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Abstract

We estimated the amount of carbon (C) stored in terrestrial ecosystems of the
Chilean Patagonia and the proportion within protected areas. We used existing
public databases that provide information on C stocks in biomass and soils. Data
were analysed by ecosystem and forest type in the case of native forests. Our
results show that some ecosystems have been more extensively studied both for
their stocks in biomass and soils (e.g. forests) compared with others (e.g. shrub-
lands). Forests and peatlands store the largest amount of C because of their
large stocks per hectare and the large area they cover. The total amount of C
stored per unit area varies from 261.7 to 432.8MgC ha™', depending on the pub-
lished value used for soil organic C stocks in peatlands, highlighting the need to
have more precise estimates of the C stored in this and other ecosystems. The
mean stock in national parks (508 MgCha“) is almost twice the amount stored
in undisturbed forests in the Amazon. State and private protected areas contain
58.9% and 2.1% of the C stock, respectively, playing a key role in protecting
ecosystems in this once pristine area.
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INTRODUCTION

The carbon (C) stored in biomass and soils can be lost not only as
carbon dioxide or methane naturally (FAO, 2017) but also because of
human perturbations such as land use change, particularly deforestation
(Kindermann et al., 2008), peatland drainage (Konecny et al., 2016) and
fires (Perez-Quezada, Urrutia, et al., 2021). Quantifying the C stored in
different ecosystems provides relevant information for developing adap-
tation and mitigation strategies to address climate change, for example,
by setting the baselines to estimate the effects of ecosystem protection
or restoration projects.

The Chilean Patagonia is in a relatively pristine state compared with
other areas in the country and around the world, and hosts the larg-
est area and latitudinal extent of temperate forests in the Southern
Hemisphere (Armesto et al., 2009). Perturbations have modified the
landscape in a few areas, mainly through human-caused fires that
have converted forests into steppe shrublands and the introduction
of grazing and invasive species such as the North American beaver
(Jaksic & Farina, 2015). Studying the C stocks in this area is partic-
ularly important because temperate forests can store more C in bio-
mass compared to tropical and boreal forests (Keith et al., 2009) and
because exploitative interventions are known to decrease soil organic
C stocks in Nothofagus forests (Klein et al., 2008). Therefore, the ob-
jectives of this study are as follows: (1) to estimate the amount of C
stored in biomass and soils in the terrestrial ecosystems of the Chilean
Patagonia, and (2) to estimate how much of the total C is stored in
protected areas.

MATERIALS AND METHODS
Study area

The study area covered part of the Los Lagos region (Chiloé and Palena
provinces) and the Aysén and Magallanes regions (41°-56° S). Climate
in this area includes an oceanic rainy zone (south of Los Lagos and west
of the Aysén Region), a cold steppe zone (east of Aysén and Magallanes
regions) and a tundra zone (west of the Magallanes Region).

The area covered by each ecosystem and native forest type, including
agricultural lands and exotic pine plantations, was determined using the
Vegetation Cadaster developed by the National Forest Service (CONAF,
https:/sit.conaf.cl) for Magallanes in 2005, Aysén in 2011 and Los Lagos
in 2013.

Carbon in biomass

Carbon in biomass (MgCha‘1) for forests was estimated from thematic
maps (1-ha pixel) generated by the National Forest Inventory (NFI), led
by the Chilean Forest Institute (INFOR) (Bahamondez et al., 2021) and
downloaded from the Integrated System for Monitoring Native Forest
Ecosystems (SIMEF) platform, generated by INFOR, CONAF and the
Center for Information on Natural Resources (CIREN): https://simef.minag
ri.gob.cl/descargas.
These maps are based on field biomass C data.

Bc; = Sv; x BEF x (1 + Rf) x Wd x Cf (1)
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where Bc; is the carbon in biomass for species i, Sy, is stem volume (m3ha™)
for species i (Gayoso et al., 2002), BEF is the aerial biomass expansion factor
(1.75; IPCC, 2006), Rf is the root expansion factor (0.29, Gayoso et al., 2002),
Wd is wood density (0.5Mg m~3; IPCC, 2006) and Cf is the carbon fraction of
biomass (0.47; IPCC, 2006).

