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Abstract

Ombrotrophic bogs in southern Patagonia have been examined with regard to paleoclimatic
and geochemical research questions but knowledge about organic matter decomposition in
these bogs is limited. Therefore, we examined peat humification with depth by Fourier
Transformed Infrared (FTIR) measurements of solid peat, C/N ratio, and °C and "N
isotope measurements in three bog sites. Peat decomposition generally increased with depth
but distinct small scale variation occurred, reflecting fluctuations in factors controlling
decomposition. C/N ratios varied mostly between 40 and 120 and were significantly
correlated (R* > 0.55, p < 0.01) with FTIR-derived humification indices. The degree of
decomposition was lowest at a site presently dominated by Sphagnum mosses. The peat was
most strongly decomposed at the driest site, where currently peat-forming vegetation
produced less refractory organic material, possibly due to fertilizing effects of high sea spray
deposition. Decomposition of peat was also advanced near ash layers, suggesting a
stimulation of decomposition by ash deposition. Values of §"°C were 26.5 +2 %o in the peat
and partly related to decomposition indices, while §*°N in the peat varied around zero and did
not consistently relate to any decomposition index. Concentrations of DOM partly related to
C/N ratios, partly to FTIR derived indices. They were not conclusively linked to
decomposition degree of the peat. DOM was enriched in **C and in °N relative to the solid
phase probably due to multiple microbial modifications and recycling of N in these N-poor
environments. In summary, the depth profiles of C/N ratios, 5°C values, and FTIR spectra
seemed to reflect paleoclimatic factors affecting decomposition, such as bog wetness, but the
study also suggests that decomposition was dominated by site specific factors and further

influenced by ash deposition and possibly by sea spray input.

1 Introduction

Peatlands cover about 3 % of the earth’s surface (Aselmann and Crutzen, 1989) and occur in
three different regions: a northern (boreal), tropical and southern region. Southern peatlands,
mostly in Patagonia, have accumulated 13 to 18 Pg C during the Holocene with an overall
accumulation rate of 22gC m?2yr! and cover 45000 km2 (Yu et al., 2010). Prevailing
westerly winds bring unpolluted air masses from the Pacific Ocean resulting in low

atmospheric nitrogen deposition in the region (Godoy et al., 2003). As ombrotrophic bogs
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receive nutrients by atmospheric depositions only, Patagonian bogs provide a reference
system compared to more polluted northern bogs. Southern Patagonia peatlands have thus
been frequently used as paleoclimate archives (e.g. McCulloch and Davies, 2001;Markgraf,
1993;Heusser et al., 2000) and for examination of halogen and mercury deposition records
(Biester et al., 2004;Biester et al., 2003). The validity of such records partly depends on the
decomposition patterns of organic matter but investigations of different, complementary
proxies to address this issue are scarce for this region.

In temperate bogs the majority of organic matter is decomposed in the upper, unsaturated
layer of peat, i.e. the acrotelm, and only 10-20 % of the litter mass reaches the underlying,
water-saturated catotelm. Here, anaerobic decomposition proceeds at a rate of only ~1 % or
less of the rate in the acrotelm (Clymo, 1984;Frolking et al., 2001;Beer et al., 2008). Controls
on decomposition rates are the plant community type (e.g. Bragazza et al., 2007), temperature
(e.g. Bridgham et al., 1999) and waterlevel position and soil moisture (e.g. Laiho, 2006). The
slow decomposition rates under permanent waterlogged conditions result from combined
effects of limited oxygen diffusion into the saturated peat, the poorly decomposable litter of
Sphagnum vegetation (e.g. Hogg, 1993), low temperatures and further constraints on the
processes, such as enzymatic activities or free energy limitations (e.g. Freeman et al.,
2001;Beer and Blodau, 2007).

Due to strong westerly winds and their close proximity to the sea peatlands in southern
Patagonia are exposed to sea spray, which was shown to influence vegetation due to a
fertilizing effect (Kleinebecker et al., 2008). As the containing sulfate may be used as an
electron acceptor for anaerobic respiration (Segers and Kengen, 1998) also a stimulation of
anaerobic respiration and thus decomposition by sea spray input may be postulated. Retained
halogens in the peat thereby serve as an indicator for the extent of sea spray input (Biester et
al., 2004). In Patagonia also ash layers from various volcanic eruptions in the past occur,
which can have an additional stimulating effect on decomposition due to nutrient supply or
release of electron acceptors, such as sulfate, during weathering and diagenesis of the ashes
(Hotes et al., 2010).

While such potential influences on organic matter decomposition and humification patterns
have been identified, their relative impact is unknown. In this study we attempted to address
this research gap using several indicators of organic matter decomposition along the
depositional record, i.e. C/N ratios of organic matter, Fourier Transform Infrared

