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Abstract

Peatlands are one of the most important carbon cycle regulatory ecosystems, and are influenced by global 
climate change. However, studies of this kind of wetland are scarce in southern South America. In this study 
we performed a detailed analysis of recent accumulation rates of carbon (RERCA) in two types of Sphagnum 
peatland in Isla Grande de Chiloé (Chile) (42°–43°S and 75°–73°W). Monoliths of peat in continuous depths 
were analyzed and assigned ages using 210 Pb dating. The results showed a difference between the two types of 
peatland; the average rate for the anthropogenic peatland (107.34 ±113.9 g C m-2 yr-1) was superior to that of the 
natural peatland (78.33±77.1 g C m-2 yr-1). The surface profiles (30 cm) clearly revealed the recent rate of carbon 
accumulation for the past 100 years in Sphagnum peatlands of Northern Patagonia. The rate for the natural 
peatland is within the range found for ombrotrophic peatlands in the Northern Hemisphere. However, the rate 
estimated for the anthropogenic peatland was significantly greater than those reported in other parts of the world. 
Our results provide evidence of the importance of these unique ecosystems in the carbon accumulation process.
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1. Introduction

Peatlands are one of the most important carbon cy-
cle regulatory ecosystems, and are influenced by 
global climate change (Rydin and Jeglum, 2006). 
These wetlands are the most space-effective C 

stocks of all terrestrial ecosystems, storing 
up to ten times more C per ha than any other 
ecosystem (Joosten and Couwenberg, 2008). 
It represents 3-6% of the earth’s land surface 
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and about one third of the global soil C pool, and 
the same amount of C as all terrestrial biomass 
on earth (Charman, 2002). Although peatlands 
sequester carbon dioxide (CO2) as peat, they can 
also become potential emitters of the two most im-
portant greenhouse gasses (CO2 and CH4) due to 
destabilization of the development or dynamics of 
these ecosystems. These potential impacts on the 
greenhouse effect and climate change would be 
critical, considering that peatlands would become 
greenhouse gas emitters rather than collectors, 
which would aggravate the already serious situ-
ation (Augustin et al., 2011). The process begins 
when dry peat soils are in contact with air, which 
leads to the oxidation and decomposition of these 
soils, releasing CO2 (Joosten and Couwenberg, 
2008). Some estimations indicate that peatland 
degradation contributes up to 0.8 Gt C per year 
(Trumper et al., 2009).
Carbon sequestration in peatlands is a key element 
to understand the global C cycle. It is estimated in 
different timescales to ascertain the role of these 
ecosystems in global warming due to rising atmo-
spheric CO2 (Bao et al., 2010). One of the meth-
ods used to estimate C accumulation in peat is the 
assessment of recent rate of carbon accumulation 
(RERCA). This refers to the fresh peat that is an-
nually added to the peatland system (Joosten and 
Couwenberg, 2008). Numerous studies on recent 
peatland carbon dynamics have been conducted in 
Europe, North America and Asia (Ali et al., 2008; 
Bao et al., 2010; Kareksela et al., 2015; Tolonen 
and Turunen, 1996; Turunen et al., 2004). Never-
theless, similar studies are scarce in South Ameri-
ca; Loisel and Yu (2013) estimated that Patagonian 
peatlands have a mean soil carbon density of 168 
kg C m-2, while Cabezas et al, (2015) estimated a 