Sampling points in this inventory are distributed on a systematic
7km (North—South) by 5km (East—West) anisotropic grid. In each of
the randomly selected sampling points, one conglomerate of three cir-
cular 500m? concentric plots is measured (i.e. not all sampling points
have been sampled yet). The inventory is performed on a 4-yearcycle,
where >3x 10%ha are selected to be measured annually, but the actual
number of conglomerates measured depends on budget. Of the total
number of conglomerates measured annually, 25% correspond to plot
remeasurements.

Input data for estimating forest biomass C stock consisted of thematic
stem volume maps, generated through the combination of plot data, remote
sensing data and the use of machine learning techniques. As no thematic
maps were available for biomass, the stem-volume maps were used, along
with a generic biomass function from Gayoso et al. (2002).

For those ecosystems for which SIMEF does not estimate biomass C,
we used bibliographical information available for the area, specifically for
steppes (Ahumada & Faundez, 2001), shrublands and grasslands (Perez-
Quezada et al., 2022), plantations (Dube et al., 2012; 18-year-old Pinus
ponderosa plantation with 800treesha‘1), beaches and dunes (Liliana
Vasquez, unpublished data) and peatlands (Cabezas et al., 2015).

Carbon in soil

Soil organic carbon stock (SOC, MgC ha™') was estimated for profiles avail-
able from the Chilean Soil Organic Carbon (CHLSOC) database (Pfeiffer
et al., 2020), as the sum of C content in their horizons (SOC_i):

SOC_i = (bottom — top) x Bd x OCf x 10 )

where bottom is the horizon's lower boundary (m), top is the horizon's upper
boundary (m), Bd is the bulk density (kgm™~3) and OCf is the organic C fraction.

From the CHLSOC database, 2238 georeferenced data points were
used to estimate SOC in the study area. For 1465 of these data points,
the bulk density was estimated by assigning the average value of the cor-
responding land use. The mean SOC value for each forest and the other
ecosystem types was obtained from all the corresponding profiles, accord-
ing to their coordinates and the Vegetation Cadaster map.

Estimation of mean total carbon by ecosystem and the
storage in protected areas

The mean total C (biomass C+SOC) was estimated for each ecosys-
tem type. To estimate the regional total C stock, this value was multiplied
by its area in the Chilean Patagonia using the 1-km pixel grid map ob-
tained from SIMEF. To estimate how much C is stored in protected areas
(PA), their polygons were overlapped with the total C map. Polygons of
both State and private PAs were obtained from the National Database of
Protected Areas from the Ministry of the Environment (http://areasprote
gidas.mma.gob.cl/).
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RESULTS AND DISCUSSION
Carbon in biomass and soils by forest type

Table 1 shows the mean C stocks in biomass and soils by forest type
for the study area, while Table S1 shows the C in biomass by forest
type by region. From the area covered by forests, the most abundant
types are Nothofagus pumilio (35%), evergreen (32%) and Nothofagus
betuloides (22%), while the other forest types covered <7% each. All
forest types stored more C in the soil than in biomass, except for N. pu-
milio. This pattern has been reported for temperate forests and dif-
fers from tropical forests, which have a more even distribution (Watson
et al., 2000).

The forest type with the highest biomass C stock was Fitzroya cu-
pressoides, while the one with the lowest was Pilgerodendron uviferum,
showing a difference between the two of only 31 MgCha™" (Table 1). This
small difference is surprising given the different forest structures and
large expected size of some tree species like Fitzroya and Nothofagus
sp. of the evergreen forest type. This pattern may be partly due to the
impossibility to assign C stock values to different forest development
stages. For example, F.cupressoides forests in the Andes may reach
above-ground C stock values of ~15MgCha™" in young, ~192MgCha™
in mature and more than 500Mg C ha™" in old-growth forests (Gonzalez
et al., 2022; Urrutia-Jalabert et al., 2015). Although biomass C stocks
data in forests are generated using a sampling scheme that facilitates
that all forest development stages are represented, these data are
broadly integrated by the National Forest Inventory (NFI) when calculat-
ing biomass from stem volume thematic maps, hampering a more pre-
cise estimate of C stocks by forest type. The observed pattern may also
partly reflect the still scarce forest sampling coverage despite efforts
displayed by the NFI.