spectroscopy (FTIR) and content of stable **C and **N isotopes in the peat. C/N ratios of the
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organic material have been shown to relate to decomposition processes (e.g. Malmer and
Holm, 1984) as microbial consumption of carbon- and hydrogen-rich organic substances
results in a decreased abundance of carbon relative to nitrogen. Relative nitrogen abundance
increased during decomposition because mineralized nitrogen is mostly retained in microbial
biomass (Damman, 1988). Therefore, the C/N ratio has been commonly used as indicator for
the degree of decomposition, based on the relatively higher loss of C compared to N during
decomposition and thus indicating peat mass loss (e.g. Hornibrook et al., 2000;Kuhry and
Vitt, 1996). Fourier Transform Infrared spectroscopy (FTIR) has been widely used to
characterize organic matter quality of humic and fulvic acids and bulk peat (e.g. Holmgren
and Norden, 1988;Niemeyer et al.,, 1992) and provides information about the relative
abundance of functional groups. This method is thus used to identify humification processes,
i.e. changes in the molecular structure of organic matter, based on an increase in the relative
abundance of recalcitrant moieties such as aliphatics or aromatics compared to labile
fractions, such as carbohydrates (e.g. Beer et al., 2008;Kalbitz et al., 1999;Cocozza et al.,
2003). More decomposed peat was further reported to release less DOC than undecomposed
peat (Biester et al., 2006;Kalbitz and Geyer, 2002). Thus, an inverse relation of the peat
degree of decomposition and DOC concentrations may be expected, although the DOC
quality and thus degradability may also change. Isotope ratios have been quantified as well as
an indicator of decomposition processes, as changes were assumed to reflect isotope
fractionation by microbial processes because of preferential utilization of *°C (e.g. Kalbitz and
Geyer, 2002;Novak et al., 1999). This interpretation is in line with Hornibrook et al.’s (2000)
finding that C/N and 8™C values in peat soils correlated. As changing vegetation,
microhabitat or climate also affect 8'3C values, their interpretation with respect to
decomposition or paleoclimatic conditions needs caution (Pancost et al., 2003;Price et al.,
1997;Novak et al., 2010;Skrzypek et al., 2007). Other than §*3C, also §*°N has been applied to
track nitrogen transformation during decomposition in organic soils (Kalbitz et al., 2000).

The aim of this study was thus to elucidate organic matter decomposition patterns in
Patagonian ombrotrophic bogs using a set of complementary decomposition indices as
outlined above. We assumed decomposition to be mainly controlled by water table levels and
temperature and considered potential nutrient and electron acceptor inputs through sea spray
and ash deposition as additional factors. We expected advanced decomposition i) under drier

conditions and ii) with increasing inputs from sea spray and ash deposition.
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2 Materials and Methods

2.1 Site description

The investigated bogs (Skyl, Skyll, PBr2) are located in southern Patagonia near Punta
Arenas (Chile) (Fig. 1) and have been partly described by Biester et al. (2003). They are
situated between the Magellanic Moorlands with up to 10 000 mm yr* and the Pampa
grassland with less than 500 mm yr™ of precipitation. Mean annual temperature is about
6.5° C (Schneider et al., 2003). We derived relative differences in spray input by mean
bromide concentrations in the solid peat, as bromide is a major constituent of sea spray and
better retained in the peat than chloride (Biester et al., 2006). Highest precipitation occurs at
the Skyl site (~1 500 mm yr?). The vegetation of the central raised part is dominated by
Sphagnum mosses (e.g. Sphagnum magellanicum), shrubs (e.g. Empetrum rubrum) and
cushion plants (e.g. Astelia pumila) and reaches a peat thickness of 3 m (Biester et al.,
2003;Kilian et al., 2003). Precipitation at the Skyll site is less, about 1 000 mm yr?, as
measured in close vicinity (Schneider et al., 2003). Cushion plants are absent, dominating
species are Sphagnum magellanicum and Empetrum rubrum and hummock-hollow micro-
topography is pronounced. Peat thickness reaches >4 m in the central part (Ina Reisen, pers.
comm.). The third site, PBr2, receives the least precipitation of 650 — 800 mm yr (Heusser et
al., 2000). The vegetation is dominated by Empetrum rubrum, Sphagnum magellanicum,
sedges and rushes. Mean peat thickness is about 6.50 m (Kilian et al., 2003). At the Skyl and
PBr2 sites, tephra layers from eruptions of volcanoes located in the southern Andes had
previously been described (Kilian et al., 2003). All bogs are underlain by acidic and base-poor

materials (Kleinebecker et al., 2008).

2.2 Field sampling

Field sampling was conducted in March/April 2010 in hollows. The water level was
determined using piezometers (PVC) of 4 cm diameter, fully slotted and 1 m in depth.
Hydraulic conductivity (ky) was obtained using piezometers (PVC) of similar design and a
slotted segment of 20 cm in 1, 2 or 3 m depth. Values of ky in the catotelm were determined
in slug tests on several occasions using a temperature and air pressure compensated water
pressure transducer over several days with a temporal resolution of 1 Min (Levelogger Gold

and Barologger, Solinst, Georgetown, Canada), following the Hvorslev method as described
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in Fetter (2001). This method has been successfully applied in peatland environments (e.g.
Chason and Siegel, 1986;Fraser et al., 2001;Baird et al., 2008).

Peat samples were collected using a Russian peat corer (Eijkelkamp Agrisearch Equipment
BV, Giesbeek, Netherlands). Cores were extracted to a depth of 300 cm in the Skyll and PBr2
bog and 180 cm in Skyl bog, divided into 10 cm segments and filled in plastic bags (Whirl
Paks®, Nasco, Fort Atkinson, USA). Distinct volcanic ash layers were sampled separately.
Samples were stored at ~5°C until freeze drying. Visible plant roots were removed before
milling in the laboratory. Vegetation samples for isotope measurements and carbon and
nitrogen contents were collected at the Skyl bog.

To extract greater volumes of pore-water samples for isotope measurements on DOM, we
applied a pore-water suction sampler consisting of PE-sinter pieces (5cm x 0.5¢cm x 1 cm)
inserted in a 3.50 m long rod at different depths and connected by tubing (2.5 x 4 mm,
Polyurethane) to a stop-cock above the peatland surface. Suction samplers were installed at
least one day prior to sampling and samples taken over a maximum period of two days by
standard PE syringes, discarding the first milliliters of sampled water. The suction technique
had a resolution of 20 cm to a max. depth of 195 cm and a 30 cm resolution beyond to max.
345 cm. Samples were transferred in 125 ml PE-flasks (Nalgene), stored at ~5° C and

analyzed within 12-14 days.

