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Abstract. An 18-month reciprocal peat transplant experi- The §13C value increased downcore at both CB and VJJ.
ment was conducted between two peatlands in the CzeclAt VJJ, however, 20 cm below surface, a reversal to lower
Republic. Both sites were 100%phagnuntovered, with  §13C downcore was seen. Based #Pb dating, peat at
no vascular plants, and no hummocks and hollows. Atmo-20-cm depth at VJJ was only 15 years old. Increasiig
spheric depositions of sulfur were up to 10 times higher atvalues in VJJ peat accumulated between 1880-1990 could
the northern site Velke jerabi jezero (VJJ), compared to thenot be caused by assimilation of atmospheric@&adually
southern site Cervene blato (CB). Forty-cm deep peat coresnriched in the light isotop&C due to fossil fuel burning.
10-cm in diameter, were used as transplants and controlRather they were a result of a combination of isotope frac-
in five replicates. Our objective was to evaluate whethertionations accompanying assimilation and mineralization of
CO, and CH, emissions fronBphagnunpeat bogs are gov- SphagnunC. These isotope fractionations may record infor-
erned mainly by organic matter quality in the substrate, ormation about past changes in C storage in wetlands.
by environmental conditions. Emission rates aneC val-
ues of CQ and CH, were measured in the laboratory at time
t =18 months. All measured parameters converged to thos?[
of the host site, indicating that, at least in the short-term
perspective, environmental cond|t|o_ns_ WETE & MOTe IMPOTy, ¢ estimated that one third of global soil carbon is stored
tant control of greenhouse gas emissions than organic cat- . .
L . in wetlands, mainly at northern latitudes (Woodwell, and
bon quality in the substrate. Since sulfate reducers outcom; . . o
: .Mackenzie, 1995). According to most atmospheric circu-
pete methanogens, we hypothesized that the S-polluted snle . L .
o ation models, it is these northern latitudes where global
VJJ should have lower methane emissions than CB. In factWarmin will be most pronounced during the 21st centu
the opposite was true, with significantly &0.01) higher 9 b 9 Y

- . . . (IPCC, 2007). Microbial activities and solubilities of dis-
methane emissions from VJJ. Additionally, as a first step in
an effort to link C isotope composition of emitted gases andSOIVe<j gases are strongly temperature-dependent (Moore et
P P 9 al., 1998). Therefore, recent studies have focused on whether

residual peat substrate, we determined whether multiple Veliinning of peat deposits and higher emissions of areenhouse
tical 513C profiles in peat agree. A high degree of within-site gotp P 9 g

homogeneity ins13C was found. When a specific vertical gases may contribute to stronger climate forcing, aocckl-

13 . erate temperature increases (Updegraff et al., 2001; Yauvitt
§1°C trend was seen in one peat core, the same trend was N . ;
also seen in all the remaining peat cores from the wetlandet al,, 2005). Using inverse modelling, Mikaloff Fletcher et
gp al. (2004) showed greater importance of the wetland global
source of CH than previously thought. Some carbon (C)

sequestration studies have suggested that local hydrological
Correspondence tal. Novak factors are more important than climate (Yu et al., 2001).
BY (martin.novak@geology.cz) For Holocene peat profiles, concave plots of total mass
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vs. age have indicated continuous decomposition throughout Atmospheric sulfur
the peat column (Wieder and Vitt, 2006). Over time, the ef- deposition

ficiency of peatlands as atmospheric C sinks diminishes (Be- 5]
lyea, and Clymo, 2001). Bl > 25 kg ha' yr

Part of C photosynthesized in peatlands is returned to the Poland Ll <25kgha’yr’
atmosphere as GO Autotrophic and heterotrophic respira-
tion comprise ca. one third of CQuptake via photosynthe-
sis (Heikkinen et al., 2002). Methane is formed either from
acetate dissimilation (acetate pathway) or bicarbonate reduc:
tion (hydrogen pathway). In northern peatlands, acetate path-
way dominates in shallow anaerobic peat layers, benefiting
from warm summers and a relatively large supply of fresh la-
bile organic matter from the acrotelm. The importance of the t
hydrogen pathway increases at greater peat depths with lowe
availability of labile organic carbon molecules (Hornibrook
etal., 1997).

