance value at 590 nm for each
well containing carbon substrate, and R is the raw absor-
bance value of the control well (Garland andMills 1991).

Statistics

A one-way repeated measures ANOVA (RM-ANOVA)
with a Tukey post-hoc test was used to consider the
effects of plant growth form on DOC, SUVA254, the
fluorescence index, the humification index, the fresh-
ness index, respired carbon dioxide, carbon substrate
utilization richness, and AWCD over time (Statistica 7,
StatSoft. Inc. 2004). The same test was also used to
determine significant differences in root biomass and
aboveground biomass among treatments. A priori con-
trasts were used to separate the sampling time points
into pre-growing and growing season for the respired
carbon dioxide flux data. However, as the transition
between pre-growing and growing seasons (May)
elected high variability in respiration, a subsequent
RM-ANOVAwas conducted without May for the respired
carbon dioxide flux data, considering the effects of plant
growth form.

Results

Dissolved organic carbon quantity and quality

The concentration of DOC varied seasonally throughout
the experiment, with the lowest values reported for all
mesocosms during the pre-growing season and at the
end of the growing season (F8,120 = 37.31, P < 0.001)
(Fig. 1a). Throughout the pre-growing season the dif-
ferent treatment types had relatively similar DOC con-
centrations, ranging from 17 to 40 mg L−1 across all
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treatments. During the growing season, however, DOC
concentrations significantly increased and were signifi-
cantly different among treatments (Time × Treatment:
F16,120 = 1.88, P = 0.029) (Fig. 1a). Specifically, Sphag-
num moss and bare soil produced significantly more
DOC in porewater than the graminoid treatment during
the growing season. In July differences between treat-
ments were maximized with Sphagnum moss and bare
soil generating 20 % and 15 % more DOC than the
graminoid treatment. The concentrations of DOC under
the Sphagnum moss and bare peat treatments were

relatively similar throughout the entire experiment. At
the end of the growing season all treatments began to
converge, tending towards pre-growing season DOC
concentrations.

The SUVA254 measurements, like DOC, differed sig-
nificantly among treatments over time (F16,120 = 4.02,
P < 0.001), with the highest values for all treatments
occurring during the pre-growing season, indicating
higher molecular aromaticity (Fig. 1b). All SUVA254

values decreased briefly during the early growing sea-
son, but diverged and increased after July 2015 in the
following order: graminoid < Sphagnum moss < bare
peat. Differences between treatments weremaximized at
the experiment’s end with graminoid SUVA254 values
11–20 % lower than the bare peat and Sphagnum moss
treatments. The EEMs fluorescence measurements, con-
versely, did not show any clear seasonal trends, but
instead were relatively consistent throughout the exper-
iment (Supplementary Fig. S1). Unlike the humification
and freshness indices, the fluorescence index did indi-
cate that Sphagnum moss communities produce signif-
icantly and consistently higher FI values (more
microbial-like carbon) throughout the experiment
(F2,14 = 17.66, P < 0.001).

Respired carbon dioxide

Respired carbon dioxide levels responded strongly to
the transition from the pre-growing to the growing tem-
perature schemes, resulting in a spike in respired carbon
dioxide flux values in May 2015. During this month
some individual measures were 139 % greater than
average carbon flux values for the experiment. This
disturbance masked much of the treatment response
over time, as substantiated by the a priori contrast test,
which demonstrated that pre-growing season respiration
(Feb 2015 – Apr 2015) was significantly lower than the
growing season (Jun 2015 – Oct 2015) when May was
excluded from the contrasts (F3,43 = 4.53, P = 0.008). As
such, the May respiration values were dropped from the
subsequent RM-ANOVA analysis. Prior to the change to
variable temperature regimes, respired carbon dioxide
rates were highly uniform across treatments, but from
July until the end of the growing season, the graminoid
community produced significantly higher values than
either the Sphagnum moss or bare peat treatments
(F14,105 = 2.74, P = 0.002) (Fig. 2). Specifically, during
the month of July the graminoid treatment released