2.3 Analytical procedures

For solid phase characterization, FTIR-spectra of the ground peat samples were obtained
using a Vector 22 FTIR spectrometer (Bruker Optik, Ettlingen, Germany; absorption mode,
subsequent baseline subtraction) on KBr pellets (200 mg dried KBr and 2 mg sample).
Measurements were recorded from 4500 to 300 cm™ using a resolution of 2 cm™. A number
of 32 scans per sample were averaged. Focusing on the absorption range containing most
relevant information (300-2000 cm™), absorption peaks indicative of structural units in
organic matter were used as an indicator for peat organic matter quality and identified
according to Senesi et al. (1989) and Niemeyer et al. (1992) as follows: Absorption bands at
950-1170 cm™ (~1090 cm™) were allocated to OH vibrations of polysaccharides. Absorption
at ~1420 cm™ was ascribed to OH deformations and CO stretch of phenols or CH deformation
of CH, or CHs groups (phenolic and aliphatic structures), at ~1510 cm™ to aromatic C=C or to
CO of amide groups. The ~1630 cm™ region is indicative of aromatic C=C and asymmetric

COO  group vibrations (lignin and other aromatics and aromatic or aliphatic carboxylates) and
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~1720 cm™ of CO stretch of carbonyl and carboxyl groups (carboxylic acids and aromatic
esters). To determine relative abundances of functional groups in form of a humification
index, ratios between peak intensities for the following wavenumbers (given in cm™) with
respect to polysaccharides (1090 cm™) were calculated: 1720/1090; 1630/1090; 1510/1090
and 1420/1090 (Holmgren and Norden, 1988;Niemeyer et al., 1992;Beer et al., 2008) (Table
1). These ratios are referred to as a humification index in the context of this paper, because
humic substances are typically enriched in carboxylic, aromatic and phenolic moieties
compared to polysaccharides (Norden et al., 1986).

For identification of volcanic ash layers, metal concentrations of the peat samples (Rb, Sr, and
Zr) were determined by an energy-dispersive miniprobe multielement analyzer (EMMA),
which is a small desk-top X-ray Fluorescence analyzer (XRF) system. Absorption bands of
minerals were identified after Marel and Beutelspacher (1976) in the FTIR-spectra and the
affected samples were excluded from the interpretation of the FTIR-based humification
indices. Furthermore, a set of samples was also examined with X-ray Diffraction (XRD;
Siemens D5000, Co Ka radiation; 26 range 2° to 80°) regarding mineral content.

Dissolved organic carbon (DOC) concentrations were quantified in 0.45 um filtered samples
using a total carbon analyzer (Shimadzu TOC 5050). Pore-water samples for DOC and
dissolved organic nitrogen (DON) isotope analysis were filtered, frozen in an ethanol bath
(-60° C) in round bottom flasks and subsequently freeze-dried.

Ratios of *C/**C and ®N/**N and total carbon and nitrogen were quantified in freeze-dried
bulk plant material, peat and DOM on mass basis using an elemental analyzer (CE
instruments NA 1108, Milano, Italy), connected via ConFlo Il interface to a delta S IR-MS
(Thermo Finnigan MAT, Bremen, Germany). Isotope signatures are given in the common &-

notation 6%o = ((Rsample/ Rstandara)-1)-103, relative to the V-PDB-standard or N, in ambient air.

Statistical analyses were performed using PASW Statistics 18.0 (IBM Corporation). All data
were tested for correlation with a level of significance (p) of 0.01 and 0.05 (Pearson, two-
tailed).
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3 Results

3.1 Water table and hydraulic conductivity

The mean water table level over six weeks of the measurement period was 9 cm £3 cm at the
PBr2 site, 12 cm +3 cm at the Skyl site, and 15 cm +2 cm at the Skyll site (Table 2). Head
recovery in the slug tests was s-shaped. The hydraulic conductivities reached 10° ms*in 1 m
depth and 10® m s™ in 2 and 3 m depth. At the PBr2 site hydraulic conductivity in 2 m depth
was 10°° m s™ and thus higher than at the other sites.

3.2 Identification of ash deposits and sea-spray input

Several tephra layers were identified by elemental concentrations of Rubidium, Strontium and
Zirconium (Fig. 2). Ash layers in the PBr2 record at around 175 cm and in the Skyll record at
around 265 cm could be related to the Mt. Burney eruption 4 250 yr BP. In the Skyll record,
two other layers in 125 cm and 200 cm depth were identified. Two small Rubidium peaks in
45 cm and 115 cm depth at the PBr2 record may also indicate ash layers. At the Skyl site, no
tephra layers were evident from trace metal concentrations, except of two small peaks of
Rubidium in 105cm and Zirconium in 145cm depth. At 180 cm depth, high metal
concentrations indicated the influence of the underlying mineral rich sediment.

Following mean bromide concentrations in the solid peat, the Skyll bog received less sea
spray (mean Br concentration of 48 mg kg™ dry weight) than the other two bogs (Skyl: 86 mg
Br kg’; PBr2: 97 mg Br kg™).

