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Abrupt Fen-Bog Transition Across
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and Impacts on Carbon
Sequestration
Julie Loisel* and Michael Bunsen

Department of Geography, Texas A&M University, College Station, TX, United States

Fens and bogs are distinct in terms of their biogeochemistry, water table behavior,
and net peat-accumulation regimes. While most peatlands start developing as fens,
a large fraction of them eventually shift to bogs in a step-like ecosystem shift. This
transition has traditionally been assumed to be primarily controlled by the ecosystem
itself (autogenic control). Here we use 90 peat profiles from southernmost South America
(SSA) as a case study that illustrates a synchronous, regional-scale shift from fen to bog
around 4200 years ago. In light of these results, we propose and discuss conceptual
models that link environmental change (allogenic control) as a trigger to the fen-bog
transition (FBT). In addition, our stratigraphic analyses show that Sphagnum deposits
are associated with greater peat masses, larger soil-carbon stocks, and higher rates
of peat-carbon accumulation than their non-Sphagnum counterparts, with Sphagnum
bogs being characterized by soil-carbon densities over twice that of non-Sphagnum
peatlands (medians = 141 vs. 56 kgC/m2). Since fens and bogs also behave differently
in terms of their carbon exchanges with the atmosphere, a better appraisal of the
processes involved in the FBT could help elucidate the role of this critical ecosystem
shift in the past and future global carbon cycle.

Keywords: carbon sink function, Holocene, Mires, tipping point, regime shift, complex adaptive system,
Paleoecology

INTRODUCTION

Peatlands cover about 3% of the global land area and account for roughly half of the wetlands
worldwide (Rydin and Jeglum, 2013; Mitsch and Gosselink, 2015). Peatland soils are water-
saturated; as a result, plant decomposition occurs slowly, which causes the net accumulation
of partly decomposed plant matter over centennial to millennial timescales. Peatlands are
predominantly found across the mid- and high-latitude regions (∼45–70◦), though they can be
regionally abundant in the subtropical belt (∼15–30◦) (Xu et al., 2018).

Peatlands are classified into two main types, fens and bogs, on the basis of their hydrological
and bioclimatic conditions, chemistry and nutrient status, and floristic composition (Charman,
2002; Vitt, 2006). While fens depend on mineral-rich water inputs from groundwater and overland
flow, bogs are ombrotrophic, i.e., their water supply comes exclusively from rain and snow
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(Damman, 1986; Vitt et al., 2003; Mitsch and Gosselink, 2015).
Bogs tend to be acidic, while fens are typically characterized
by neutral or alkaline pH conditions (Rydin and Jeglum, 2013).
This trophic gradient, from rich fens to poor bogs, influences
plant community dynamics, including biomass growth and
floristic composition (e.g., Malmer, 1986; Glaser, 1992). Plant
communities in fens tend to be dominated by sedges, grasses,
rushes, and brown moss species. Bogs often harbor continuous
Sphagnum moss carpets with some woody shrubs and sedge
clusters. In continental regions, drier bogs can also be colonized
by small trees. In general, fens are characterized by higher net
primary productivity, greater plant diversity, and more rapid
peat decomposition rates than bogs (Zoltai and Vitt, 1995;
Granath et al., 2010).

Fens and bogs also differ in terms of their ecosystem functions.
It has been repeatedly shown (e.g., Blodau, 2002; Turetsky
et al., 2014; Abdalla et al., 2016) that fens emit substantially
more methane (CH4) than bogs [100:1 according to Laine
and Vasander (1996)]. Fens are characterized by high water
table levels, which limit CH4 oxidation within the unsaturated
(“acrotelm”) upper peat layer (Moore and Roulet, 1993; Whiting
and Chanton, 2001), thus facilitating CH4 emission to the
atmosphere. Fen vegetation cover, often dominated by sedges,
acts as CH4 conduits from deep peats to the atmosphere, further
contributing to elevated CH4 emissions from these peatlands
(Bubier, 1995; Segers, 1998). Bogs, on the other hand, are typically
characterized by lower water table levels and significantly less
sedges than fens (Turetsky et al., 2014). Overall, it can be
argued that fens and bogs are also distinct in terms of their
biogeochemistry and water table (and moisture) behavior.

The estimated extent of fens and bogs at the global scale
remains unclear. Best estimates put the global fen and bog
areas around 1.1 and 2.1 Mkm2, respectively (Loisel et al.,
2017a). This knowledge is based on limited country inventories
combined with broad geographic distribution patterns. For
example, across the temperate, boreal, and arctic biomes,
peatland distribution tends to follow climatic gradients of
precipitation and temperature, from oceanic to continental, wet
to dry, and mild to cold (Vitt, 2006; Parviainen and Luoto, 2007).
For example, in Canada, most bogs are found in the boreal region
(though there are permafrost bogs in the Arctic), while fens
are typically clustered along the southern edge of the peatland
distribution, in mountainous areas, and across the (sub-)Arctic
lowlands (Tarnocai et al., 2002).

The classic peatland hydroseral succession that leads to the
formation of an ombrotrophic peatland (bog) consists of a
transition from an aquatic environment (pond, marsh) to a
minerotrophic peatland (fen) and, subsequently, to a peat bog
(Zobel, 1988). This general developmental scheme from fen to
bog has been attributed to one key autogenic process, namely
long-term peat accumulation that eventually reaches an elevation
beyond the influence of the mineral groundwater (Kuhry et al.,
1993). This autogenic succession paradigm is engrained in our
understanding of the fen-bog transition (FBT); as such, process-
based peatland models such as the Holocene Peat Model assume
that the FBT occurs when 1–2 m of peat has accumulated
(Frolking et al., 2001, 2010). In nature, an intermediate stage

between the fen and bog states does not really exist (e.g., Walker,
1970; Kuhry et al., 1993; Bunting and Warner, 1998), suggesting
that the transition from fen to bog might occur relatively quickly,
likely over few decades to centuries; this approximation is based
on the thinness (typically only a few cm) of fen-bog transitional
layers (e.g., Hughes and Barber, 2003; Ronkainen et al., 2014).
Also noteworthy is that alternative developmental pathways
have been observed. For example, in permafrost regions, an
ombrotrophic peat plateau can “revert” or “cycle” back to a fen
following thermokarst collapse (Treat et al., 2015); such cyclical
succession between fen and bog has been observed across the
discontinuous permafrost zone (e.g., Zoltai, 1993; Camill and
Clark, 2000). That said, for the purpose of this paper, the focus
remains on the classic succession from fen to bog.