Isotopes can be used to constrain the global budgets of
greenhouse gases, including £énd methane (Bouwman,
1999). When isotope abundances in an atmospheric gas
change, a shift in sources or sinks of the gas is indicated
Thus, isotopes may be instrumental in identifying a previ-
ously unknown source or sink of greenhouse gases. Anaero-
bic decay produces CHtlepleted in*°C, and CQ enriched Our third objective was to evaluate whether £&d ChHy
in 13C, relative to the source substrate (Gu and Schelskeemission rates iBphagnunpeat bogs are governed mainly
2004). Several attempts have been made to isotopicallyy organic matter quality in the substrate, or by environ-
link two complementary reservoirs of carbon, solid peat sub-menta| conditions. Again, we used the north-south pollu-
strate, and atmospheric gases (Lansdown et al., 1992; Jedryjpn gradient in Central Europe, and conducted a reciprocal
sek et al., 2005; Clymo and Bryant, 2008; Knorr et al., peat transplant experiment between a highly polluted and a
2008). Thes**C values can potentially be a useful tracer of reatively unpollutedSphagnunbog. Reciprocal transplants
past methane emissions because biogenic methane contaigorganic soil among contrasting sites were previously used
isotopically extremely light C (Woodwell, and Mackenzie, g study the effect of site-specific controls on biogeochem-
1995). Can removal of this isotopically light C from peat be jca| (Mulligan and Gignac, 2001; Keller and Bridgham,
detected in isotopically heavier residual organic C remainingz0o7;: Westbrook et al., 2006) and biological (Sohlenius and
in situ? An analysis of various aspects of this question wasgpstrom, 1999) variables. Recipro@phagnuniransplant
presented by Clymo and Bryant (2008). Before any isotop€eyperiments were performed by Wieder and Yavitt (1994),
mass balance considerations are made, the degree of WithiRe,yitt and Wieder (2000), and Yavitt et al. (2005). We hy-
site and between-site homogeneitysit'C values of verti-  pothesized that if organic matter quality in the substrate, i.e.,
cal peat profiles must be assessed. Upscaling the results ghe ratio between labile and recalcitrant C forms, is the pri-
research plot studies is possible only if a variety of sites €X-mary control of terminal C mineralization, the emissions of
hibit similar isotope features. Our first objective was t0 iso- co, and CH, from the host site will remain similar to those
topically analyze bulk C in a number of replicate peat coresat the home site. If environmental parameters are the primary

within two contrastingsphagnumvetlands, and compare the control, the emissions of Gand CH, will become similar
vertical $13C profiles. We discuss possible explanations of 5 the host site.

the found verticab3C profiles in solid peat.

Our second objective was related to the fact that the current
rate of increase in methane concentrations in the atmospherg Materials and methods
is lower than several decades ago (Dise and Verry, 2001).
Suggestions have been made that elevated sulfur depositior’s1 ~ Study sites
in industrial countries have led to suppression of methane
emissions from wetlands and rice paddies (Wieder and Vitt,The two peat bogs selected for the reciprocal transplant ex-
2006). Thermodynamically, anaerobic bacterial sulfate reperiment (Fig. 1, Table 1) represented extremes in atmo-
duction outcompetes methanogenesis (Lamers et al., 200&pheric S deposition. The northern site, Velke jerabi jezero
Blodau, and Moore, 2003). We used a sharp north-soutl{VJJ), is located in the “Black Triangle” region, one of
pollution gradient in Central Europe to investigate whetherthe most polluted parts of the world. The Black Triangle
higher S inputs lead to lower rates of methanogenesis. comprises the northern Czech Republic, southeast Germany

Germany

CB Czech Republic
°

Slovakia

Austria
0 km 100

ig. 1. Location of the studied peatlands. Sulfur pollution contours
from Novak et al. (2005).
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Table 1. Characteristics of the studied peat bogs.

Site Location Elevation Mean Annual Annual Annual Bog water
(m) annual precipitation sulfur nitrogen pH
temperature (mm) depositio?  depositiod
(°C) (kghal)  (kghah)
Velke jerabi ~ 50°24'N 930 4.0 1000 28.7 23.4 3.0-5.5
jezero (VJJ) 12°36 E
Cervene blato 48°52' N 450 7.8 600 7.6 11.8 25-5.0
(CB) 1347 E

@ Atmospheric S and N inputs into semi-open peat bogs were calculated as arithmetic mean of open-area deposition and spruce canop
throughfall.

transported to the laboratory and analyzed. At each site,
additional five cores were transplanted back to their origi-
VAN CB nal positions. Before replacing the five cores into the soil
at their home sites, the cores were removed from the PVC
S. riparium Angstr.  S. magellanicum cylinders, wrapped individually with plastic mesh (openings
S. girgensonii Russ.  S. capillifolium 2.5mmx2.5mm), leaving the surface free. The mesh was
S. russowii Warnst.  S. augustifolium fastened around each peat core and secured with cable ties.
S. acutifolium S. cuspidatum At each site, the remaining five cores were capped and placed
vertically into a cooler for immediate transport to the host
site. Five replicate peat cores were transplanted from VJJ to
o ) CB, and five replicate cores from CB to VJJ. Upon arrival
and southern Poland. VJJ is situated in the Krusne NOry yhe nost site, the five peat cores were removed from PVC
Mts. near a cluster of coal-fired power plants, which were . jinqjers wrapped with mesh and inserted into the positions

built in the 1950s, but had desulphurization units installed ¢ i |ocal peat cores, which had been previously collected
only in the mid-1990s. SprucgPicea abies)stands died and transported to their host site.

back on 1000krhin the Black Triangle between 1975 and The transplanted cores remained in the soil for 18 months.

1995, partly as a result of high atmosphericoS@ncen- |, sentember 2003, we retrieved 10 cores from VJJ (five con-
trations.  In the vicinity of VJJ (25km north-west of the | cores originating from VJJ and five transplanted cores
power plants), symptoms of crown thlnnnjg and neec_ile ye"originating from CB) and 10 cores from CB (five control

lowing were observed. The industrial air pollution in the ¢, a5 originating from CB and five transplanted cores origi-

area peaked in 1987, with the highest spruce throughfall Ofnating from VJJ). The cores were transported to the labora-
160kg Sha'yr~! recorded at the nearby Jezeri (Novak et ;.

al., 2005). After 1987, industrial emission rates decreased Cylindrical incisions in peat may impact the field exper-

rapidly, and are now 90% lower. ) . iments (see Yavitt et al., 2005 and references therein). For
The southern site, Cervene blato (CB, Fig. 1, Table 1), iSgyample, exudate dynamics of severed roots are affected for
located in the relatively unpolluted Trebon Basin, a natura'several hours. The length of our experiment (18 months)

preserve near the Czech border with Austria. The bog is‘nowever, permits equibrium to be reached soon after its be-

surrounded by healthy mature spruce stands. The distanGgnning. In a transplanted peat core, pore water of the host
between CB and VJJ is 220 km. CB is currently four imes gje rep|aces pore water of the home site within several days
less F_’O”“ted with atmospher_|c S and twice less polluted Withater jnsertion into its new position. The reason is high hy-
reactive forms of atmospheric N, compared to VJJ. draulic conductivity in topmost 30 to 40 cm of the bog.