3.3 Spectroscopic characterization of organic matter quality and C/N ratios as

indicator for peat decomposition

Comparing XRD and FTIR-spectra, we found an interference mainly of feldspar in the ash
layer and in the deepest peat sample of the Skyl site (FTIR-spectra see Fig. 3). Feldspar bands
in FTIR-spectra are found at 400-800 nm™ and in the Polysaccharide region, thus FTIR
results were not interpreted as humification index in case of any our methods indicated
influence by ash derived minerals. All ratios (1720/1090, 1630/1090, 1510/1090 and
1420/1090) generally increased with depth, which meant a relative decrease of
polysaccharides and a relative increase of aromatic, carboxylic, amid and phenolic moieties

(see Table 1). As an example, the 1630/1090 ratio was correlated (Pearson) with depth with
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an r of 0.508 (PBr2) to 0.762 (Skyl) at the 0.01 level of significance (data not shown).
Highest humification indices were observed at the PBr2 site. As the four FTIR-ratios given in
Table 3 highly correlated with each other (r >0.83, p <0.01), only the 1630/1090 profile is
shown in Figure 4. Ratios of C/N of the solid phase inversely correlated with calculated
FTIR-ratios at a 0.01 level of significance using all data (N = 60; see Table 3). Correlation
coefficients ranged from -0.310 (PBr2, not significant) to -0.660 (Skyll, p < 0.01), reaching -
0.777 (Skyl, p<0.01) using data of the individual sites only (not shown) and distinct
deviations from the inverse relationship were obvious e.g. at the Skyll site below 125 cm and
at the PBr2 site below 175 cm (Fig. 4). Compared to FTIR humification indices, C/N ratios
were not correlated with depth, except of the record of Skyl.

In the PBr2 profile, the humification index was high, along with narrow C/N ratios (~40) in
the top 50 cm, while the index declined to 0.7 - 0.9 and C/N increased below to >80. From
100 cm downward, this trend reversed and above the volcanic ash layer in 175 cm depth, the
humification index peaked again (~1.3) along with narrow C/N (50-55). In profiles of the
Skyl and Skyll sites, the humification index was quite similar in the upper meter, but
generally lower than in the PBr2 profile, and high C/N ratios occurred at the uppermost
sample mostly consisting of fresh plant material. Beneath, in the Skyl record the index
sharply increased and C/N decreased to a plateau. In the Skyll peat, the humification index
was lowest compared to the other sites, generally increasing with depth, but peaks seemed to
be positioned near ash layers (Fig. 4). Ratios of C/N were mostly inversely related to the
humification index down to a depth of 150 cm. Below, C/N ratios decreased only slightly

with depth, in spite of consistently increasing humification.

3.4 Dissolved organic carbon (DOC)

DOC concentrations ranged from <30 mg L™ to 160 mg L™ and mostly increased with depth
(Fig. 4), as observed for the humification index in the solid peat (see correlations in Table 3).
The three sites had similar concentrations in the upper 1 m (30-55 mg L), but differed at
greater depths. At the PBr2 site, concentrations were lowest, increased little with depth up to a
concentration of 64 mg L™ and followed more the pattern of C/N. In contrast, at the Sky sites,
DOC concentrations followed the trend of the FTIR humification index. Concentrations of
DOC at the Skyl site peaked at 160 cm near the peat base at 148 mg L™. The Skyll bog
showed highest concentrations and the greatest gradient of all sites and peaked at 245 cm

depth at 258 mg L. This peak coincided with a volcanic ash layer and a high degree of
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humification. Below this ash layer DOC concentrations decreased again. Values of C/N of the

DOC were generally lower than C/N in the solid phase (Fig. 4).

3.5 Carbon and nitrogen Isotope signatures

Carbon isotope signatures in the solid phase at all sites were around ~-26.5£1 %o with
exception of a lower value in the uppermost sample (fresh vegetation) of the Skyl site (Fig.
4). Values only weakly correlated with C/N (Skyl, leaving out the vegetation sample) or
inversely with FTIR humification indices (Skyll and lumped data, PBr2 not significant) and
correlations are thus not presented. Especially in uppermost samples and near ash layers
(PBr2, Skyll) contrasting trends occurred. At the Skyl site, 5°C values increased to a
maximum of -25.7 %o at 75 cm and decreased again below, following the C/N pattern. At the
Skyll site, signatures on average decreased with depth and only partly followed the C/N
pattern. In the PBr2 record, there was no trend in 8*3C values over depth and the §'*C pattern
partly followed C/N ratios, partly the humification index. Isotope signatures of vegetation
samples varied between -24.5 %o and -29.2 %o for carbon and between -11.2 %o to 1.2 %o for
nitrogen (Table 4). The 8N signatures in the peat solid phase fluctuated between -3 %o and
+3 %o.0ver depth and could not be related to any decomposition index.

Values of §°C in the DOC fraction ranged from -28.1 to -24.4 %o. Values at the PBr2 site
were again less negative (~-26.7 %0) compared to the other two bogs (Skyl ~-27.3 %o and
Skyll ~-27.1 %o). Highest *3C content coincided with presence of an ash layer at 175 cm
(PBr2) or 250 cm (SkylI), strongest **C depletion was observed in the upper profile at the Sky
bogs. Values of §3C for DOC were similar or more negative than for the solid peat at the
SkylI and the SkylI site. Contrarily, at the PBr2 site, 8*°C of DOC were either similar to or less
negative compared to solid peat carbon.