carbon stock of 11.99 kg C m-2 in Chiloé. León and 
Oliván (2014) presented a comparative analysis 
of RERCA and the recent rate of nitrogen accu-
mulation (RERNA) in anthropogenic and natural 
peatlands of the Isla Grande de Chiloé (Chile) in 
some sections of the monoliths at non-continuous 
depths, providing a first approximation of carbon 
accumulation rates. In this study, the CIC (constant 
initial concentration) model was used to obtain the 
dating records. Bao et al, (2011) reported that the 
constant rate of supply (CRS) model is the best 
model to reconstruct recent peat chronologies. 
However, The CRS model may give nonsensical 
results if there are gaps in the sediment record 
(Appleby, 1998), thus this model was not used in 
the previous study. 
The present study corrects this methodological 
problem and provides better chronologies. Some 
peatlands in the Southern Hemisphere were formed 
by peat accumulation in open fresh water bodies 
after glacial retreat (Heusser, 1984) through a ter-
restrialization process. In Chilean Patagonia, soil 
paludification caused by human activities (e.g. for-
est removal) has contributed significantly to the 
presence of peatlands in the last centuries (Díaz 
et al., 2008). Forest cover removal via fire or in-
tense logging promotes paludification, since tree 
removal reduces evapotranspiration and increases 
the wetness of the soil organic layer (Díaz et al., 
2008). Waterlogged and acidic soils hamper plant 
growth and establishment, as well as forest regen-
eration (Díaz et al., 2008). Hence high precipitation 
combined with low evapotranspiration can favor 
the establishment of peatlands over forests (Díaz et 
al., 2008). These “anthropogenic” peatlands differ 
substantially from natural peatlands in flora and 
levels of carbon storage. Indeed, studies in south-
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ern Chile suggest that differences in floristic com-
position among peatlands could actually be used 
to distinguish between natural and anthropogenic 
peatlands (Díaz et al., 2008; León et al., 2014). 
Natural peatlands are usually raised Sphagnum 
bogs with low shrub density, while anthropogenic 
peatlands present a dominant shrub cover of Em-
petrum rubrum, Tepualia stipularis and Baccharis 
patagonica. Species such as Cryptochila grandi-
flora, Drosera uniflora and Pinguicula antarctica 
are common in natural peatlands, but have not been 
found in anthropogenic peatlands, while anthro-
pogenic peatlands include Kindbergia praelonga, 
Calliergonella cuspidate, Sanionia uncinata and 
Plagiochila lechleri, species never found in natu-
ral peatlands (León et al., 2014). Anthropogenic 
peatlands also have a greater diversity of lichens 
than natural peatlands (León et al., 2014). León 
and Oliván (2014) showed that there is a signifi-
cant difference in the storage of C between the two 
types of peatlands. Anthropogenic peatlands have 
higher accumulation rates of carbon (48.2 ± 18.2 
g C m−2 year−1 mean) than natural peatlands (12.4 
± 6 g C m−2 year−1 mean). However, this study had 
methodological limitations, as mentioned above. 
Therefore, it is necessary to improve the model 
to reconstruct recent peat chronologies, using the 
CRS model to estimate carbon accumulation accu-
rately, and to compare the accumulation in a global 
context. This study performed a detailed RERCA 
analysis in two bogs in order to improve the under-
standing of the role that peatlands of Chiloé play in 
the global carbon cycle and climate change. 

2. Materials and Methods

2.1. Study area

The studies were conducted on Isla Grande de Chi-
loé (42°-43°S and 73°-74°W), a continental island 
situated in Northern Chilean Patagonia, with a wet 
temperate climate and a strong oceanic influence 
an annual mean temperature of 9.6 °C and rainfall 
range from 1,900-2,300 mm which may exceed 
5,000 mm in some areas (di Castri and Hajek, 
1976; Pérez et al., 2003; Carmona et al., 2010). 
Two locations were analyzed: Los Caulles (CAA), 
a natural peatland and Teguel (TGD), an anthro-
pogenic peatland (Figure 1). These two kinds of 
Sphagnum peatlands were identified following the 
classification criteria of Díaz et al, (2008). Natu-
ral peatlands, originated after the last glaciation 
and anthropogenic peatlands are originated from 
poor soil drainage areas colonized by Sphagnum 
moss after the burning or logging of forests (Díaz 
et al. 2008; Zegers et al., 2006). CAA is a natural 
peatland, dominated by lax cushions of Sphagnum 
magellanicum, these cushions are associated with 
other bryophytes such as Cryptochila grandiflo-
ra and an indicator species of natural peatlands 
Drosera uniflora. CAA has a low cover of dwarf 
shrubs and isolated trees such as Pilgerodendron 
uviferum and Nothofagus dombeyi. TGD is an an-
thropogenic peatland with numerous lax cushions 
of Sphagnum magellanicum; and with a high cover 
(~60%) of shrubs such as Empetrum rubrum and 
Tepualia stipularis, and no carnivorous plants have 
been recorded.
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2.2. Sampling and physicochemical analysis

The peatlands sampled were composed of Sphagnum 
peat, mainly Sphagnum magellanicum. In each sam-
pling site, a short peat monolith (30 x 30 x 45-50 cm) 
was extracted using a sharpened metal sheet, follow-
ing the methods of De Vleeschouwer et al. (2010). The 
monoliths were carefully extracted, wrapped in foil pa-

per and transported in flat rigid cases to be subsampled 
later. Monoliths were cut and separated into intervals 
of 2 cm. Two sub-samples were taken of each segment: 
one to calculate the density of peat (bulk density) with 
a small portion of 2 cm3, and the other with the rest of 
the material to estimate C content. Each segment was 
deposited in a polyethylene bag and taken to the labora-
tory under refrigeration.