In month 18, we were able to recover peat cores that were
somewhat shorter than peat cores analyzed at time 0 (30
A total of 30 peat cores, 40-cm long, 10-cm in diameter, vs. 40 cm). With no roots of vacular plants, peat at the bottom

were collected in April 2002 using polyvinylchloride (PvC) ©f the cores was nearly fluid and some of it may have been
cylinders with a sharpened bottom edge. Fifteen peat corel©St Py advection of bog water when being transplanted.
were collected at VJJ and 15 peat cores at CB. All cores were ©ON€ 50-cm long, 10-cm in-diameter, peat é:ore was col-
taken from peat lawns whose surface was 1@ghagnum  lected from each VJ and CB in April 2002 6t°Pb dating
covered, with no vascular plants. Predomina@ghagnum  ©f Peataccretion history.

species are given in Table 2. Five cores from each site were

Table 2. Sphagnunspecies present at the two study sites.

S. fallax v. Klinggr.  S. fallax v. Klinggr.

2.2 Design of peat transplant experiment

www.biogeosciences.net/7/921/2010/ Biogeosciences, 793212010
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2.3 Analysis 0 0
Five 40-cm long peat cores per site taken into the laboratory | or
at timer = 0 (April 2002) were frozen, cut into 2-cm thick
segments, dried at 6, weighed, and homogenized. Ash
content was determined on a 0.5g aliquot at §50Car-
bon concentrations were measured on a Carlo Erba Elemen  **[ —o—vu By —0—VJJ
tal Analyzer and corrected for ash content, C isotope compo- .| =% o
sitions were determined on a Finnigan MAT 251 mass spec- 0 5 100 150 200 1840 1880 1920 1960 2000
trometer following on-line combustion of the peat. Carbon Cumulative dry mass (g) Age (yean)
isotope data are given in the usual notatiors&%C values
relative to the V-PDB standard. Reproducibility&3C de-
terminations was better than0.3%o.

The two 50-cm long peat cores were processed as above.

Three grams of pulverized peat from each 2-cm section wergercept and slope for each sample to account for only con-
digested with HCI and HN@ spiked with?**Po as a chem- itional independence of repeated observations. Using the
ical yield tracer, and'Po, along witl?%%Po were plated on  method of restricted maximum likelihood, estimates of the
Ag discs (Vile et al., 2000). Polonium activities were mea- mean intercepts, mean slopes, covariance matrix and resid-
sured on an EG&G Ortec 576 A dual spectrometer, and yal variance were computed. The estimated mean evolution
21%p dates calculated. of CO, and CH, emissions is shown in Figs. A1 and A2 in

A 27-hour laboratory incubation study was performed to the Electronic AnnexHitp://www.biogeosciences.net/7/921/
assess C®and methane emission potentials from trans-2010/bg-7-921-2010-supplement.pdf
planted and control peat cores extruded in September 2003.
The duration of the incubation was chosen in accord with
previous studies that reported linearity of both £énd 3 Results
methane emission rates over time (Vile et al, 2003; Turet- _ )
sky, and Ripley, 2005). Three peat cores were randomly3-1 Peataccretion history
selected from each of the following four treatments: CB , , ) , )
cores extruded from CB, CB cores extruded from VJJ, VJJCumuIatlve dry mass increased smoothly with an increasing

cores extruded from VJJ, and VJJ cores extruded from CB.Olepth and age at both sites, and was slightly higher at CB
The headspace was purged with for 10min. The 12 than at VJJ (Fig. 2a). Lead-210 dates revealed faster peat
capped peat cores were anaerobically incubated 2 201d accumulation at the northern, colder site VJJ, compared to

gas samples taken 2, 4, 8, 12 and 27 h after the beginnin e southern, warmer site CB (Fig. 2b). At a depth of 34cm,
of the incubation. At each time, 60 mL of headspace ga eat at CB was 140 years old, whereas peat at VJJ was just

were removed using a syringe and injected into an evacu®® Years old.
ated Hungate tube. An additional 60 mL of Mere added .