DON was consistently and increasingly enriched in >N with depth by 2 to 15 %. compared to
solid phase nitrogen. Values of 8"°N in DON were inversely correlated with solid phase 5'°N
at the PBr2 site (p < 0.05), and positively correlated with the FTIR derived humification index
for the lumped dataset and for the PBr2 site (p < 0.01 and p < 0.05, respectively).
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4 Discussion

4.1 Peat decomposition

Taking the FTIR measurements as a parameter to describe qualitative changes of organic
matter during decomposition (Cocozza et al., 2003;Kalbitz et al., 1999), we could observe a
generally increasing humification index with depth at all three sites. This pattern had
previously been reported for northern temperate peatlands (Beer et al., 2008;Cocozza et al.,
2003). We also expected the C/N ratio as an indicator of peat mass loss during decomposition
(Kuhry and Vitt, 1996) to be inversely related to humification, i.e. lower C/N values with an
increasing humification index. Indeed these two parameters were negatively correlated at our
sites (C/N to 1630/1090; r = 0.546, see Table 3). However, in contrast to the FTIR-ratios, C/N
ratios were not significantly correlated with depth, and deviations of the two decomposition
parameters occurred as reported in the study of Borgmark and Schoning (2006). Ratios of
C/N mainly ranged from 40 to 100, which is comparable to previously reported values for bog
vegetation and peat (e.g. Hornibrook et al., 2000;Biester et al., 2003;Malmer and Holm,
1984). Lowest humification indices of the three investigated bogs occurred at the Sphagnum
dominated Skyll bog, probably as Sphagnum vyields refractory litter of high polyphenol
content and high C/N ratios (Bragazza et al., 2007). In both Sky bogs a steep increase of
humification (~0.5 to 0.8) and decrease in C/N was detected down to depths of 20-40 cm, as
decomposition is typically fast in the unsaturated zone (Clymo, 1984;Kuhry and Vitt, 1996).
This was less obvious in the PBr2 profile, where high humification indices and low C/N ratio
values occurred in the upper 50 cm, suggesting increased decomposition and less peat
accumulation in the last hundreds of years. Humification indices from FTIR measurements in
the peat of the PBr2 site (0.7 to 1.4) exceeded values observed at the other sites, but were still
lower compared to values reported by Beer et al. (2008) for the Canadian Mer Bleue Bog
(1.00 to 1.73 from 50 to 330 cm depth).

Changes in the humification index are typically interpreted to represent changes in
decomposition processes in the acrotelm and therefore changes in environmental conditions,
i.e. different climate and resulting differences in decomposition and peat accumulation
(Borgmark and Schoning, 2006;Kuhry and Vitt, 1996;McCulloch and Davies, 2001).

In the Skyl bog two different phases of decomposition occurred based on both the

humification index and C/N ratio. In the upper peat profile from 30-100 cm the humification
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index was low, around 0.7, and C/N high, between 60 and 100. This suggests rapid peat
growth under wet conditions (Borgmark and Schoning, 2006;Kuhry and Vitt, 1996). Below
100 cm peat decomposition was more advanced, which may indicate that the bog was drier
during this time period and the peat exposed to aerobic decay for longer periods of time
(Borgmark and Schoning, 2006). On the other hand the deeper peat may also have originated
from a minerotrophic fen, as described in Kilian et al. (2003) for the center of the bog.

In contrast, at the PBr2 site peat was more decomposed in the upper 75 cm and below 150 cm,
i.e. C/N ratios were low and humification index high. For the uppermost peat and minding
current peat forming vegetation containing sedges and rushes with lower C/N, this could be
due to more easily decomposable litter. The obvious differences in vegetation were explained
by less precipitation and higher nutrient supply through sea spray input at the site
(Kleinebecker et al., 2007, 2008). The increase in decomposition could also be caused by
temporarily drier conditions at the site (Borgmark and Schoning, 2006), as would be
supported by '*C results (see below). Peat was particularly strongly decomposed near the ash
layer at 175 cm. Between 75 and 150 cm depth peat had apparently accumulated more
rapidly, as we infer from high C/N ratios and a low humification index. Biester et al. (2003)
reported similar C/N ratios for the PBr2 site and found the same pattern of decomposition. In
this study, the authors attributed changes in C/N ratios primarily to changes in bog wetness
and associated changes in decomposition, but also hypothesized a stimulating effect of ash
deposition on peat decomposition.

In the Skyll bog the humification index increased with depth with some fluctuations but this
trend was less visible in C/N ratios. Two ash layers apparently accelerated decomposition
processes also here since low C/N ratios and high humification indices occurred above the ash
layers. Noticeable were two peaks of high C/N ratios and low humification, i.e. rapid peat
growth at 50-75 cm and 140-150 cm depth, following the suggested interpretation of Kuhry
and Vitt (1996). Unfortunately, as no plant macrofossil records exist for the sites, effects of

shifts in vegetation and thus litter input as possible causes cannot be ruled out.

4.2 Decomposition and isotopic signatures of solid peat

Carbon isotope ratios in the solid phase varied only in a narrow range of 2 %o around -26.5 %eo,
despite larger relative differences of decomposition degree with depth. Differences between
the investigated sites were small. Values and variation of §*3C fell into the range found in our

vegetation and reported for Sphagnum and other vegetation (Hornibrook et al., 2000;Rice and
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Giles, 1996;Price et al., 1997;Kleinebecker et al., 2009). With few exceptions peat was
generally depleted in *3C with depth. As §*3C values were mostly low in more decomposed
peat and decomposition processes should result in 8*3C enrichment in the residual peat
(Nadelhoffer and Fry, 1988:Novak et al., 1999), the §'*C record was thus not the result of
decomposition (see also Jones et al., 2010). It probably reflects other factors, such as changes
in the vegetation (Hornibrook et al., 2000), moisture (Novak et al., 2010;Loisel et al., 2010) or
temperature (Jedrysek and Skrzypek, 2005;Skrzypek et al., 2007) during peat formation. Drier
or warmer conditions, for example, lead to a more negative carbon isotope signature in bulk
peat stemming from moss litter according to the latter studies. Dry conditions would also
result in faster decomposition, i.e. lower C/N ratios and high humification indices in the peat
record (Borgmark and Schoning, 2006). Thus, comparing &C data and decomposition
indices, dry phases may be postulated for the upper meter and below 150 cm at the PBr2 site,
below 100 cm at the Skyl site and below 200 cm at the Skyll site.