In contrast to the autogenic succession theory, a few
studies have proposed that hydroclimatic conditions (allogenic
factors) may exert a major influence on the passage from
a wetter and richer fen to a poorer and drier bog (e.g.,
Hughes, 2000; Hughes and Dumayne-Peaty, 2002; Hughes and
Barber, 2003). In these cases, the ombrotrophication process
is triggered by small changes in allogenic controls such as
increased effective moisture (the “wet route”) or prolonged
droughts (the “dry route”). An allogenic change can thus
“speed up” autogenic succession (e.g., Väliranta et al., 2017);
succession could also make the system more susceptible to
allogenic factors. For example, in oceanic settings, it has been
suggested that an increase in effective precipitation (precipitation
minus evaporation) could flush mineral-rich water and enhance
Sphagnum growth, which would lead to the formation of a
perched water table and the initiation of ombrotrophy (Hughes
and Barber, 2003). Under this “wet route” scenario, Sphagnum
species isolate themselves from the groundwater by growing
“upward.” While the ombrotrophication process is ultimately
driven by Sphagnum growth (autogenic control), it is triggered
by increased moisture levels (allogenic control). Another
example was observed in continental settings, where droughts
could trigger ombrotrophication processes by enhancing peat
decomposition, which leads to the creation of dense peat layers
and to a relatively impermeable substrate, which ultimately
isolates living biomass from minerotrophic groundwaters. Sedge
remnants (e.g., Eriophorum vaginatum) have been identified
along cores, at the FBT, across continental regions (Hughes,
2000; Hughes and Barber, 2004). This plant type, which creates
dense tussocks, exhibits strong resistance to decay (Hughes
and Barber, 2004) and has a great water-holding capacity
(Hughes, 2000). Under this “dry route” scenario, sedge tussocks
could provide Sphagnum species with micro-habitats above the
groundwater influence, potentially allowing Sphagnum to rapidly
grow upward, leading to a quick switch to ombrotrophy.

Both the autogenic and allogenic FBT pathways described
above are in line with a growing body of evidence suggesting
that peatland dynamics are non-linear. Rather than displaying
gradual changes in structure and function that match the
frequency of external forcing, peatlands can show long periods
of little change that are punctuated with step-like transitions
to alternative states in response to seemingly small internal or
external forcing mechanisms (Levin, 1998; Belyea and Baird,
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2006; Andersen et al., 2009; Belyea, 2009). Such abrupt transitions
from one steady state to another are described as bifurcations
(or tipping points), and they occur once the stability properties
of an ecosystem are suddenly lost to the expense of a new
(or alternative) stable state (Scheffer et al., 2001; Lenton, 2013;
Milner et al., in press). The alternative ecosystem state may
be maintained by self-regulating physical, biological, and/or
chemical negative feedbacks, making it difficult or impossible to
reverse (Scheffer and Carpenter, 2003). The difficulty to foresee
these non-linear responses is concerning because changes in
ecosystem structure may lead to critical shifts in ecosystem
function (Lenton, 2013). As abrupt changes in peatland dynamics
may directly impact peat-C sequestration rates, significant effects
on the global C cycle and the climate system can result from such
a non-linear behavior.

Rationale and Research Objectives
In an effort to broadly understand the response of peatlands
to past, present, and future environmental change, a predictive
modeling approach that links fen vs. bog traits with C exchange
functions is needed. Although C dynamics are spatially variable
within a single peatland due to small-scale heterogeneity
associated with hummock-hollow microtopographic gradients
(Waddington et al., 1996; Baird et al., 2009), there is merit in
distinguishing between fens and bogs for the general purpose of
coupling dynamic peatland models with Earth System Models
(Frolking et al., 2009). Likewise, landscape-scale mapping of
peatland types would lead to better estimates of peatland-
atmosphere C exchanges (Baird et al., 2009). Also, knowing the
timing of critical ecosystem shifts such as the FBT, both in the past
and the future, could help model changes in peatland C dynamics
and their role in the global C cycle. In particular, knowing how
the extent of fens and bogs has changed throughout the Holocene
would provide constraints on peatland-atmosphere greenhouse
gas exchange (e.g., Frolking and Roulet, 2007; Yu et al., 2013).
Indeed, it has been suggested that the progressive decrease in
atmospheric CH4 concentration that occurred from 8000 to
4000 years ago might relate to the FBT across the boreal biome
(MacDonald et al., 2006; Loisel et al., 2015). Likewise, Yu (2011)
suggested that peat-C accumulation could have contributed to
the Holocene changes in atmospheric carbon dioxide (CO2)
concentration and δ13CO2 observed along Antarctic ice cores. It
is also possible that, in the near future, large swaths of wet arctic
tundra switch to bogs, following landscape-scale permafrost thaw
and drainage (Yu et al., 2009; Hugelius et al., in press). Despite
its key role in the Holocene global C cycle, little is known about
the timing and mechanisms of the FBT across the mid- and
high-latitude biomes.

In this study, a data synthesis of FBT timing across 90 southern
Patagonian peatlands is presented. We show a regional-scale
switch from fens to bogs across the region around 4200 years ago,
pointing toward a regional-scale control on the FBT. We present
two non-exclusive hypotheses that could explain this regional
shift in peatland type. A conceptual model of the FBT is then
discussed. To our knowledge, no models provide a conceptual
understanding of the FBT [but see Loisel et al. (2012), where a
preliminary version of this model was presented]. In this model,

allogenic factors push the fen beyond its resilience capacity,
inducing a regime shift to ombrotrophy. Overall, this information
may be of use to improve ecological models via the identification
and quantification of ecosystem functional traits between bogs
and fens; it also has applications for peatland management efforts
such as rehabilitation, restoration, and conservation.

MATERIALS AND METHODS

Study Region
The study region is southernmost South America (SSA), which
in this case refers to the landmass located between ∼ 50
and 56◦S. This area includes Chile’s Magallanes region and
Argentina’s portion of Tierra del Fuego (Figure 1). The regional
climate is heavily influenced by the southern westerly winds,
which carry moisture and heat from the Pacific Ocean onto
the continent, in a west-to-east direction (Garreaud, 2009).
By forcing the maritime air upward, the Andes Mountains
create a strong precipitation gradient across the region (Paruelo
et al., 1998). Three main peatland types are found across
this gradient. First, cushion bogs are established under hyper-
oceanic conditions. These ecosystems are dominated by Astelia
pumila and Donatia fascicularis, two species that are tolerant of
windy, stormy, and cold conditions (Auer, 1958; Moore, 1983;
Pisano, 1983). Second, ombrotrophic peat bogs are located under
humid to dry conditions (∼ 400–1000 mm/yr); these ecosystems
are dominated by Sphagnum magellanicum carpets and scarce
stunted trees (Pisano, 1983; Grootjans et al., 2010). Lastly,
groundwater-fed herbaceous fens are found under dry to arid
conditions (<400 mm/yr) and are usually dominated by grasses,
sedges (Carex spp.), rushes (Marsippospermum grandiflorum),
and a few shrubs. Peat bogs today thus occur within a narrow
band of land located along the lee side of the Andes (Figure 1),
where mean annual temperature is around 5◦C (Loisel and
Yu, 2013a), the temperature seasonality (difference between the
warmest and coldest months) is around 10◦C (Loisel and Yu,
2013a), and frost is rare (Schneider et al., 2003; Arroyo et al.,
2005). These peat bogs are embedded within the deciduous
and evergreen forests of southern Patagonia; the bogs are rain-
fed and are typically found in valley bottoms atop lacustrine
sediments or marine clays and silts (Bentley and McCulloch,
2005; Rabassa et al., 2006).