. .2 Downcore C concentration trends
to each headspace for vacuum prevention, and headspace di-

lution corrections were made. Concentrations 0,GDd  The vertical C concentration patterns differed between the

CHs were determined on a Shimadzu 14A gas chromatoy,, sites (Fig. 3). Whereas C concentrations at VJJ steadily
graph. Rates of C£and CH emissions were estimated from i creased with an increasing peat depth, those at CB showed
changes in headspace concentrations over time. Hungaig; vertical gradient.

tube content was transferred by He carrier into a line for trace

gas measurements. @@as collected in a condensation 3.3 Downcore§l3 C trends

trap, CH; was combusted over Pd catalyst. THEC values

were determined with reproducibility better thar®.5%o. Also the vertical trends id13C values of bulk peat differed
Following the 27-hour laboratory incubation, the 10 peat between the two sites (Fig. 3). With an increasing depth, peat

cores previously transplanted to their host site (five from CBat CB became progressively enriched in the heavier isotope

to VJJ, and five from VJJ to CB) were frozen, cut into 2-cm 13C (highers13C values). In contrast, peat from VJJ exhib-

thick segments, dried at 6C, weighed, and homogenized. ited a clear-cus3C maximum at a depth of 20 cm below sur-

Bulk C concentrations angf3C values were determined for face. Between 0 and 20 cm, peat at VJJ became progressively

each 2-cm thick peat segment. enriched in the heavier isotopéC, similar to CB. However,
Statistical analysis was performed using linear mixedat depths greater than 20 cm, peat at VJJ became progres-

models (Laird and Ware, 1982) and the R 2.6.2 software (Rsively enriched in the lighter isotogéC, and thes*3C values

Development Core Team, 2008). For £é@nd CH, emis-  decreased with increasing depth. Importantly, at both sites,

sions, a linear mean evolution was used with random in-when a specific vertical-3C trend was seen in one peat core,

20 |
25
30 |

Depth (cm)
Depth (cm)

Fig. 2. Peat accretion historya) cumulative dry masgp) 21%b
dates.
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Depth (cm)

Fig. 3. Carbon concentration ant#3C values in replicated peat

cores.
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Fig. 5. Effect of the peat transplant at3C values (means SE,
n=0>5).

ning of the experiment. “VJJ” are peat cores taken from VJJ
to the laboratory at the beginning of the experiment. “CB to
VJJ" are peat cores originating from CB which were trans-
planted to VJJ for 18 months, and then analyzed. “VJJ to
CB” are peat cores originating from VJJ, which were trans-
planted to CB for 18 months, and then analyzed.

As seen in Fig. 4, transplanting peat cores from VVJJ to CB
had no effect on the vertical C concentration gradient: both
sets of peat cores originating from VJJ had higher C con-
centrations at greater depth than at peat surface (cf., Fig. 4a
and 4b). CB peat cores had similar C concentrations at all
depths. When peat cores were transplanted from CB to VJJ,
higher C concentrations were seen at greater depths. The
CB to VJJ carbon concentration profiles were similar to VJJ
concentrations at the beginning of the experiment (Fig. 4b).
A complementary representation of the C concetration data
is in Fig. A5 (Electronic AnnexHtttp://www.biogeosciences.
net/7/921/2010/bg-7-921-2010-supplemenfpdh overlay
plot for CB and CB to VJJ).

As seen in Fig. 5, transplanting peat cores between sites
had little effect on their vertical'3C trends. CB to VJJ peat
cores exhibited highes3C values downcore, identical to
CB peat cores (Fig. 5a). VJJ to CB peat cores exhibited a

Effect of the peat transplant on C concentration Peakins'C values at 20-cm depth, similar to VJJ peat cores

(meansk SE,n =5). Asterisks denote statistically significant dif- (Fig. 5b).
ferences p < 0.05).

3.5 Emissions of CQ and CH4 from incubated peat

the same trend was also seen in all the remaining peat coreghe 27-hour incubation was performed on peat cores taken
There was a high degree of within-site homogeneity in verti-into the laboratory at time= 18 months. The four preced-
cal $13C trends.

3.4 The effect of peat transplant on substrate C

Figures 4 and 5 show mean C concentrationssaA@ values

ing treatments (transplant types) included: CB to CB, CB
to VJJ, VJJ to VJJ and VJJ to CB. Detailed time series of
concentrations of C®and CH, and theirs13C values dur-
ing the 27-hour incubation are depicted in Figs. A1-A4 in
the Electronic AnnexHttp://www.biogeosciences.net/7/921/

for five replicate peat cores per treatment, along with stan2010/bg-7-921-2010-supplement.pdfCO, concentrations
dard errors. The four treatments are marked as follows: “CB”increased linearly in all four treatments. Methane concentra-
are peat cores taken from CB to the laboratory at the begintions increased in three treatments during the first 12 h.

www.biogeosciences.net/7/921/2010/
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Fig. 6. The concentration and C isotope composition of,GIbd methane emanating from peat at the end of the transplant experiment
(meant SE,n = 3). Different letters denote statistically significant differenges0.05).

3.6 Comparison of CGQ and CH4 emissions among general, transplanting peat cores to a host site resulted in ei-

treatments ther a decrease or an increasé1AC so that the C isotope
composition became more similar to the host site (Fig. 6).