Values of 8*3C in peat can, however, also be affected by plant uptake of recycled carbon from
methane, an effect that is highly variable (Price et al., 1997;Raghoebarsing et al., 2005), but
may especially occur under warmer and wetter conditions (Jones et al., 2010). Furthermore,
low §'3C values, as observed at the bottom part of the Skyl profile, could also be due to a
minerotrophic origin of the peatland, as low &°C in bulk peat were also observed in a
minerotrophic site (Knorr et al., 2008) or in phases of minerotrophy (Jones et al., 2010). To
infer climatic signals from peat profiles without reservations is thus difficult and should not
be based on one index of decomposition or isotope records only.

Values of 8™°N in the solid phase ranged from -3 to +3 %o, as also observed by Novak et al.
(1999), but were neither related to decomposition degree nor to N contents. Greatest changes
occurred in the upper 5-10 centimeter, which is probably due to the comparably wide range of
8N of the vegetation (Table 4) (Kleinebecker et al., 2009). Deeper into the peat 5'°N values
were rather constant around 0 %o. This is not surprising, as atmospheric N was probably the
primary N source (Jones et al., 2010). It has to be noted, though, that data on N fixation
activity and its contribution to total N inputs in peatlands are scarce (e.g. Kravchenko and
Doroshenko, 2003). Only few 5°N values have been reported so far for the investigated
depths and the use of 5N measurements to trace decomposition in solid peat is so far not

well constrained.



© 00 N o o b~ W N

W W W WRDNRNDNDNDNDNDRNNDNDRNIERR R R B P B kB P
W N P O © 0 N o 00 B~ W NP O © 0o ~N o o W N BB O

4.3 Volcanic ash layers and their impact on decomposition

Kilian et al. (2003) investigated ash layers at the PBr2 and Skyl sites. The most prominent ash
layer in these bogs originated from an eruption of Mt. Burney dated to 4 254 +£120 cal. yr BP
in Kilian et al. (2003) . We identified this layer due to its thickness in 175 cm depth at the
PBr2 and 265 cm in the Skyll record. All other volcanic eruptions, which could be recorded
in our peat cores led to less ash deposition, were dispersed by root growth after deposition,
and could not be easily distinguished. Therefore, we could use the Mt. Burney ash layer to
compare peat accumulation for the latter two sites. In the Skyl record, no such prominent ash
layer occurred as expected from the Mt Burney eruption.

Biester et al. (2003) reported peat accumulation rates for the PBr2 and Skyl bog (Table 5).
The rates are in agreement with our interpretations because the accumulation rates at a site
were low when we found more decomposed peat. The authors reported very low peat
accumulation just above the Mt. Burney ash layer in their PBr2 profile (147-216 cm), where
the peat was most strongly decomposed in this study. Phases of the higher accumulation rates
coincided with phases of lower peat decomposition. No accumulation rates are available for
the Skyll bog, but comparing the depth of the 4 250 yr BP tephra layer, it occurred at 265 cm
depth, ~90 cm deeper than in the PBr2 bog. This indicates a greater overall accumulation of
peat over the last 4 000 years, which is in accordance with the lower degree of decomposition
in the Skyll bog. Using the Mt. Burney ash layer as a reference the Skyll bog on average
accumulated about 0.06 cm yr™* and the PBr2 bog 0.04 cm yr™* from that time on (Table 1).
The ash layers obviously had an influence on the degree of decomposition in the peat profiles.
We want to point out that the very low values of the humification index within in the ash layer
should not be taken in account, because of interferences of minerals in the FTIR-spectra
(Marel and Beutelspacher, 1976). Excluding samples affected by mineral components,
especially above the Mt. Burney eruption around 4250 yr BP we observed a high
humification index and medium to low C/N ratios in the PBr2 and Skyll record. Above the
second prominent ash layer at 125 cm in the Skyll record, the C/N ratio and the humification
index again peaked, albeit more weakly. Biester et al. (2003) suggested that low C/N values
determined above tephra layers could be a result of increased decomposition due to the
nutrient-rich ash deposition. This could result in enhanced microbial activity and organic
matter mineralization. Hotes et al. (2010) reported an increase in pH, electric conductivity,
sulfate and sodium concentrations, as well as nutrient release from decomposing plant

material after volcanic ash deposition. After deposition, alkali loss is a typical phenomenon
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due to glass alteration of the tephra (Kilian et al., 2003 and references therein). An input of
electron acceptors, such as sulfate, could further lead to alkalinity production during reduction
under anaerobic conditions (McLaughlin and Webster, 2010), resulting in higher pH and a
faster decomposition.