 

 

Figure 1. Study sites on Isla Grande de Chiloé. CAA, natural peatland and TGD, anthropogenic peatland.
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A known volume and weight of a peat section 
was dried at 105 °C for 12 hours to determine 
the water content and dry bulk density from 
weight loss by drying. Water content was calcu-
lated by taking a sample of peat, drying at 105 
°C to obtain water content in g, expressing water 
content per dry mass of sample (Rydin and Je-
glum, 2006). Dry bulk density was calculated by 
the ratio of dry weight to the initial known vol-
ume (Bao et al., 2010; Sadzawka et al., 2006). 
Ash content was obtained in a muffle furnace 
by combustion at 550 °C for six hours and this 
parameter was expressed as a percentage of the 
total sample analyzed (Bao et al., 2010; Sadza-
wka et al., 2006). Organic carbon was calculat-
ed by multiplying the organic matter by 0.50, 
following Tolonen and Turunen (1996) and Bao 
et al. (2010). This coefficient is widely used to 
relate biomass and productivity to C cycling, 
the rough convention is 0.5 g carbon in 1 g dry 
biomass (Rydin and Jeglum, 2006).

2.3. Radiometric measurements

Radioisotope dating of Pb-210 was performed 
at the Servicio de Radioisótopos of the Univer-
sidad de Sevilla (Spain) using gamma spectrom-
etry with a well-type High-purity Germanium 
Detector (HPGe). Chronologies were obtained 
by applying the CRS (Rate Constant Supply) 
model (Appleby and Oldfield, 1978). All sec-
tions of the extracted profiles were studied. To 
estimate RERCA (Recent Rate of Carbon Accu-
mulation), data for dry density, C content and 

age were used in the model described by Bao et 
al. (2010).

3. Results

The water content of the different components 
of RERCA ranged from 842-3057% with a mean 
of 1777%. The TGD profile had lower water 
content than the CAA profile along the whole 
monolith. At both sites, continuous variation 
was seen from the surface layers to the deeper 
layers (Figure 2A).
The overall variation range of dry density was 
0.0190–0.081 g/cm3, with an overall mean of 
0.036 g/cm3. The CAA sampling site showed 
slight variations along the monolith and a lower 
density compared to the TGD site. TGD also 
showed little variation except at 8 and 32 cm, 
where significant increases were observed (Fig-
ure 2B). 
Ash content ranged from 0.1–2.4%, with a mean of 
1.3%.  Moderate variation was observed along the 
monolith at the CAA site. The TGD site showed 
a decrease in ash content from the surface to 12 
and 14 cm and a gradual increase to 32 cm, sub-
sequently presenting an abrupt decrease. Carbon 
content of the sampled monoliths varied between 
48.8 and 49.95% with a mean of 49.33%. CAA 
showed moderate and irregular variation from 
the surface to the deeper layers. In contrast, TGD 
showed more pronounced variation (Figure 2C). 
Pb-210 and Ra-226 isotope activity concentrations 
(Bq kg-1) were well defined for both profiles up to 
a depth of 30 cm (Figue 2D).
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Estimated values for RERCA are presented in Fig-
ure 3. The TGD site showed variation between 
49.84 and 507.52 g C m-2 yr-1. At the CAA site, RE-
RCA ranged from 33.49 to 335.58 g C m-2yr-1. Both 
profiles showed reduced recent rates of carbon ac-
cumulation in deeper layers. The average rate of 
the profile for TGD (107.34 ±113.9) was superior 

to that of CAA (78.33 ± 77.1). Taking these results 
as a basis, by way of illustration it could be ex-
trapolated that in the last 100 years carbon accu-
mulation rates in peatlands of Chiloé have ranged 
between 33.49 and 507.52 g C m-2 yr-1 with a mean 
of 92.84 g C m-2 yr-1.

Figure 2. Variation of (A) water content (%), (B) dry bulk density (g cm−3), (C) C content (%), and (D) 210Pb 
activity (Bq kg−1). Sites: TGD, Teguel (anthropogenic peatland) and CAA, Caulles (natural peatland).
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4. Discussion

The upper soil layers (30 cm) clearly revealed the 
recent rate of carbon accumulation for the past 100 
years in Sphagnum peatlands of Northern Patagonia. 
Our results showed a difference between the two types 
of peatland studied. A clear increase in C towards the 
shallower segments was observed in the two profiles. 
However, the TGA (anthropogenic peatland) showed 

greater rates than CAA (natural peatland) (Figure 3). 
These results are consistent with other studies in bo-
real Sphagnum peatlands which suggest that rates of 
carbon accumulation are considerably higher in de-
posits of young peat and the mean carbon accumula-
tion decreases over time by the slow decomposition 
that occurs in deeper and anoxic layers of peat (To-
lonen and Turunen, 1996; Turunen et al., 2004). 