Figure 6 compares COand CH, emission rates ané3C

values among the four transplant types, obtained from the

27-hour laboratory incubation. All data in Fig. 6 were mea-4 Discussion

sured at room temperature (ZI). For both CQ and CH;,

the same relative magnitude of emission rates was observed-1 C sequestration in peat

CB to CB had the lowest gas emission rates, VJJ to VJJ ) ) ) L )

had the highest gas emission rates.,@Missions from the Over millennia, peat deposits developing in colder climate

peat cores kept at their home site VVJJ were almost four time{€Nnd t0 accumulate more carbon and are thicker compared to

higher than C@ emissions from the peat cores kept at their P&t deposits developing in warmer climate (Yu et al., 2001;

home site CB. Methane emissions from the peat cores kept &t€/€ya, and Baird, 2006). Such a relationship was found for

their home site VJJ were nine times higher than those in any/9J @nd CB for the most recent 150 years. The mean annual

other treatment. Interestingly, all four measured parameter&€mMperature at the northern site VJJ isT8ower compared

in every graph in Fig. 6 (concentrations and isotope com-0 the southern site CB. The vertical growth rate of VJJ was

positions of CQ and CHy) had converged to parameters of twice that of CB (I_:ig. 2b). Subs_trate accumulates whenever
their host site by the end of the transplant experiment. TranstN€ rates of net primary production are greater than the rates

planting peat cores from CB to VJJ resulted in a 3.5-fold of decomposition. While higher temperature leads to higher
Sphagnumgrowth, also the decomposition rate is greater.

increase in C@ emission, approaching that of the host site. X i i
Transplanting peat cores from VJJ to CB resulted in a 5O%Lower net primary production at lower temperature is usu-

decrease in CQemissions, approaching those of the host ally associated with slower decomposition. A number of

site. A similar pattern was seen for methane emissions, e_g_r,ecords of recent peat show similar litter additions and decay

transplanting peat cores from VJJ to CB resulted in 15 timed &€S despite climatic .differences (Belyea and Clymo, 2001;
lower methane emissions compared to the home site VJJ. ieder and Vitt, 2006; Novak et al., 2008). The positive re-

lationship between C accumulation and colder climate valid
3.7 Comparison of§13C-CO; and §13C-CH, for entire Holocene deposits is not always valid for the top-

most peat layers. Net primary production appears to be more
Also thes13C values of both gases emitted from transplantedsensitive to environmental parameters than decay (Moore et
peat cores converged to those of the host site (Fig. 6). Thal., 1998). The main difference between VJJ and CB is in fer-
813C values of both C@and methane were lower for VJJ tilization levels by anthropogenic nutrients (Table 3). Higher
to VJJ peat cores than for CB to CB peat cores. The peaavailability of nutrients at VJJ may have played a role in peat
cores producing more CQOand methane at their home lo- accumulation (see Sect. 4.8). Temperature may not be the
cation (i.e., VJJ) always had isotopically lighter carbon. In main control of the greater peat accumulation at VJJ.

Biogeosciences, 7, 92932 2010 www.biogeosciences.net/7/921/2010/
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A small kinetic C isotope fractionation during peat degra-
dation was reported by Wynn et al. (2006). In an open sys-
tem, Rayleigh distillation may result in isotopically heavier
residual C in situ while lows'3C is removed. Indeed, bio-
genic methane can ha¥&3C values as low as 110%o. There

Table 3. Concentration of nutrients in surface peat bog waters.
Years of sampling: 2002—2003, number of samples12 per site.
Meansz standard errors (mgtl) are given.

e c8 is an analogy between degradation of organic C in well-

Cét  2.71+036 2.75:0.30 aerated upland soils, and wetland soils. For upland soils,
Mg®"  058+0.09 1.01:0.13 Nadelhoffer and Fry (1988) concluded that mineralization-
Nf‘f 247023 0.92:0.09 related preferential release of the light isotdpe may con-
EH+ (1)?121 8?% (1)25 g'gé tribut_e to hi_gher81_3C in deepe_r soil horizons. Isotopically
No‘l 0.331 0.06 0'2& 0'03 heavier residuum in deeper soils has been report(_ed also for N
Sog_ 9'8& 1'31 0'9& 0'12 (Nadelhoffer, and Fry, 1988 and references therein, Novak et

4 : : ' : al., 2003), and for S (Novak et al., 1996, 2005). Degradation

of organic S-containing molecules in peat also preferentially
releases théight isotope®2S (Novak et al., 1994, 1999).

Two more aspects of peat accumulation at VJJ and CB Two processes linked to assimilation of atmospherig CO
bear mention. First, the peat accumulation rates at our siteby plants can mask a possible C isotope effect of peat degra-
are unusually high compared to other sites in the temperateation. Burning of fossil fuels over the past 200 years has in-
climate zone. This is illustrated in Fig. A6, in which depth jected into the atmosphere isotopically light &0 (Friedli
vs. age profiles of VJJ and CB are compared to 10 differenet al., 1986), and this lowe¥'3C (decrease of 2%. since the
sites in Europe and the US. More peat (and thus C) accumuearly 1800s) may be seen in the uppermost layers of organic
lation at the Czech sites is seen especially in layers older thaopland soils. While this effect is well documented, we pro-
50 years. pose that it is not the dominant control 8¥3C values in

Second, previous studies have documented3phignum  young peat layers in our study. As seen in Figs. 3 and 5,
growth rates differ between species (Vitt et al., 2003; Asadagradual admixture of isotopically light fossil-fuel C from the
and Warner, 2005), and that following extended periods ofatmosphere is not consistent with the V343C profile below
exposure to nutrientsSphagnumspecies distribution may the depth of 20 cm. When moving upward, higher, instead of
change (Hobbie et al., 2000). Also the decay rate is affectedower, §13C were observed. In these peat layers, dating from
by species, e.gS. fuscundecays more slowly tha®. cuspi-  the early and mid-20th century (Fig. 2), admixture of the in-
datum(Johnson, and Dammon, 1991). At our sites, a numbedustrial low$3C carbon is not seen. Instead, the low&iC
of variousSphagnunspecies are present (Table 2), and sofarat greater depth at VJJ could be explained by drier condi-

we have no indication of a relationship between 8phag-
numspecies community and peat accumulation rate.