(a)

(b)

Fig. 1 The influence of plant growth form over time on a dis-
solved organic carbon concentration and b carbon quality mea-
sured as specific ultraviolet absorbance at the wavelength 254 nm
(SUVA254) in peatland mesocosm porewater (mean ± SE). The
vertical dashed line denotes the two temperature regimes imple-
mented with the pre-growing season occurring from February
2015 to April 2015 (left of the dashed line), and the growing
season occurring May 2015 to October 2015 (right of the
dashed line)
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approximately 50 % more respired carbon dioxide then
either of the other treatments.

Microbial community level physiological profiling

The AWCD and microbial metabolic richness both in-
dicated that the microbial community characteristics
significantly differed among treatments (Fig. 3). The
AWCD demonstrated that after 72 h of incubation the
graminoid and Sphagnum moss communities had sig-
nificantly higher microbial activity compared to the bare
peat treatment (Incubation Time × Treatment:
F12,36 = 3.24, P = 0.003), with the numerically greatest
microbial activity occurring under the graminoid treat-
ment. The microbial metabolic richness measures indi-
cated that after 72 h of incubation the graminoid treat-
ment had a microbial community that utilized a greater
number of carbon substrates than either the Sphagnum
moss or bare peat treatments (Incubation Time × Treat-
ment: F12,36 = 2.07, P = 0.045). These differences were
most apparent after 168 h of incubation with graminoid
microbial metabolic richness values approximately
20 % higher than either the Sphagnum moss or bare
peat.

Discussion

Our experiment demonstrates that plant growth form,
specifically graminoids, can influence ecosystem carbon

dynamics directly through increased labile carbon con-
tributions with cascading effects through stimulation of
the microbial community. These results are important
for northern peatlands as they store globally significant
quantities of terrestrial carbon (Gorham 1991; Yu 2012),
which if released into the atmosphere could intensify
climate change conditions. Recent studies have shown
that northern peatlands, when exposed to climate change
scenarios, will undergo vegetation restructuring events,
increasing the prevalence of vascular growth forms like
graminoids at the expense of Sphagnum moss (Weltzin
et al. 2000; Wiedermann et al. 2007; Dieleman et al.

Fig. 2 The effect of different plant growth forms on respired CO2

rates reported monthly for the duration of the experiment
(mean ± SE)

(a)

(b)

Fig. 3 Measures of microbial activity and microbial metabolic
richness as indicated by a average well colour development and b
carbon substrate utilization richness (mean ± SE). Both average
well colour development and carbon substrate utilization richness
were determined from peat samples collected at the experiment’s
end and incubated in Biolog Ecoplates® for seven days
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2015). Alongside these vegetative restructuring events
we predict there will be an increase in the prevalence of
simple, non-aromatic DOC compounds belowground
via senescing fine root biomass and root exudate inputs
(Crow and Wieder 2005; Robroek et al. 2016) in the
short-term, and through changes in leaf litter quality in
the long-term (Pinsonneault et al. 2016). These predict-
ed vegetative restructuring events are also anticipated to
be self-reinforcing, altering the local environment to
increase resource cycle rates, and thus resource avail-
ability (Eppinga et al. 2009). Our data adds support to
this prediction, indicating graminoid inputs can be
completely mineralized throughout the growing season
when plant inputs are maximized, keeping DOC con-
centrations low and carbon dioxide release high.