New Peat Core Data
This study includes a total of 90 peatlands (Supplementary
Figure S1), of which 12 were sampled by our team over the
course of two field seasons (Supplementary Table S1). In 2010
(PAT-10), four peat bogs were visited and a core was retrieved
at each one of the following sites (unofficial names): Harberton
(HB), Cerro Negro (CN), Upper Andorra Valley (UAV), and
Escondido (ESC). Some results from these cores have been
published elsewhere (Loisel and Yu, 2013a,b; Loisel, 2015). In
2018 (PAT-18), eight new sites were cored: Beef-Penguin (BP),
Mercedes (MP), Jen (JB), Rasmussen (RAS), Ariel (AP), Cura
(CP), Pat-Andy-Nat (PAN), and Flarks (FP). Some of the results
from cores MP and BP are published (Bunsen and Loisel, 2020),
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FIGURE 1 | Study region, southern South America. The open circles indicate our 12 new cores, the gray circles show the location of the 78 sites from the literature
review, and the black triangles locate the main towns. The peatland area is from Yu et al. (2010) and the dataset used to generate the isohyets is from New et al.
(2002). Detailed maps with site names can be found in the Supplementary Information (Supplementary Figure S1).

while those from the other cores remain unpublished at the
moment (but see Bunsen, 2020). Note that Ariel Peatland has
also been studied by Xia et al. (2018, 2020); likewise, Harberton
Bog was the object of previous studies (e.g., Markgraf, 1991;
Pendall et al., 2001).

Eleven of the twelve sites are S. magellanicum peat bogs
that are characterized by microtopographic gradients, from
dry hummocks to wet hollows. Shrubs Empetrum rubrum
and Nothofagus antarctica were identified at all sites, with
the exception of Jen Bog and Mercedes Peatland, where
N. antarctica was replaced by cypress tree Pilgerodendron
uviferum, a conifer only found in hyper-humid habitats of
Patagonia (Moore, 1983). The sedge and grass communities
typically included Marsippospermum grandiflorum, Tetroncium

magellanicum, Alopecurus magellanicus, Carex magellanica, and
Carex curta. The 12th site (Cura Peatland) is a spring-fed
fen dominated by herbaceous plants and Bryales. Cores were
extracted in 50-cm increments using a Russian auger. The
stratigraphy of each section was described in the field in terms
of main peat types (moss, herbaceous, ligneous, etc.) and soil
properties (texture, particle size, color). The cores were then
wrapped in plastic and foil, and stored in PVC pipe for shipping.
Cores were kept at 4◦C until lab analyses. Inception age varies
between 15,550 and 1450 calibrated years Before Present (cal.
yr BP). All 11 peat bog cores exhibit a clear, sharp switch from
herbaceous-dominated fen peat to Sphagnum-dominated bog
peat (Figure 2). The FBT has thus occurred at some point during
the Holocene at these sites.
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FIGURE 2 | Peat stratigraphic characteristics. (A) Sphagnum peat, poorly decomposed (core PAT10-HB). (B) Herbaceous peat, highly decomposed (core
PAT10-CN). (C) Fen-bog transition along a peat core (site PAT10-CN).

Peat core chronology was constrained using radiocarbon
(14C) dating (Supplementary Table S2). Hand-picked plant
macrofossils were cleaned with deionized water, dried, and 14C-
dated using AMS at the University of California – Irvine’s
Keck AMS Carbon Cycle Lab (samples collected in 2010)
and at Lawrence Livermore National Lab’s CAMS Radiocarbon
Lab (samples collected in 2018). When the samples were
too decomposed for the identification and cleaning of plant
macrofossils, root-free bulk peat samples (63–125 µm) were
used instead. As the regional tephrochronology is relatively well
known (e.g., Stern, 2008), a few volcanic tephras were identified
along our peat profiles on the basis of visual examination (in the
field) as well as changes in bulk density (in the lab). The tephra
layers that were identified are: Aguilera I, Burney I and II, Hudson
I, and Reclus I, as well as cryptotephras Hudson a and b (Mansilla
et al., 2016; Supplementary Table S3). While they were not used
to build the chronologies, the tephras were used to confirm our
age-depth models and compare core stratigraphy between sites.

Age-depth models for the four PAT-10 cores (HB, CN, UAV,
and ESC) have been published in Loisel and Yu (2013a) but
have been updated for this study, in light of more recent
calibration curves being available. Age-depth models for the
eight PAT-18 cores (BP, MP, JB, AP, CP, FP PAN, and RAS)
are available in Bunsen (2020). All raw and calibrated 14C
data, as well as our final age-depth models, are included in
the Supplements (Supplementary Table S2 and Supplementary
Figure S2), along with tephra ages obtained from the literature
(Supplementary Table S3) and bulk density profiles from all
12 cores to show the stratigraphic location of those tephras

(Supplementary Figure S3). We used the SHCal13 (Hogg et al.,
2013; Reimer et al., 2013) and SHZ 1-2 calibration curves (Hua
and Barbetti, 2004), along with Bacon version 2.3.5 (Blaauw and
Christen, 2011) to constrain peat chronologies.