Several authors have questioned the validity'dPb dat-
ing of peat accretion history (Urban et al., 1990). However,
Pb immobility in peat was verified experimentally (Vile et
al., 1999). Turetsky et al. (2004) published a critical review
of the potential of residuadPb activities as a dating tool,
and of techinques used to corrobor&t®Pb dates in peat.

4.2 Controls on§13C of ageing peat

The §13C values of vertical peat profiles are a useful tool for

tions before 1987 (the year corresponding to the 20-cm peat
depth). Lower water content leads to lower externap@®
fusion resistance, and greater C-isotope discrimination upon
assimilation. If sos13C records in peat could be used as a
geochemical archive of site-specific moisture conditions.

Under different climatic conditions, differer@phagnum
species predominate. If the climate changes at a single site,
this may result in a third proces that may mask a diagenesis-
related downcore shift i83C of peat substrate. An assump-
tion would be that differenBphagnunspecies carry different
813C signatures. Rice (2000), however, showed that changes
of species composition had no effect &¥C of Sphagnum

studying maturation and diagenesis of peat if four conditionsSkrzypek et al. (2007) found that higher temperature leads to

are met: (i)813C gradients exist in peat substrate with age,

slightly lower §13C of Sphagnuntellulose within the same

(ii) $13C gradients are widespread, (iii) C maturation in peatspecies. Loader et al. (2007) found small differences in

is isotopically selective, and (iv) other isotope-selective pro-

§13C of stems, pendants and horizontal brancheS. afapil-

cesses can be distinguished from peat maturation. As sedifolium.

from Figs. 3 and 5, clear-cut vertic&}3C signals are found

in Sphagnunpeat. From peat surface to a depth of 15-20cm,

these signals (highef'3C downcore) seem to be common
(Knorr et al., 2008). In contrast, we do not know of any
other peatland where a systematic decreas¥i6 down-

4.3 The C isotope mass balance approach

Clymo, and Bryant (2008) studied a 7-meter deep peat de-
posit in the UK. Their results illustrate that closing a his-

core (such as the one starting at a depth of 20 cm at VJJ) waterical C isotope budget may be difficult, due to several

reported.
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of bulk peat substrate and DOC did not change with depth4.4 Decoupling of C concentrations and13C in peat
and were close t6-27%o.. In contrast, porewater methane profiles
C was isotopically much lighter{70%o). Thes3C value
of porewater CQ@ increased with increasing peat depth from In intact peat profiles, increasing C concentrations at greater
ca.—10 to + 10%.. DOC and dissolved gases at each depttdepth are often viewed as a manifestation of substrate degra-
were hundreds to thousands years younger than solid peadation, with faster removal of functional -OH groups than re-
The amount of CQ in pore water was 5-10 times greater moval of carbon (Wieder and Yavitt, 1994). Surprisingly, we
than the amount of CiH In case of methane production found that, in some sample types, the two signs of substrate
via acetate fermentation, we would expect the same magdegradation were decoupled. For example, at £8C val-
nitude of two opposite C isotope shifts relative #5°C of ues increased downcore, possibly reflecting substrate degra-
the source substrate (more negatd/éC-CH,;, and more  dation (emission of lows'3C methane), while C concentra-
positive$13C-CO), but also the same concentrations/fluxes tion did not increase. Further study is needed to ascertain
of both gases. Neither was observed (Clymo and Bryanthow common the decoupling of C concentration and isotope
2008). The unknown parameters inclugféC of historical  trends in maturating peat is.
emissions of C@and CH;, and differences in diffusion co-
efficients of1°C and3C of dissolved gases. Hornibrook 4.5 Linking sulfate reduction and methane emission
et al. (2000) reported a confounding factor for C isotope
systematics in peat profiles: at greater depths, autotrophiAtmospheric S inputs at VJJ were four times higher than at
cally formed acetate may be present, leading to somewhatB at the time of the transplant experiment, and 10 times
lower fractionation than otherwise would be expected in thehigher 15 years earlier (Novak et al., 2005). Table 3 il-
COp-reduction dominated part of deep catotelm (typical frac- lustrates that sulfate concentration in pore water at VJJ is
tionation factorsa < 1.032 for acetoclastic methanogene- still 10 times higher compared to CB, despite easing atmo-
sis and 1.045-1.082 for hydrogenotrophic methanogenesisspheric pollution. Because microbial sulfate reducers out-
Whiticar, 1999). Hornibrook et al. (1997) found increasing compete methanogens (Dise, and Verry, 2001), we expected
813C-CO, and decreasing3C-CHyvalues from peat sur- higher methane emissions at CB than at VJJ. In fact, the
face to a depth of 1 m (from-12 to —6%o, and from—55 opposite was true, and peat cores originating from the pol-
to —65%o, respectively), attributing them mainly to a switch luted site VJJ had nine times higher gkeimission rate than
from the acetate to the hydrogen pathway of methanogenether peat cores. Methane emissions at CB were close to
esis. Steinmann et al. (2009) found, similar to Clymo andzero. This is an unexpected result, because the most obvi-
Bryant (2008), also 5 times higher dissolved £€ncen-  ous explanation, the presence of vascular plants, is ruled out.
trations compared to CHin deep peat, and interpreted the There were no vascular plants on the research plots. Vascu-
difference as a result of more intense ebullition of methanejar plants contain conduits transporting methane directly to
which is the less soluble of the two gases. the atmosphere, protecting it from oxidation in the acrotelm.
Knorr et al. (2008) manipulated water table level in peat The measured emission rates of methane at our sites were
monoliths in a 300-day experiment, and applied the isotopeaffected by methane oxidation, which mainly takes place at
mass balance approach to individual depth segments. Thtne lower edge of the gree€sphagnunplants. This is docu-
813C value of solid substrate was27.1 to —27.7%.. The  mented bys13C-CH, values in the range 6£20 to—45%o, a
§13C value of emitted C@was between-20 and—23%.,  result of preferential oxidation of low!3C methane (Chan-
i.e., higher thar813C of the substrate (heavier C). Our data ton, 2005). Fresh biogenic methane B3 values between
do not permit construction of an isotope mass balance similar-50 and—110%., depending on the methanogenic pathway
to that of Knorr et al. (2008), due to a different sampling (Wieder and Vitt, 2006).
protocol. However, we note that a major problem associated
with these calculations is uncertainty related to the soil mass4.6 Comparison of§13C-CO, and §13C-CH, in
A very small error in dry mass (or presence of silicate grains) incubated peat and in the field
affects the uncertainty of the gas partitioning, for example, of
the flux of anaerobically produced GOThe reason is much The ranges 0813C values of C@ and methane in our in-
lower mass of the gas compared to the mass of the soil. Weubation experiment were quite narrow (Fig. 6), and differ-
encountered this difficulty in our previous work, specifically ent from those reported by previous studies. Landsdown
when calculatings®4S of emanating bS in laboratory soil et al. (1992), for example, reported3C-CH, values of
incubations (Novak et al., 2001). —73%o (isotopically lighter C compared to CB and VJJ) and
813C-CO, values of around—2%. (isotopically heavier C
compared to CB and VJJ). In Table 4 we summarized unpub-
lished C isotope data for Cnd methane, captured in a pas-
sive chamber at CB and VJJ under field conditions. The field
data exhibited greater variability #13C-CH;, values (7.5
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Table 4. Concentrations angfl3C values of CG and methane emitted from VJJ and GBhagnurtovered bog surfaces. The gas samples
were taken on 9 July 2002 (VJJ), and 11 July 2002 (CB) under ambient air temperature 2P0 SE=standard error.