Belowground, labile DOC compounds stemming
from graminoids can function as a readily available
microbial energy source (Fenchel et al. 1998; Philippot
et al. 2013), as shown through increasing microbial
activity and metabolic richness in our study. These
trends fit well with work by Robroek et al. (2016) who
demonstrated the removal of peatland vascular vegeta-
tion (graminoids, shrubs, graminoids/shrubs) consis-
tently lowers overall potential microbial activity, most
likely due to the loss of simple root exudate inputs
(Kuzyakov 2010). Increased DOC lability, metabolic
activity and richness, alongside increased respired car-
bon dioxide are suggestive of microbial priming effects.
Microbial priming effects refers to the addition of or-
ganic or mineral substances that stimulate soil organic
material (SOM) turnover rates, and are indicated by
increased respired carbon dioxide release produced
via elevated microbial metabolism, microbial bio-
mass production, and microbial exoenzyme release
(Blagodatskaya and Kuzyakov 2008). Microbial
priming effects have been well established in mineral
soils, however relatively few studies in organic soils
have considered the phenomenon, particularly in a
peatland context (Fan et al. 2013). We provide three
points of support on the phenomenon of microbial
priming effects in this study: 1) associative trends
with root exudates and the presence of labile carbon
belowground, 2) increased microbial metabolic rich-
ness and activity, and 3) enhanced respiration.

Root exudates are composed of predominantly sim-
ple, labile carbon compounds, and are hypothesized to
be produced by plants to induce microbial priming
effects as a competitive strategy to gain nutrients in the
rooting zone (Gunina and Kuzyakov 2015). The

significantly lower SUVA254 values found under the
graminoid treatment in our study indicates this plant
growth formwas introducing simple carbon compounds
belowground during the growing season, presumably as
root exudates (Crow and Wieder 2005). That said the
clear effect of different plant growth forms on SUVA254

values did not become apparent until July 2015, after
which the bare peat, Sphagnum moss, and graminoid
treatments diverged. These trends fit well with
established soil microbial biomass seasonal trends,
where the microbial community rapidly builds biomass
using readily available carbon resources fromApril until
June, only to have notable decline or stabilization in
biomass for the remainder of the growing season (see
Buckeridge et al. 2013). These seasonal trends in SU-
VA254 values may also have been due to natural varia-
tion in root exudate quality, as a number of environmen-
tal variables that vary with season influence root exudate
composition (Badri and Vivanco 2009). In addition to
SUVA254 we used EEMs to monitor changes in DOC
quality. However, EEMS measures proved to be a less
sensitive indicator of plant induced changes in DOC
lability, with only the Fluorescence Index (FI) demon-
strating a difference in DOC quality with treatment.
Still, it is clear graminoids are providing a source of
labile carbon compounds for the belowground environ-
ment, a key component of microbial priming effects
(Kuzyakov et al. 2000; Zhu et al. 2014).

Our study presents one of the first applications of
Biolog Ecoplates® as a measure of microbial activity
and metabolic richness in peatland environments, pro-
viding data that support the presence of microbial prim-
ing effects. Microbial activity and metabolic richness
were greatest under the vegetated treatments, with the
highest values observed under the graminoid treatments.
This result suggests that the microbial community was
more active and was able to decompose a wider range of
carbon compounds. These findings fit well with work
by Fontaine et al. (2007), who demonstrated microbial
priming effects in organic soils require a constant labile
carbon source in order to decompose recalcitrant carbon
stores. Such a microbial community would be highly
active with a structurally complex metabolism, able to
breakdown both simple and complex compounds — as
we observed under the graminoid treatment.

Lastly, the release of ‘extra’ respired carbon dioxide
from amended soil in comparison to unamended soils is a
hallmark of microbial priming effects (Kuzyakov 2010).
That said, in order to incorporate the contributions of
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living plant material to belowground carbon cycling, we
utilized fully vegetated, intact peat monolith in our ex-
periment, and in doing so included live plant respiration
in our total respired carbon dioxide values. In many
mineral soil ecosystems these autotrophic respiration
contributions can be substantial, comprising 61–74 %
of respired carbon dioxide (Griffis et al. 2004; Gomez-
Casanovas et al. 2012). Peatlands, however, are a unique
ecosystem where microbial heterotrophic respiration
alone can constitute 70 % of the respired carbon dioxide
(Dorrepaal et al. 2009)— renderingmicrobial respiration
the probable driver of our respired carbon dioxide
trends. For added confidence we regressed the total
destructively-sampled plant biomass against average
respired carbon dioxide values from each mesocosm
in our study and found no significant relationship
(data not shown). These results do not negate the con-
tribution of live plants to respired mesocosm-level car-
bon dioxide, but suggest that respired carbon dioxide
trends were not driven by autotrophic respiration.