Figure 3. Recent rates of C (RERCA) accumulation in the studied localities. Sites: TGD, Teguel (anthropogenic 
peatland) and CAA, Caulles (natural peatland). Calendar years (AD) are shown together for each RERCA.
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These differences between anthropogenic and natu-
ral peatland were also reported by León and Oliván 
(2014). Nevertheless, our analysis shows differences 
in the magnitude and time scale. This can be explained 
by the methodological limitations mentioned above. 
Due to the more accurate chronology, the RERCA es-
timations made in the present study can be used to 
compare carbon accumulation values with other geo-
graphical areas. There are recent studies available on 
C accumulation performed in different parts of the 
world, using different dating methods (Figure 4). The 
average C accumulation rate in eastern Canadian om-
brotrophic bogs over the last 150 years was 73 g C 
m-2 yr-1 (Turunen et al., 2004). Tolonen and Turunen 
(1996) reported variation from 39.8 to 80.7 g C m-2 
yr-1 in mire of western Finland during the last 212-147 

years. Our result was similar (78.3 g C m-2 yr-1) in the 
natural peatland. However, the anthropogenic peat-
land had a rate (107.3 g C m-2 yr-1 mean) much higher 
than those reported in other latitudes, showing values 
similar to the Everglades (USA) (Craft and Richard-
son, 1993). These results could be explained in part by 
the youth and dynamics of this type of ecosystem. An-
thropogenic peatlands have been considered as novel 
ecosystems; they have a new species composition that 
has deeply changed the landscape and ecosystem ser-
vices (León et al., 2016). Our results provide evidence 
of the importance of these unique ecosystems, and 
show that the knowledge regarding the biodiversity, 
biogeochemistry, and ecological processes is very 
limited at the moment. For example, we do not know 
which microorganisms act in the recycling of nutri-
ents which could be favoring carbon accumulation. 

Figure 4. RERCA in peatlands around the world. Maximum, minimum and mean in g C m-2 yr-1. Age dating: Pb, 
210Pb; Cs, 137Cs; DE, dendrochronology. Uninformed data: data not reported in the study.
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Using the results presented here, we could extrapolate 
a mean of 9.3 Kg m-2 carbon storage in the last 100 
years in Chiloé. If the total area covered by peatland 
calculated in the first inventories of peat in Chiloé 
carried out by SERNAGEOMIN & GORE-Los Lagos 
(2008) is considered (106.27 km2) and around 980,000 
tons of carbon may have been accumulated during the 
last century in the Isla Grande of Chiloé. Moreover, if 
we use the minimum stock calculated for the peatland 
in Chiloé (SERNAGEOMIN and GORE-LosLagos, 
2008), which exceeds 2.7 million tons of peat and 
an average organic C content of 4933%, the total po-
tential stock of carbon would be over 1,242,000 tons 
in Chiloé alone. All of these values highlight the im-
portant role of these ecosystems in carbon flux. The 
amount of stored C, which could be released as CO2 
if the peatlands were drained, is enormously signifi-
cant. This research provides data on the accumulation 
of C in one of the Patagonian areas where these eco-
systems are being highly threatened. Peatlands have 
become important in Chile due to the interest gener-
ated in the extraction and trade of Sphagnum moss 
(Agüero, 2013). The commercial interest in horticul-
tural Sphagnum has grown progressively over the last 
15 years. In 2017, more than 3,500 tons of dried moss 
were exported, with 75% coming from the Los Lagos 
Region (ODEPA, 2018). Moreover, in Chiloé, peat-
lands play a key role in the fresh water supply. This 
island has no freshwater input from snowmelt as on 
mainland Chile. The freshwater input is mainly from 
precipitation and it is accumulated in peatlands that 
function as huge sponges, being the only fresh water 
reserves in the island (Zegers et al., 2006). Thus, the 
conservation of the biomass and ecological functions 
also affects the wellness of the local community, since 
it promotes the accumulation of fresh water.
Finally, these results have impact on local and global 
scales. In a local context, this study illustrates the role 

of peatlands as carbon reservoirs and predicts the con-
sequences of their degradation. Degraded peatlands 
can also become potential emitters of CO2 (Augustin 
et al., 2011). We hope that this information will be 
used by the decision-makers to promote the conserva-
tion of these ecosystems. Globally, better estimates of 
carbon stocks and dynamics are needed for improved 
understanding of the carbon balance and potential for 
climate change mitigation (Scharlemann et al., 2014), 
ecosystem services provided (Oso and Rajashekhar, 
2017) and the relationship with other systems (Tian et 
al., 2016). Data on C accumulation in South American 
peatlands are scarce, therefore our results are useful 
for a complete picture of the global C cycle.

5. Conclusion 

This study provides updated baseline data on RE-
RCA for the past 100 years in Sphagnum peatlands 
of Northern Patagonia. These values are within the 
range given for ombrotrophic peatlands in the North-
ern Hemisphere, especially in natural peatlands. The 
anthropogenic peatland however, showed a rate sig-
nificantly greater than those reported in other parts 
of the world. Our results provide evidence of the 
importance of these unique ecosystems in the carbon 
accumulation process. Nevertheless, reliable informa-
tion on long-term carbon accumulation and exchange 
is necessary to define clear policies and sustainable 
management towards the safeguarding of natural heri-
tage and for climate change mitigation policies.
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