McCulloch and Davies (2001) investigated a bog nearby the PBr2 site at Puerto del Hambre
and interpreted phases of highly humified peat as a result of drier climatic conditions.
Climatic changes should have affected all three sites in a similar manner, and indeed
decomposition indices and carbon stable isotope signatures support dryer or warmer
conditions and intense decomposition above the Mount Burney ash deposit at the Skyll and
PBr2 sites. Although these interpretations may be plausible it seems unlikely that
paleoclimatic variations are the sole explanation of the decomposition patterns because the
three sites’ records are not very similar. In our profiles, interpretation of both the
decomposition indices and §*3C signals in the upper 75 cm of the PBr2 site would suggest
drier conditions, whereas the opposite conclusion must be drawn from the Skyll site (Figure
4). Thus, climate induced signals at the sites may be masked by local variations in
decomposition and influence of ash layers. Most obvious, diminished peat accumulation in
the upper profile due to strong decomposition and drier conditions at the PBr2 site was not
observed at the other sites. Decomposition indices and stable isotope records seemed to reflect

changes in rather local, site-specific factors.

4.4 Decomposition versus DOC concentrations and DOM isotopic signatures

In spite of differences in peat decomposition degree, DOC concentrations were very similar in
the upper meter of all three sites. Deeper into the peat larger differences occurred. DOC
concentrations observed at the PBr2 site agreed with reported DOC concentration ranges of
20 to 60 mg L™ for northern peatlands (Blodau, 2002). At the Sky sites concentrations
increased with depth by a factor of 3 (Skyl) and 5 (Skyll) and reached >250 mg L™. DOC
concentrations >200 mg L™ have rarely been reported (e.g. in Clymo and Bryant, 2008).

A negative relation of DOM concentrations with the degree of peat decomposition has been
reported (Kalbitz and Geyer, 2002;Biester et al., 2006). Generally, concentrations at the PBr2
site, with the highest humification index, were also low. Concentrations positively correlated
with C/N ratios (r =0.712, p < 0.05), as described in the study of Biester et al. (2006) before
for this site. Highest DOC concentrations occurred at the Skyll site, with lowest humification

index. In both Sky sites, however, concentrations correlated positively with the FTIR derived
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humification index (1630/1090 ratio, r = 0.839, p < 0.01 for the Skyll site; r =0.839, p < 0.05
for the Sky!l site), which is in conflict with the mentioned earlier work.

A redistribution of DOM could explain this discrepancy, but seems unlikely based on the low
hydraulic conductivities and the low diffusion coefficient of DOM in the deeper peat (Beer et
al., 2008;Biester et al., 2006;Cornel et al., 1986). Hydraulic conductivities ranged from 10 to
10°® m s™* and were low compared to other peat bogs, where often 10° m s™ to 10° m s™* were
found (Baird et al., 2008;Chason and Siegel, 1986). Elevated DOM concentrations occurred
near ash layers, in the deeper peat potentially formed under minerotrophic conditions, and in
zones of intense decomposition at the Sky sites, but not at the PBr2 bog. The factors that
control DOC concentration are thus difficult to identify from our data and the relationship
between DOM concentrations and decomposition indices of solid peat seems to be poorly
constrained.

Kalbitz and Geyer (2002) related enhanced humification of DOM itself to an enrichment of
3C in DOM. This could partly be confirmed by our data, as the 8*3C and the C/N ratio in the
DOM were correlated (p <0.05) at the PBr2 and Skyl sites but not at the Skyll site. Clymo
and Bryant (2008) found DOM to be consistently enriched in *3*C compared to the solid peat.
In our data, in the Sky bogs DOM was depleted in *3C, but approached values of the solid
phase with depth. In the more decomposed peat of the PBr2 bog, DOM became enriched in
13C with depth compared to the solid phase. Thus, there was a relative enrichment of *3C in
DOM with depth, indicating preferential loss of *2C during microbial modification. This was
further supported by low C/N and increasing enrichment of *°N in DOM. The latter indicates
a repeated microbial recycling of N in DOM, which would be in line with a strong N
deficiency at the sites and an enrichment of °N due to higher humification (Dijkstra et al.,
2008). In contrast, Kalbitz and Geyer (2002) found low &*°N values in highly humified DOM,
but this may be explained by a varying contribution of DON supply from either the solid

phase or organic matter mineralization.

5 Conclusions

The study demonstrated both similarities and differences in peat decomposition records of the
investigated peatlands. The deep peat was most strongly decomposed at all sites as indicated
by the FTIR humification index, but small variations over depth reflected frequent changes in

controlling conditions over time. As the individual decomposition records of the sites differed
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in spite of their proximity, an interpretation of the data with respect to bog wetness and its
impact on decomposition seems to be limited by local, site specific factors. Advanced
decomposition within the depth profiles seemed to be related to ash deposits and possibly also
to the effects of sea spray input, resulting in concomitant changes in vegetation litter
chemistry, nutrient contents or electron acceptor inputs for anaerobic respiration. Regarding
decomposition indices, not all phases of increased decomposition and — following common
interpretation of 8*3C data — not all phases of drier or warmer conditions, respectively, were
reflected in all profiles. Effects of ash deposits or also phases of minerotrophy may thus have
been more important for changes in decomposition indices and 8*3C of the peat. Relative
enrichment of *3C in DOM compared to the surrounding peat reflected a preferential loss of
12C due to mineralization of DOM. Enrichment of °N in DOM and consistent trends with
solid peat C/N ratios over depth suggested microbial recycling of N under N deficient

conditions. DOM concentration did not serve as a decomposition index in a consistent way.
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Tables

Table 1: Overview of calculated FTIR ratios as a humification index according to Beer et al.
(2008) and attribution of structural units in organic matter FTIR-spectra after Niemeyer et al
(1992) and Senesi et al. (1989).