To better simulate the carbon dynamics of Sphagnum
moss and graminoid communities we used intact peat
monoliths. This allowed the supporting peat material to
vary naturally amongst the treatments, potentially driv-
ing carbon dynamics. To isolate and quantify the effect
of the supporting peats on carbon dynamics we instated
a pre-growing season, where cooler temperatures and
shorter photoperiod conditions combined to minimize
plant productivity. Accordingly, any detectable and sta-
ble differences amongst the treatments during the pre-
growing season would be driven by the supporting
peats. Instead, differences amongst treatments tended
to be minimized during the pre-growing period for most
variables, especially DOC concentration and respired
CO2. Even in the case of SUVA254 clear, consistent
differences between treatments did not arise until well
into the growing season when plant inputs were maxi-
mized. Thus, even though supporting peats undoubtedly
influence carbon dynamics, labile root exudates gener-
ated rapidly by plants during the growing season are
most likely driving our trends.

While our study presents evidence for microbial
priming-like effects in peatland ecosystems, it is not
possible to confidently discern if these priming-like
effects are what the literature terms ‘real’ or ‘apparent’
(Blagodatskaya and Kuzyakov 2008). Real priming ef-
fects occur when the microbial community is stimulated
to breakdown SOM, releasing the soil carbon as carbon
dioxide. In the context of peatland carbon storage real

priming effects would result in the breakdown and
release of ‘old’ carbon stored in the peat matrix. Ap-
parent priming effects also increase carbon dioxide
release, but are due to intensified microbial metabo-
lism and biomass turnover, leaving SOM decomposi-
tion rates unaltered (Blagodatsky et al. 2010). That
said, apparent priming effects are generally considered
highly transient, lasting less than 14 days (Blagodatsky
et al. 2010; Blagodatskaya et al. 2011). Real priming
effects, conversely, can be sustained for several
months (Blagodatsky et al. 2010). Thus, the increased
carbon dioxide response under the graminoid treatment
that was maintained for the duration of the growing
season in our study is supportive of real priming effects.
Real priming effects in organic soils are also associated
with microbial communities capable of metabolizing an
increased range of carbon compounds (Fontaine et al.
2007), a characteristic we observed under the graminoid
treatment. Additionally, real priming effects corroborate
emerging research on peatland plant growth forms that
demonstrates graminoids enhance ancient SOM release
(Walker et al. 2016). Our research suggests labile carbon
from the graminoids primes microbes to decompose
ancient SOM — in turn providing a mechanistic expla-
nation for the findings of Walker et al. (2016).

The carbon stores of northern peatlands have been
the focus of a remarkable research effort, resulting in the
discovery of numerous carbon cycling controls
(Limpens et al. 2008). Recent research efforts have
demonstrated the importance of plant growth forms in
governing carbon processing in peatlands (Ward et al.
2015; Walker et al. 2016), although a mechanistic un-
derstanding of these findings has remained limited
(Robroek et al. 2016). As climate change conditions
are anticipated to restructure peatland plant communi-
ties (Wiedermann et al. 2007; Dieleman et al. 2015) this
knowledge gap has become important to anticipating the
stability of peatland carbon stores in the future
(Armstrong et al. 2015). Our work demonstrates that
graminoids significantly alter belowground processes
by introducing labile DOC, which in turn increases
microbial activity and metabolic richness to increase
respired carbon dioxide release. These findings are sug-
gestive of microbial priming effects demonstrated in
mineral soils. Thus, climate change driven shifts in
peatland plant communities, from Sphagnum moss to
graminoid dominated systems, may prime belowground
environments and potentially enhance the release of
carbon stores.
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