Geochemical measurements were performed at high
resolution along all 12 cores (Supplementary Figure S3).
Along the PAT-10 cores, contiguous sub-samples (1 cm3) were
analyzed every cm; the sample interval was increased to 2-cm
increments along the PAT-18 cores, though sub-samples (2 cm3)
were still measured contiguously. Loss-on-ignition (LOI) was
performed to determine peat water content, organic matter
content, dry bulk density, and organic matter density on each
sub-sample (total = 3854 samples); standard procedures were
followed (Dean, 1974). Changes in peat water content and
organic matter density were used to infer stratigraphic changes
in peat type along the cores for which plant macrofossil analysis
has not yet been performed. This inference is based on a
statistical analysis that was performed on 438 Patagonian peat
samples for which plant fossil analysis as well as geochemical
measurements were performed (see Loisel and Yu, 2013a).
Results indicate that low water content and high density
are associated with herbaceous peat, and high water content
and low density are correlated with Sphagnum peat (Loisel
and Yu, 2013a). Lastly, peat-carbon accumulation rates
(PCAR) were obtained by multiplying the organic matter
density of each depth increment (in g OM/cm3) by the
interpolated deposition rate of each sample (from the age-
depth models, in cm/yr) and by an assumed 50% C content
(Loisel and Yu, 2013a).
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Data Synthesis
A compilation of 78 peat core stratigraphies from southernmost
Patagonia was used to infer the timing of the FBT across
the region. The quality of data varies across the different
sources, from visual descriptions of peat stratigraphic changes
(Auer, 1965) to semi-quantitative plant macrofossil-based
reconstructions (De Vleeschouwer et al., 2014). Radiocarbon-
based age-depth models were unavailable for Auer’s (1965) cores;
instead, peat stratigraphic changes are described in relation with
three tephra layers of known ages (Stern, 2008): Reclus I (15,780–
14,040 cal. yr BP; median age = 14,900 cal. yr BP), Hudson
I (7960–7420 cal. yr BP; median age = 7700 cal. yr BP), and
Burney II (5290–3230 cal. yr BP; median age = 4200 cal. yr BP).
We used these three tephra layers to compare changes in peat
type, total peat mass (gOM/cm2), and PCAR (gC/m2/yr) between
all 78 cores from the literature as well as our 12 new cores.
Lastly, peat depths were converted to organic matter density,
peat mass, and PCAR using the following values: 0.05 g OM
cm3 for Sphagnum peat and 0.07 g OM cm3 for herbaceous (i.e.,
Carex spp., Marsippospermum sp.) and other non-Sphagnum (i.e.,
Bryales) peat types (Loisel and Yu, 2013a).

RESULTS

Peat Stratigraphy and FBT Timing
Across Southern Patagonia
New Cores
The stratigraphic records from our 12 new cores are presented in
Figure 3. Each site started its development as a fen, and 11 out
of 12 sites evolved into a bog during the mid- and late-Holocene
time periods (Figure 3). Of these 11 sites, six switched to bogs
right after the deposition of tephra layers (CN, MP, FP, PAN,
RAS, and AP). While the FBT at site AP followed the Hudson
I eruption (7960–7420 cal. yr BP), the transition occurred after
the Burney II eruption (5290–3230 cal. yr BP) at the other five
sites. Sites ESC and BP switched to bogs prior to those eruptions,
around 4700 and 10,000 cal. yr BP, respectively. One site (HB)
is too young for having been affected by any eruption and
records a FBT around 1000 cal. yr BP. The last two sites (JB
and UAV) transitioned into bogs around 1200 and 2300 cal. yr
BP, respectively.

Data Synthesis
The synthesis included 78 peat profiles; the majority (63 out
of 78 sites) started their development as herbaceous-dominated
or Bryales-dominated fens (Supplementary Figure S4). Of the
remainder, two sites started as Donatia-dominated cushion bogs,
another one began its development as a forested peatland, and
the remainder (11 out of 78 sites) started as Sphagnum bogs. As
for today’s vegetation communities, 47 of the 78 sites are now
Sphagnum-dominated bogs, five are cushion bogs, and 26 are
fens. At a few sites (T1, T2, and T3), Sphagnum deposits that pre-
date the Reclus I eruption (14,900 cal. yr BP) have been identified
(Supplementary Figure S4). Those are exceptional cases, with
most Sphagnum deposits developing during the mid- and late-
Holocene. Indeed, 35 out of the 47 Sphagnum-dominated sites

transitioned from fen to bog right after the deposition of tephra
layers. As is the case along our own cores, some peatlands
switched to bogs following the Hudson I eruption (7960–7420 cal.
yr BP; n = 5), though the majority transitioned after the Burney II
eruption (5290–3230 cal. yr BP; n = 30). While sites T3, T5, and
HAB switched to bogs prior to those eruptions, five other sites
switched between those events (T14, T15, T56, T62, and P52);
T29 and Onamonte transitioned after the Burney II eruption
(Supplementary Figure S4).

Peat Accumulation Across the FBT in
Southern Patagonia
New Cores
In general, our 12 study peatlands have been effective C sinks
over the Holocene (Figure 3 and Supplementary Table S4).
Core analysis reveals a median thickness of 452 cm (min = 290,
max = 770) and a median soil C density of 130 kgC/m2 (min = 89,
max = 220). The rate of peat accumulation has not been constant
through time across our sites (refer to Supplementary Figure S3
for details). For instance, mean PCAR for the time period
between Reclus I (14,900 cal. yr BP) and Hudson I (7700 cal.
yr BP) amounts to 7 gC/m2/yr (Supplementary Table S4). This
figure reaches 13 gC/m2/yr during the time period between
Hudson 1 and Burney II (4200 cal. yr BP) eruptions. It then rises
up to 22 gC/m2/yr for the last 4200 cal. yr BP (Supplementary
Table S4). While these figures account differentially for long-term
decomposition and peat compaction on the basis of their age (i.e.,
the young peat has not decomposed or compacted as much as the
old one), they are still informative.

Data Synthesis
There are large differences in terms of peat depth and peat
C density across the 78 sites described in the literature
(Supplementary Figure S4 and Supplementary Table S4).
Median peat thickness amounts to 345 cm (min = 60,
max = 1400), which translates to a median soil C density
of 119 kgC/m2 (min = 21, max = 375). Temporal changes
in the rate of peat accumulation have also occurred across
the 78 sites (refer to Supplementary Figure S3 for detailed
results). In general, and similar to the findings from our own
cores, PCARs were lower than average between the Reclus I
(14,900 cal. yr BP) and Hudson I (7700 cal. yr BP) eruptions,
with a mean of 7 gC/m2/yr (Supplementary Table S4). This
figure increases to 11 gC/m2/yr during the time period between
Hudson 1 and Burney II (4200 cal. yr BP) eruptions, and remains
about the same (12 gC/m2/yr) over the past 4200 cal. yr BP
(Supplementary Table S4).