\VAN/ CB
COy [ppm]  8613C-CO; (%)  COz [ppm]  13C-CO, (%)
821 —14.1 829 —15.6
4930 —-13.8 30500 —-16.7
648 -12.1 959 —-20.6
meantSE 2130+ 1400 —13+1 1100049870 —184+2

CHglppm]  §13C-CHy (%)  CHa[ppm]  813C-CHy (%0)

66 -75 61 -17.9
20 —23.2 141 —22.6
368 —-40.8 16 —-18.4
meant SE 151+ 109 —24+10 73+ 37 —20+1

to —40.8%o0), compared to the laboratory incubatierB.3  a much less significant role, as illustrated by a dramatic sup-
to —52.7%0). On average, carbon of both €énd CH, was  pression of Cl emissions when VJJ peat was transplanted
isotopically heavier in the field than in the laboratory incuba- to CB (Fig. 6). The role of DOC will be discussed separately
tion. This was true for both sites. The laboratory conditionsin Sect. 4.9.
(identical for all treatments) resulted in a somewhat lower
degree of methane oxidation than under field conditions. 4.8 Effect of elevated inputs of nutrients on C cycling in
We offer a similar explanation also for the observed lower shallow peat
813C values of both C@and methane at VJJ compared to
CB in the laboratory (Fig. 6). VJJ exhibited higher £énd ~ Aerts et al. (2003) found in a 12-year field manipulation
methane emission rates than CB. In peat cores from both sitegfudy, during which N and P were added to a riparian peat-
with the same water level during incubation, methane oxidaland and grassland, that the initial plant community was the
tion was more similar than methane production. Thus a loweimain determinant of C losses through decomposition. Nu-
percentage of the produced methane was oxidized at VJJrient additions enhanced litter production, but had no effect
leaving behind isotopically lighter methane C compared toon litter decomposition (i.e., on terminal C mineralization,
CB (freshly produced Chihas a very lows*3C value on aver- ~ and, by implication, also on greenhouse gas emissions). In
age close ta-70%o). In local peat cores from both sites, C of contrast, Limpens and Berendse (2003) concluded from a lit-
CO, was isotopically somewhat heavier than C of methane terbag study thaBphagnundecomposition was stimulated
providing additional evidence of methane oxidation (Fig. 6). by nitrogen deposition. Bragazza et al. (2006) showed along
a European pollution transect that increased N availability re-
4.7 The effect of peat transplant on CQ and CHy sulted in higher C@emissions and increased DOC produc-
emissions tion. Increased N availability favoured microbial decompo-
sition by removing N contraints on microbial metabolism, by
The main objective of the reciprocal peat transplant experi-higher litter quality, and by stimulated microbial enzymatic
ment was to evaluate whether organic carbon quality in theactivity. As seen in Table 3, VJJ bog waters had higher con-
substrate, or environmental parameters are the main contr@entrations of both N$ and NG, compared to CB. Based
of CO; and CH, emission rates. At the studied depths, peaton the existing literature, we suggest that the higher industrial
from VJJ was younger and the substrate could potentiallypollution of the northern site VJJ may have contributed to
provide more labile organic C than the substrate from CB.higher CQ emission rates. In theory, also methane produc-
If organic C quality in the substrate was the main control of tion may be ehanced by a slight nutrient enrichment through