The lowest SOC stock was found in N.pumilio forests, while the
highest was observed in the Nothofagus dombeyi—-Nothofagus alpina—
Laureliopsis philippiana type, although the latter value is the result of
only one soil profile, highlighting the uneven number of sampling points
between forest types. The total C stock in the evergreen forest type
(4691 MgCha‘1) is lower than the value reported for a forest in north-
ern Patagonia (993.4MgCha‘1; Perez-Quezada, Pérez, et al.,, 2021),
but higher than the one found in an evergreen forest in New Zealand
(275.6MgCha™'; Hart et al., 2003).

The lack of data or uneven sampling may generate under- or overes-
timation of SOC, or an underestimation if the maximum soil depth was
not reached by the sampling. Even though the three forest types with
the highest area are also those that show the highest number of SOC
samples, based on the data from Table 1 we found no relation between
the forest type total area and the sampling effort (number of hectares
that each sample represented). Because the soil database gathers infor-
mation generated by different authors who had different objectives, we
found an uneven spatial distribution of samples in the study area, show-
ing a low number of samples in protected areas (Figure 1B), probably
because sampling in these areas requires a special permit. The limited
number of samples does not allow performing more detailed analyses,
for example, about the effect of climate on C stocks, which can be rele-
vant because, as shown for Nothofagus betuloides in Table S1, within a
forest type there may be important differences in the biomass C between
regions.
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FIGURE 1 (a) Ecosystem types present in the Chilean Patagonia and the location of biomass carbon plots used from the National

Forest Inventory (NFI). (b) Protected areas and the location of soil organic carbon samples from the CHLSOC database. (c) Total C stock
(biomass+saoil) in the terrestrial ecosystems of the Chilean Patagonia; data are taken from Table 1 for native forests and from Table 2 for
the other ecosystem types; the maximum C stock reported for peatlands was used.

Carbon in biomass and soils by ecosystem type

While the lowest C stocks in biomass and soil were found in beaches and
dunes, the ecosystems with the highest C stock (apart from peatlands)
were native forests (357.3 MgCha‘1), which show a clear decrease when
they are replaced by exotic plantations or agroecosystems (Table 2), as
shown previously in northern Patagonia by Perez-Quezada et al. (2022).
Provided these ecosystems are restored, the difference in stocks between
natural and managed or degraded ecosystems can be used to estimate the
potential mitigation of climate change.

Peatlands are the ecosystems that store more C in the soil per unit area
(Table 2), followed by native forests and shrublands. In the case of peat-
lands, the mean SOC reported by Loisel and Yu (2013) of 1680 MgCha‘1
is four times the mean value obtained from the CHLSOC database
(406 MgCha‘1). This difference is likely explained because the mean and
maximum soil depths in CHLSOC (0.92 and 2.44 m, respectively) are lower
than those sampled by Loisel and Yu (2013) (between 2 and 12m). The
higher SOC value reported by Loisel and Yu (2013) is similar to the value of
1351 MgCha‘1 that Yu (2012) reported for northern peatlands.
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The Chilean Patagonia is mainly covered by native forests (34%), while
shrublands, glaciers and ice sheets, peatlands and barren lands cover
somewhat a similar area (13%—18%, Table 2). The reported values for for-
ests, although unbiased, lack precision due to the low number of sampling
points, given by budget restrictions.