DISCUSSION

Spatial and Temporal Patterns of the FBT
Across Southern Patagonia
Altogether, 58 out of the 90 surveyed peatlands are bogs today
(Figure 3 and Supplementary Figure S4). Out of these 58
Sphagnum-dominated bogs, 35 transitioned from their fen state
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FIGURE 3 | Peat stratigraphic profiles for the 12 new sites included in this study. The sketches are true to scale. The remaining 78 peat profiles from the literature
review can be found in the Supplementary Information (Supplementary Figure S4).
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at 4200 cal. yr BP (Burney II eruption), six switched to bogs at
7700 cal. yr BP (Hudson I eruption), and 13 underwent the FBT
at other times (Figure 4). As for the sites that did not respond
to those eruptions and switched to bogs at later stages (e.g., JB,
UAV, ONA, and RR), it is possible that the eruption (or its tephra)
was not sufficient to destabilize the fen conditions. As for the
sites that switched prior to those eruptions (e.g., ESC, BP, and
HAB), we do not have sufficient evidence to suggest alternative
triggering mechanisms at this time, though drying conditions
during the mid-Holocene might have facilitated the colonization
by Sphagnum (e.g., Hughes, 2000; Hughes and Barber, 2004). Of
the remaining 32 sites, 27 have persisted as fens for their entire

history while the other five are Donatia-dominated cushion bogs
today (Supplementary Figure S4). The temporal pattern offered
by the FBT is striking, with a majority of sites simultaneously
switching to bogs across SSA (Figure 4).

Some peatland-rich areas of southernmost Patagonia are
found outside the Sphagnum moss domain. As such, the five
cushion bogs cataloged in this study (T40, T41, T42, T60, and
SKY-2) are located off the western Chilean coast and along the
Strait of Magellan, in areas of either very high precipitation,
high wind, or storminess (Supplementary Figure S4; see
Supplementary Figure S1 for detailed location of these sites).
Though tephra layers were identified along these core profiles,

FIGURE 4 | Fen-bog transition timing across southern South America. Non-Sphagnum peatlands (fens and cushion bogs) are also shown. The location of Mount
Burney is indicated by a gray triangle. Mount Hudson (45.9 S, 72.97 W) is located outside the area shown on the map. The peatland area is from Yu et al. (2010) and
the dataset used to generate the isohyets is from New et al. (2002).
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Sphagnum moss is not typically encountered in these two regions
today, due to climatic limitations (Pisano, 1983). That said, the
co-occurrence of Donatia and Sphagnum has been observed in
a few peatlands located near the current limit of Sphagnum
bogs (near sites PAT-18-MP, between sites PAT-10-HB and T60,
and at site SKY). In this area, to our knowledge, at least one
peat core harbors switches between cushion- and Sphagnum-
dominated assemblages (Mathijssen et al., 2019). But for the sake
of this study, which focuses on the FBT, we will not investigate
this topic further.

Another outstanding spatial pattern from our analysis is
the location of 27 “persistent fens.” These peatlands have not
undergone the FBT despite having been influenced by volcanic
eruptions (Figure 3 and Supplementary Figure S4). Of these
persistent fens, 13 sites are clearly found in the steppe ecoregion
(T36, T37, T51, T64, T65, T66, T67, T69, P57, P58, P60, P61,
and P65), making it unlikely for Sphagnum to colonize these
areas due to local hydroclimatic limitations (Supplementary
Figure S4; see Supplementary Figure S1 for detailed locations).
That said, several sites that are either located near the modern-
day boundary between the steppe and forest ecoregions (T7,
T19, T30, T31, T32, T63, and P63) or within the Sphagnum bog
domain (PAT-18-CP, T23, T26, T58, T61, P53, and P56) also
persisted as fens. In those cases, a number of local conditions that
would prohibit oligotrophy, including insufficient peat thickness,
the presence of mineral-rich springs or surface runoff from
surrounding hillslopes, and other conditions such as inadequate
parent material or topography, could have prevented the switch
to bog conditions. In particular, many of these peatlands are

found in complex moraine basins that are probably strongly
influenced by groundwater (Auer, 1965; Coronato et al., 2006;
Rabassa et al., 2006).

Spatial and Temporal Patterns of Peat
Accumulation Across the FBT
A comparative analysis of Sphagnum vs. non-Sphagnum
peat mass revealed that Sphagnum-dominated peatlands are
characterized by greater peat stores, and thus larger soil C
stocks, than their non-Sphagnum counterparts (Tukey’s HSD:
p < 0.001, except for the period prior to 14,900 cal. yr BP, where
the difference between the two peat types was not statistically
significant). This finding is consistent through the different
time periods (Figure 5). We observed relatively consistent
peat mass values for both Sphagnum (median ∼ 12 g/cm2)
and non-Sphagnum (median ∼4 g/cm2) peat types through
time, though these figures should not be directly compared,
as each time period has a different duration. To alleviate
this issue, PCAR was calculated to standardize changes in
peat mass over time.

There are two outstanding patterns that come out of the
PCAR data (Figure 6). First, Sphagnum peat is consistently
accumulating at greater rates than its non-Sphagnum counterpart
(Tukey’s HSD: p < 0.001, except for the period between 14,900
and 7700 cal. yr BP, where the difference between the two peat
types was not statistically significant), with median apparent rates
of C accumulation that progressively increase through time, from
10 gC/m2/yr between Reclus I and Hudson I, to 16 gC/m2/yr

FIGURE 5 | A comparative analysis of Sphagnum vs. non-Sphagnum peat masses over time. The time periods are dictated by three tephra layers: Reclus I
(14,900 cal. yr BP), Hudson I (7700 cal. yr BP), and Burney II (4200 cal. yr BP). Sphagnum and non-Sphagnum peat masses are statistically different for every time
period (Tukey’s HSD: p < 0.0001), except prior to 14,900 cal. yr BP.
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FIGURE 6 | A comparative analysis of Sphagnum vs. non-Sphagnum peat-carbon accumulation rates (PCAR) over time. (A–C) Spatial distribution of Sphagnum
(blue circles) and non-Sphagnum (in green) peatlands and associated PCAR (circle size). (D) Temporal distribution of PCAR changes between Sphagnum (white
boxes) and non-Sphagnum (black boxes) peat types. The time periods are dictated by three tephra layers: Reclus I (14,900 cal. yr BP), Hudson I (7700 cal. yr BP),
and Burney II (4200 yr cal. BP). Sphagnum and non-Sphagnum peat masses are statistically different for every time period (Tukey’s HSD: p < 0.001), except from
14,900 to 7700 cal. yr BP. The peatland area is from Yu et al. (2010) and the dataset used to generate the isohyets is from New et al. (2002).

between Hudson I and Burney II, and to 20 gC/m2/yr from
4200 cal. yr BP to modern times (Figure 6). Second, non-
Sphagnum PCARs remain uniform throughout all three time
periods, with a median of 7 gC/m2/yr (Figure 6). To normalize
PCAR values for each peatland developmental history, time-
weighted PCARs were calculated for the Sphagnum and non-
Sphagnum peatland sites (Figure 7). This calculation multiplies
the PCAR from each time period by its duration to ensure that
each period is adequately represented in the “whole core PCAR.”
We find, once again, that Sphagnum sites have been characterized
by an overall greater C-sink capacity than non-Sphagnum sites
(Tukey’s HSD: p < 0.00001), with median time-weighted PCAR

values of 17 gC/m2/yr (min = 4, max = 49) for Sphagnum
and 8 gC/m2/yr (min = 2, max = 33) for non-Sphagnum. Note
that, amongst the non-Sphagnum sites, time-weighted PCAR
ranged from 7 to 10 gC/m2/yr for cushion bogs and from 2 to
33 gC/m2/yr for persistent fens.