Ratio Indicative for

1720/1090 carbonylic and carboxylic C=0 (carboxylic
acids and aromatic esters)/polysaccharides

1630/1090 Aromatic C=C and COO" (aromatics and
aromatic or aliphatic

carboxilates)/polysaccharides

1510/1090 Aromatic C=C or C=0 of
amides/polysaccharides

1420/1090 OH and CO of phenols or CH of CH; and CHj3
groups (phenolic and aliphatic

structures)/polysaccharides




Table 2: Mean water table and hydraulic conductivity in 1, 2 and 3 m depth at the three sites.

Site Mean water level Ky [ms™] Ky [ms™] Ky [ms™]
[cm below surface] 1m 2m? 3mé
PBr2 943 3.5%10° 1*10° 3*10°
Skyl 12 +3 1.5*10°° 1.5%10°® 1.5*10®
Skyll 15 #2 2.5%10° 3.5%10°® 1*10°®

#In Skyl 2 m and 3 m Piezometer tubes were installed at the final depth of 1.80 m



Table 3: Correlation coefficients after Pearson (r), with N as number of sample. Asterisks

indicate different levels of significance. Only significant correlations are shown.

FTIR 1720/1090  FTIR 1630/1090

FTIR 1510/1090

FTIR 1420/1090

FTIR 1720/1090 r -

N
FTIR 1630/1090 r 0.937" -
N 77
FTIR 1510/1090 r 0.834" 0.933"
N 77 77
FTIR 1420/1090 r 0.921" 0.972"
N 77 77

DOC [mg L] r

N

Peat N [%] r 0571 0.625™
N 60 60

Peat C [%)] r 0.715~ 0.655™
N 60 60

83C [%o0] r -0.311" -0.303"
N 60 60

Peat C/N r -0.446" -0.546"
N 60 60

0.974"
77
0.505"
29
0.549”
60
0.566"
60
-0.357"
60
-0.490”

60

0.452"
29
0.540"
60
0.653"
60
-0.325
60
-0.469™

60

“ Correlation is significant on a level of 0.05 (2-tailed). ™ Correlation is significant on a level

of 0.01 (2 tailed).
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Table 4: Carbon and nitrogen isotope signatures and C/N of different plants of the Skyl site in

comparison to values evaluated by Kleinebecker et al. (2009) at bogs in southern Patagonia.

Species 83C [%o] 8N [%o] CIN
Astelia pumila -26.5%-26.0° -5.4%/-5.6 74°/43°
Empetrum rubrum -28.7%-28.2° -11.24-9.7° 104%71°
Marsippospermum grandiflorum  -24:5%-25.3" 1.2%2.3° 36°/46"
Nothofagus betuloides -29.2° -3.4° 7
Sphagnum magellanicum -29.1%-27.0° -1.0%-4.7° 134%/89°
Tetronicum magellanicum -27.2° 0.8% 83?

? this study (standard error for repeated measurements of §*°N: <0.5%o and 5'*C: <0.25%o) "
mean values from Kleinebecker et al. (2009); C/N was calculated by mean total carbon and

nitrogen content
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Table 5: Peat accumulation rates for the PBr2 and Skyl bogs from Biester et al. (2003) and

peat ages from Kilian et al. (2003) since the beginning of ombrotrophic peat growth. Mean

estimated peat accumulation rates determined in this study for PBr2 and Skyll are given at the

table bottom.

PBr2 Skyl Skyll
Depth Peat accum. Peat age Depth Peat accum. Peat age
[cm] [cm year] [cal. yr BP] [cm] [cm year] [cal. yr BP]
Depth [cm] Age Depth [cm] Age
0-63 0.057 0-68 0.062 68 858
63 — 147 0.133 70 855 68 - 120 0.069 120 1846
147 - 216 0.025 148 1481 120- 244 0.026 244 5952
216 — 480 0.036 480 10883
estimated 0.04 0.06
peat acc.* (175 cm) (265 cm)

“ calculated by the depth of the Mt. Burney eruption ash deposit (values given in brackets)
divided by time (4250 yr BP according to Kilian et al.(2003)).
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Figure Captions

Figure 1: Map of the study area in southern South America. Locations of the sampling sites
are marked in the detailed map. Maps were generated online at https://sfb574.ifm-
geomar.de/gmt-maps at 26.02.2011 (IFM-GEOMAR).

Figure 2: Concentrations of Rubidium (solid squares), Strontium (solid triangles) and
Zirconium (crosses) in the peat samples in parts per million. Clearly identified volcanic tephra
layers are highlighted in gray. Less well defined tephra layers and underlying sediment in the
Skyl record are highlighted by a lighter gray. The thick gray bands in the PBr2 and Skyll
records indicate the deposit of the Mt. Burney eruption 4 250 yr BP.

Figure 3: FTIR-spectra of peat samples from the three bogs in different depths. Chosen
samples represent upper, less decomposed peat (0-10 cm), deeper, highly decomposed peat
and samples influenced by ash layer or underlying sediment (Pbr2 170-180 cm and Skyl 170-
180 cm).

Figure 4. C/N ratios of solid peat and DOM, FTIR derived humification indices (ratios of
absorption at wavenumbers 1630/1090), DOC concentrations, 5°C and "°N of solid peat and
DOM at the sites PBr2 (top), Skyl (middle), and Skyll (bottom). Grey bands denote ash
layers. Open symbols in profiles of humification indices indicate samples possibly influenced
by ash deposits and need to be interpreted with caution.
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