Total carbon stocks in the Chilean Patagonia and the
role of protected areas

Evergreen and N. pumilio forests have the highest regional C stock, which
is mainly explained by the high area they cover in the region (Table 1,
Figure 1). While some ecosystems have been more extensively sampled,
others have not, even though they cover vast territories. This is the case
of shrublands and grasslands for biomass C and barren lands for SOC
(Table 2). This is relevant in the latter case because even though the
biomass C stock was assumed to be zero for this ecosystem type, soil
data show that they can store important amounts of C (~150 MgCha‘1).
Similarly, it seems relevant to analyse data on necromass, as this pool
can be important in some ecosystems (e.g. old-growth forests, Gonzalez
et al., 2022). The NFI does account for dead-standing or fallen trees, but
these data were not available at the time of this publication, implying that
the contribution of necromass could increase the total C stock of forest
ecosystems.

Native forests cover 8.7x10%ha and store 3110x 10Mg C, being the
ecosystem with highest area and C stock. Meanwhile, peatlands cover
about 3.4x10%ha and store 1407 10°Mg C if the mean value of the
CHLSOC database is used for the soil pool. However, if the value reported
by Loisel and Yu (2013) is used, the total C stored in peatlands is estimated
at 5731 x 106Mg C. This implies a mean total ecosystem stock in the region
of 261.7 and 432.8MgCha™, respectively, with a range between 0 and
1689MgCha™" (Figure 1C), and a total C stored range between 6.6 and
10.9 Pg C (1 Petagram (Pg)=10"°g).

The high amount of C stored in the Chilean Patagonia makes its pro-
tection highly relevant for the climate change adaptation strategy of
the country. Moreover, this area contains unique endemic species and
ecosystems, so its protection is also relevant to fight the biodiversity
global crisis. The State protected areas cover 52.9% of the area and
store 58.9% of the C, while private protected areas cover 2.0% of the
area and store 2.1% of the C. This means that 54.9% of the Chilean
Patagonia is protected (Figure 1B), representing 61% of the C stock in
this area (see Table S2 for detailed information). The mean value of C
stored in national parks in this area is 508 MgCha‘1, which is almost
double the amount stored in undisturbed forests in the Amazon (276.2,
Berenguer et al., 2014). Although these figures seem high, Chile can still
move forward in the preservation of its natural resources, particularly
by approving a legal framework that was proposed to protect its soils
(Salazar et al., 2022).

CONCLUSIONS

The most relevant ecosystems in terms of C stored in the Chilean
Patagonia are forests and peatlands. Databases that provide information
about C stored in biomass and soils contain essential information to esti-
mate the C stored by terrestrial ecosystems in this area. However, large
information gaps still exist, generating uncertainties particularly related to

25UB0| SUOWILLIOD BA1IEB10 3|eat e aU) Ag poLIBAOB a6 D11 WO 58N J0 S3|N1 10} AIRIGIT8UIIUO A3 1A UO (SUO 1 IPUO-PUE-SLLLBILLIO" B I ARG [puIU0//:SdIy) SUONIPUOD PUE LB | 81 39S [£202/70/2T] U0 AIGIT8UIIUO AB1IM 31140 2Q PEpSIAIUN AQ TEEET 98 TTTT'OT/I0P/W00 A3 1M AReiq ou|UO//SANY Wo1) PaPeojumoq ‘0 ‘E66627+T



CARBON IN CHILEAN PATAGONIA ECOSYSTEMS

(a) information about C stored in forests and particularly in other ecosys-
tems' biomass is notably scarce; (b) ecosystems are unevenly represented
in terms of soil organic carbon samples; and (c) necromass is usually not
included when sampling C storage, although some data exist in the case
of forests.

The total C stored per hectare in national parks in this area is almost
twice the value reported for undisturbed forests in the Amazon. State PAs
store most of the C in this area and the private PAs a very low proportion,
which makes a call for the private sector to increase their contribution to C
storage. The relevance of native forests and peatlands in terms of C stor-
age makes it a priority to have a more precise estimation of the C stocks in
these types of ecosystems.
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