A comparison of the Sphagnum vs. non-Sphagnum portions of
the cores reveals that, since the Reclus I eruption, approximately
42% of the total peat mass accumulated at these 90 sites is made of
Sphagnum peat (Figure 3). This figure considers organic matter
density differences between Sphagnum (0.05 gOM/cm3) and non-
Sphagnum peat (0.07 gOM/cm3). For comparison, Sphagnum
peat has dominated the regional peatland landscapes during
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FIGURE 7 | A comparative analysis of time-weighted peat-carbon accumulation rates (PCAR) for Sphagnum vs. non-Sphagnum peat types. The Sphagnum sites
have been characterized by an overall greater C-sink capacity than the non-Sphagnum sites (Tukey’s HSD: p < 0.00001).

approximately 30% of the entire peat history, as reconstructed
from the cores. In other words, though Sphagnum peat is less
dense than its non-Sphagnum counterpart, it has built a peat
deposit that is greater (42%) than the total amount of time (30%)
these peatlands have been Sphagnum-dominated bogs. Likewise,
core analysis reveals a median peat C mass (or median soil C
density) of 119 kgC/m2 (Figure 8 and Supplementary Table S4),
with modern-day Sphagnum bogs having significantly greater C
storage (141 kgC/m2) than their non-Sphagnum counterparts
(56 kgC/m2; Tukey’s HSD: p < 0.00001). A regional map of
peatland C density, which also reports whether each site is a
Sphagnum or non-Sphagnum peatland, suggests that the greatest
peat C stocks might be found along the eastern and southern
portions of Isla Grande, in Tierra del Fuego (Figure 8).

Given the high proportion of sites that exhibit their FBT at
4200 cal. yr BP, we specifically analyzed peat mass and PCAR
differences between sites that switched to bogs after the Burney
II eruption vs. those that did not (Figure 9). We find that, on
average, sites that switched to bogs accumulated significantly
more peat (and stored more C) than sites that remained fens or
cushion bogs (Tukey’s HSD: p < 0.00001). These figures amount
to a median peat mass of 15 g/cm2, equivalent to 19 gC/m2/yr for
the 58 bogs, vs. a median peat mass of 4 g/cm2 or 5 gC/m2/yr for
the other 32 sites (Figure 9).

Potential Mechanisms for the FBT
In light of tipping point theory, we argue that destabilizing forces
are responsible for the FBT. These positive feedbacks consist of
autogenic processes that can be triggered by a perturbation that
helps “tip” a fen system into a bog state, by either dampening
or amplifying a number of peatland processes. We propose
two mechanisms that could explain the surge of Sphagnum

during the late-Holocene: (1) volcanic impact, and (2) change
in hydroclimate.

Volcanic Impact
Auer (1965) was the first to suggest that tephra layers might
have aided the formation of Sphagnum bogs. He speculated
that these tephra layers might have provided a dry and acidic
substrate that also prevented evaporation across large swaths of
land, thereby facilitating Sphagnum invasion. We postulate that
the idea of a volcanic impact capable of inducing a regional-scale
FBT is plausible. In fact, Kilian et al. (2006) suggested that the
Burney II eruption led to long-lasting damage to forest, aquatic
and peatland ecosystems in the vicinity of the stratovolcano.
Our scenario implies a much broader, regional-scale impact
associated with this eruption. We consider a scenario under
which the combined effects of volcanic fallout (i.e., tephra) and
sulfur dioxide (SO2) plumes caused intense peatland acidification
because of fens weak buffering capacity (Gorham et al., 1984),
which led to nutrient seepage and an abrupt ecosystem shift
to bog. While it is possible that the tephra itself provided a
“dry” substrate for Sphagnum, as proposed by Auer (1965), we
are less comfortable with this idea, given that our stratigraphic
evidence suggests that the Burney II ash layer was often less than
1 cm in thickness. Conversely, the potential impact of an acidic
SO2 plume on the regional vegetation communities is worth
considering, as those plumes could take place over the course of
many years as the volcano is degassing, dissimilar to the 1-time
tephra fallout event. This “volcanic impact” scenario suggests that
a disturbance induced an abrupt acidification of the peatland
surface, which facilitated Sphagnum establishment, which led to
the FBT. In light of tipping point theory, this scenario implies
that the new conditions brought about by the tephra and/or the
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FIGURE 8 | A comparative analysis of Sphagnum vs. non-Sphagnum peat carbon mass per unit area (also referred to as soil carbon density in the text). (A) Spatial
distribution of Sphagnum (blue circles) and non-Sphagnum (in green) peatlands and associated carbon mass (circle size). (B) Statistical representation of carbon
mass for Sphagnum and non-Sphagnum peat types compared to all sites combined. The peatland area is from Yu et al. (2010) and the dataset used to generate the
isohyets is from New et al. (2002).

SO2 plume were able to promote the bog state at the expense
of the fen state.