greenhouse gas emissions, we would expect high@his-  higher production of free aminoacids and sugars.
sions from VJJ peat transplanted to CB. That was not ob-

served. Over the 18 months of the experiment, metabolism1.9 The role of DOC

and trace gas emissions from all transplanted peat cores con-

verged to those of the host sites (Fig. 6). This allows us toMicrobial populations in peat core transplanted to a host site
conclude that environmental parameters were by far the domstart using the local DOC for their metabolism within hours
inant control of terminal C mineralization potentials at our to days, due to high permeability of the substrate to the lat-
study sites. Availability of labile C forms in solid peat played eral flow of local pore waters. In this respect, DOC resembles
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environmental parameters of the host site, (temperature, at- A replicated peat transplant experiment revealed that im-
mospheric deposition of nutrients/pollutants) which also startported peat adjusted its carbon cycling to that of the host site.
affecting the imported substrate almost immediately. It follows that the organic carbon quality of the substrate did
In general, DOC production decreases with increasingnot control C transformation rates. Rather, environmental

peat depth. The contribution of receBphagnumphoto-  parameters, such as nutritional status, were the main controls
synthate C to DOC may be as much as 4% (Fenner et al9f C storage in the wetland. Fluxes of g@nd CH; from
2004). As mentioned previously, Clymo and Bryant (2008) the peat to the atmosphere were controlled mainly by local
found younger“C ages in individual depth levels of a peat plus imported microbial communities, metabolizing DOC of
bog compared to in-situ peat substrate. This agrees with théocal porewaters under local environmental and nutritional
finding of Chasar et al. (2000) that recently photosyntesizedconditions.
DOC is transported downcore. Fresh DOC laterally enter- Extensive replication of peat monoliths, needed for a peat
ing transplanted peat cores plus freshly formed plant exutransplant experiment, was used for a complementary C iso-
dates may affect C cycling by supplying labile organic C tope study of both the solid substrate and emitted gases, CO
forms (Crow and Wieder, 2005). At our sites, we did not and CHy. Vertical $*3C trends in solid peat exhibited a high
study individual chemical C forms in DOC, however, DOC degree of within-site homogeneity, but were site specific. In
concentrations were known. During the growing seasonall 20 studied peat cores, tt&3C value increased down-
with the water table only 2cm belo®phagnuncapitula,  core in the topmost ca. 20cm. This trend could have been
Hruska (1994) reported significantly higher DOC concentra-caused by both preferential removal of the light isotéf@
tions at CB (95-101 mgtl), compared to any other peat from older peat due to decomposition, or by growing fos-
bogs in the Czech Republic. Other sites in the south near CBil fuel burning which spike$?C-rich CQ; into the atmo-
had 7 to 35mgDOC L. VJJ and other sites in the north sphere. In peat deeper than 20cm at VJJ, howe/eC
of the country had 5 to 42mgDOCT. We conclude that increased upcore. VJJ peat at the 20cm depth was rela-
DOC concentrations themselves do not explain higher ratesively young (year 1987). Between 1880 and 1987, fossil
of terminal C mineralization at VJJ compared to CB. fuel burning was already adding isotopically light &G to

the atmosphere, and could not have dominated the increas-

ing 813C trend upcore at VJJ. Consequently, a different C
5 Conclusions isotope selective mechanism must have dominated the C iso-

tope systematics between 1880 and 1987 at VJJ, overprinting
Sensitivity of carbon cycling in peatlands to various envi- both peat degradation and fossil-fuel derived C input. This
ronmental parameters, such as mean annual temperature angechanism might be related to historical moisture conditions
sulfur and nitrogen deposition, was studied at t8phag-  (most severe 150 years ago), because droughts lead to greater
numdominated peat bogs in Central Europe. Both sites wereC-isotope discrimination during photosynthesis. In general,
waterlogged throughout the year, with negligible differencesboth assimilation of atmospheric C Bphagnumand decay
in hydrology. It was found that the colder northern site VJJ of Sphagnumare associated with C isotope fractionation,
accumulated more organic carbon over the past 150 yearghich may potentially serve as an archive of past changes in
than the southern warmer site CB. The emission rates of botithe peatland C sink. Dry conditions lead to lowé?C val-
products of terminal C mineralization, G@nd CH,, were  ues ofSphagnumsubstrate maturation (itself depending on
also higher at the colder site VJJ. One possible explanation islimate) leads to highet'3C values of the residual organic
that peat at the northern site VJJ had been continuously fertilmatter. The vertica$13C profile in peat is a result of an in-
ized since the beginning of the Industrial Revolution. While terplay of these isotope selective processes. The steepness of
net primary productivity increased due to higher nutritional the downcore&13C shift may contain information about cum-
status of the northern site, decomposition rates, which are bemulative removal of isotopically light C via methane produc-
lieved to be less sensitive to environmental parameters, wergon.
also higher at the northern than at the southern site. The dif-
ference between organic mass production and decompositiohcknowledgementsThis study was supported by Czech Science

was still higher at the northern site compared to the southerfroundation (205/06/1582), Czech Ministry of Environment
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