Change in Hydroclimate
While the broad-scale synchronicity of the FBT with a tephra
layer makes the volcanic scenario a strong candidate for the
observed pattern, the influence of climate on the FBT cannot
be overlooked. The Burney II tephra was deposited toward
the end of the co-called sub-Boreal time period (Auer, 1965),
which was characterized by generally dry conditions. It is indeed
possible that fens were drying up and that peat accumulation
was slowing down due to enhanced decomposition. While the
volcanic eruption might have facilitated the FBT, the underlying
dry conditions could have been essential to the establishment
of bog conditions. This dry climate scenario could also explain
why a number of sites switched to bogs between Hudson I and
Burney II, without “help” from a volcanic eruption. These ideas
make intuitive sense and are corroborated by recent paleoclimate
reconstructions. In particular, we know that many glaciers in the
Patagonian Icefield, on South Georgia and James Ross Islands,
and along the Antarctic Peninsula receded between ∼ 4500 and
2700 cal. yr BP (Mulvaney et al., 2012; Sterken et al., 2012; Anyia,
2013; Strelin et al., 2014; Kaplan et al., 2016; Oppedal et al.,
2018). Peatlands expanded across sub-Antarctica during these
times as well (e.g., Yu et al., 2016; Loisel et al., 2017b). Another
aspect of the regional paleoclimate is a subsequent increase in
effective moisture around 2700 cal. yr BP (e.g., Moreno et al.,
2018; Oppedal et al., 2018). Glacial advances have been described
for this time period; it is possible that Sphagnum moss benefited
from wetter conditions, which could also explain the recent
increases in peat mass and PCAR (Figure 9). The FBT across
southern Patagonia is also contemporaneous with the “4.2 ka
event,” which has been observed in many parts of the world (e.g.,

Bond et al., 2001; Wanner et al., 2008) and associated with dry
and cool climatic conditions. In light of tipping point theory, this
“climate” scenario implies that the dry conditions brought about
by the change in regional hydroclimate were able to promote the
bog state at the expense of the fen state.

Wind
One last effect that should be discussed is the importance of
wind in controlling peatland dynamics in southern Patagonia.
Anyone who has seen bog surfaces from this region probably
noticed the very tall and often desiccated Sphagnum hummocks
that dot these peatlands. Often, the shape and orientation of these
hummocks are determined by the main wind direction. While
Sphagnum might be able to develop over fen deposits during
dry periods, Sphagnum communities also have to persist amid
strong directional winds. In many cases, Sphagnum is eventually
destroyed by the influence of such strong winds and associated
dry conditions, leading to retrogressive bog patches that give way
to shrubby landscapes (Auer, 1965). Considering the negative
impact of wind on bog development, the ∼ 2700 cal. yr BP
increase in effective moisture becomes even more important
in maintaining, and perhaps promoting, Sphagnum growth
across the region.

A CONCEPTUAL MODEL FOR THE FBT

In light of complex adaptive system theory, a peatland could
respond in a step-like way when a slowly varying internal
driver (here: peat thickness) exceeds a threshold value, but
where the threshold value depends upon the direction of the
driver (increase or decrease). In other words, the transition from
fen to bog could take place at a different threshold than the
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FIGURE 9 | A comparative analysis of Sphagnum vs. non-Sphagnum peat properties since the Mount Burney II eruption (4200 cal. yr BP). (A) Sphagnum vs.
non-Sphagnum peat carbon accumulation rates since 4200 cal. yr BP. (B) Sphagnum vs. non-Sphagnum peat masses. Both analyses reveal that sites that switched
to bogs accumulated significantly more peat (and stored more carbon) than sites that remained fens or cushion bogs (Tukey’s HSD: p < 0.00001).

transition from bog to fen would, inducing a hysteresis loop
that makes the fen and bog possible “alternative states” under
a series of conditions (Figure 10). This model considers the
resilience and ecological memory of the fen and bog stable

states (Belyea, 2009). Allogenic factors can push a mature
fen beyond its resilience capacity and induce a shift to bog
conditions, and vice versa, but at different thresholds values
(Hughes and Dumayne-Peaty, 2002). We postulate that changes
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FIGURE 10 | Conceptual models for non-linear fen-bog transition scenarios.
(A) Overall pattern, where the peatland state (fen vs. bog) responds
non-linearly as oligotrophy increases along with peat thickness. There is no
“intermediate” state between fen and bog but rather, once a threshold is
passed, the system switches from one state to the other. (B) State-threshold
model, where the regime shift in the ecosystem state takes place once a
threshold in an internal driver (e.g., peat thickness) is exceeded.
(C) Driver-state hysteresis, where a loop links the ecosystem state to the
environmental driver, which results in jumps between two alternative stable
states.

in climate (moisture and temperature) and stochastic disturbance
events (e.g., drought, flood, volcanic eruption, fire, pollution)
become increasingly important over time in facilitating the FBT
(i.e., the fen state becomes less stable over time). In other words,
the stabilizing forces that were promoting the fen persistence
eventually lose to a perturbation that promotes the bog state. The
bog is then maintained by another set of stabilizing forces, and a
return to the fen state would require different driver conditions
than those that promoted the FBT.

Bog Stabilizing Properties
The stabilizing properties of bogs occur over multiple spatial
scales, from microforms (100–101 m) to mesoforms (101–102 m)
and whole ecosystems (102–103 m). These stabilizing forces
include a number of negative feedback mechanisms that relate
to the presence of Sphagnum, changes in peat water storage,
vegetation mosaics, and the rate of peat formation, which are
briefly described below.

Presence of Sphagnum
The colonization by Sphagnum helps shape and maintain an
acidic, nutrient-poor, and insulated habitat that further promotes
Sphagnum persistence (Rydin et al., 2006); it can also absorb
pollutants. This genus has a great water-holding capacity and
is resistant to decay, making it an excellent peat builder that
drives peat formation (van Breemen, 1995). The colonization
by Sphagnum is likely associated to a local increase in soil
wetness, which may be caused by decreased soil permeability
(Rydin and Jeglum, 2013) or the formation of a groundwater
mound (Ingram, 1982), both of which can be autogenically- or
allogenically-induced.

Peat Water Storage
Following rainfall and snowmelt, excess water can be stored in
the acrotelm (the unsaturated uppermost portion of the peat
profile), where near-surface peat is pliable and pore spaces are
large (Belyea, 2009; Rydin and Jeglum, 2013). By the same
token, any superfluous water can be rapidly discharged, thus
helping the bog maintain an adequate water supply without
exceeding it, which could otherwise change the nature of soil
water chemistry. In contrast, during a drought, water table levels
drop, but near-surface transmissivity is also reduced, leading to
water conservation. This process is accompanied by surface peat
contraction, which also limits water loss (Glaser et al., 2004). In
addition, mosses can lose their pigments, leading to high albedo
and thus increased reflectance that results in slower water loss via
evaporation (Gerdol et al., 1996).

Mosaics of Hummocks and Hollows
Vegetation mosaics can increase peat bog resilience by promoting
water storage (drought persistence) and by easing drainage (flood
persistence). Indeed, flooded hollows can expand to either store
or discharge excess water during floods; conversely, hollows
can shrink during droughts to limit water loss to evaporation
(Quinton and Roulet, 1998; Belyea, 2009). These local water
reallocation strategies seem to benefit the system as a whole
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when compared to a homogenous vegetation cover (Quinton
and Roulet, 1998). However, it has been argued that vegetation
mosaics can promote perturbations over long timescales. This
is particularly the case in continental settings, as they could
lead to the expansion of dry hummocks with vascular plants
that pump water from the adjacent hollows (Eppinga et al.,
2009). In this case, hummocks do not act as drought buffers;
rather, they amplify the initial condition, which can lead to
self-perpetuating dry conditions.

Rate of Peat Formation
In itself, peat formation plays a self-regulating role in maintaining
bog conditions. Vertical peat accretion is a result of the
net positive balance between plant production and peat
decomposition. Under optimal growth conditions, which have
been observed in “lawns” and low hummocks (Belyea and
Clymo, 2001), plant production is maximized, leading to
vertical peat accumulation that is accompanied by a rising
groundwater mound (Belyea and Baird, 2006). If the rate of
peat formation was to “outpace” the capacity of the peatland
to keep itself wet enough, a hummock would form. Plant
production would then be reduced and peat decomposition
would increase due to aerobic conditions, thereby constraining
vertical peat accretion and bringing the system back to
the low hummock/lawn conditions of optimal growth. In
this case, the non-linear relationship between the thickness
of the acrotelm and the rate of peat formation brings
stability to the system (e.g., Belyea and Clymo, 2001; Belyea,
2009). Conversely, if wet years were to occur, the lawns
would become wetter, perhaps turning into hollows, which
would decrease both the rate of peat formation and the
acrotelm thickness, which could tip the system into a self-
perpetuating wet state.

System Properties Leading to Fen
Persistence
While it can be said that a number of negative feedbacks promote
the persistence and homeostasis of the bog state (see above), the
situation is different for the fen state. In the literature, it has
been suggested that peatlands in general, and bogs in particular,
are complex adaptive systems (Belyea and Baird, 2006). But
not much has been said about the persistence capabilities of
fens. Indeed, fens tend to be topographically constrained, that
is, they develop in wet depressions and can “swamp” low
slopes as they expand horizontally (e.g., Korhola et al., 2010;
Loisel et al., 2013). It has also been suggested that they tend
to be more sensitive to climate and hydrological changes then
bogs (e.g., Hilbert et al., 2000), perhaps as a result of their
incapacity to self-regulate the way bogs do. From this perspective,
the stabilizing forces that promote a fen persistence are more
difficult to identify. In an attempt to fill this knowledge gap,
we propose that lateral expansion and intensified peat decay
are potential properties that lead to persistence, albeit being
“passive” negative feedbacks, as both these processes contribute
to maintaining high surface wetness, particularly near the center
of the fen.

Lateral Expansion
Peat accumulation in a fen basin raises the water table locally.
Due to an increase in the hydraulic head caused by greater
vertical peat accumulation near the center, subsurface water has
been shown to flow from the center of the fen toward the
margins (Morris et al., 2011), allowing peat to spread laterally
through “swamping” of adjacent mineral soils (Belyea, 2009;
Korhola et al., 2010; Ruppel et al., 2013). The resulting effect is
an increase in the total fen area, which further increases water
availability and stability toward the center, thereby maintaining
high surface wetness (Loisel et al., 2013). This prevents colonizing
Sphagnum species from invading the fen (Granath et al., 2010).
By the same token, when a fen reaches a stage where it can no
longer spread laterally, its capacity to maintain wet conditions
might be lost and perturbations could lead to a regime shift to
dry/bog conditions.

Intensified Decay
Despite their high surface wetness, peat decay is intensive
in most fens due to highly fluctuating water table levels and
nutrient-rich water, which promote microbial diversity and
activity, respectively (Vitt, 2006). Intensified aerobic decay
has the effect of slowing down net vertical accumulation,
which reduces hydraulic conductivity by creating dense
peat deposits, further promoting a thin acrotelm and wet
surface conditions. In addition, water table depth variability
has been found to be most pronounced near the edges
of fens (e.g., Loisel et al., 2013), which could lead to
intensified peat decay (and thus higher bulk density) near
the margins, which then reduces lateral water losses but
maintains high surface wetness toward the center of the fen
(Morris et al., 2011).

CONCLUSION

In light of complex adaptive system theory, we propose that
allogenic controls can trigger the FBT in peatland systems. The
case study presented here indicates that, out of 58 Sphagnum-
dominated bogs from southern Patagonia, 35 transitioned from
their fen state at 4200 cal. yr BP (Burney II eruption) while
another six switched to bogs at 7700 cal. yr BP (Hudson I
eruption); the remainder underwent the FBT at other times.
Given this striking pattern, it is plausible that the volcanic
eruptions facilitated the FBT. Pertaining to the Burney II
eruption in particular, which is also synchronous with large-
scale climate cooling and drying, it is possible that fens were
drying up and that peat accumulation was slowing down due
to enhanced decomposition. While the volcanic eruption might
have facilitated the FBT, the underlying dry conditions could
have been essential to the establishment of bog conditions. In
any case, there is strong evidence that those external factors
induced the FBT.

In terms of carbon storage, the stratigraphic analyses
presented in this study show that, across southern Patagonia,
Sphagnum deposits are associated with greater peat masses, larger
soil carbon stocks, and higher peat-carbon accumulation rate
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values than their non-Sphagnum counterparts. The median peat
mass for modern-day Sphagnum bogs is over twice that of non-
Sphagnum peatlands (141 vs. 56 kgC/m2). Focusing on the peat
deposits that have accumulated since Burney II allows us to
confirm these long-term trends. Indeed, we find that, on average,
bogs stored carbon at a rate almost four times greater than the
sites that remained fens or cushion bogs (median = 19 gC/m2/yr
for the 58 bogs vs. 5 gC/m2/yr for the other 32 sites). Our dataset
demonstrates that the carbon-sink capacity of those peatlands
that switched to bogs is much greater than those that did not.

Overall, our paleoecological study demonstrates that fens
and bogs across SSA are characterized by distinct soil carbon
masses, densities, and accumulation rates. By governing the
peatland long-term carbon sequestration, the bog vs. fen status
of a peatland can be seen as an ecosystem trait that can be
translated into a functional ecosystem property, that is, long-
term carbon storage in peatlands; it can thus be used for
integrating peatland types into process-based and physics-based
ecological models. Additional studies that analyze the timing and
driving mechanisms of the FBT, as well as its impacts on carbon
sequestration, are needed to provide a broader perspective on
this ecosystem transition and to better constrain such models.
Additional functional properties such as carbon dioxide and
methane gas exchange differences between fens and bogs could
similarly be inferred and used to predict spatial and temporal
variations in peatland carbon fluxes. This information may be
of use for peatland management efforts, in particular, those
interested in rehabilitation, restoration, and conservation.
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