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In forests, it is possible to sequester the carbon emitted by industrial activities, although global deforestation has 
recently increased considerably. Protected Areas make a significant contribution to mitigate negative effects of 
climate change. In this sense, the aim of this study is to estimate the carbon storage of the different types of 
subtropical native forests in the Protected Area «Estancia El Caraya» (hereinafter – PA «El Caraya»), located 
in the Mesopotamian Spinal. The study was carried out in the province of Entre Rios, Argentina. We evaluated 
the carbon stock in the soil and herbaceous, shrub and tree components of five various environments with native 
forests as the dominant biome. The soil component represented 81% of the carbon stock in native forest, while 
the remaining percentage is distributed in trees (11%), shrubs (6%), and herbaceous vegetation (2%). Native 
forest of PA «El Caraya» stores 0.974 t C × km-2 (3.56 t CO2 × km-2), 39.4% less than the world average in this 
conservation category. These differences are due to the high heterogeneity of the natural environments in the world 
due to the very diverse ecological conditions. Proper management practice of subtropical native forests in the 
Spinal Mesopotamian contributes highly to reduction of carbon in atmosphere. Application of forest management 
techniques in Protected Areas allows obtaining sustainable forests that maximise the potential of this area.
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Introduction
The world has serious problems caused altera-

tion of nature by humanity. The rapid and constant 
increase in the burning of fossil fuels, the increase 
in deforestation, and the expansion of cultivated ar-
eas have caused a radical change in the composition 
of the atmosphere, fundamentally increasing carbon 
dioxide (CO2) and other gases that cause the known 
global climate changes. The need to stabilise the car-
bon (C) content of the atmosphere has been mani-
fested in a series of international and local agree-
ments and policies, such as the Kyoto Protocol and 
the Treaty of Paris (Bassi et al., 2009). The purpose 
of these agreements and policies is to reduce emis-
sions of greenhouse gas (GHG), with mechanisms to 
optimise carbon sinks (Fragoso-López et al., 2017).

During the development of Western Europe, a 
large part of forest resources was consumed. This 
was not caused only by the high consumption of 
wood. One more reason is that forests had given up 
part of their surface in favour of other uses such as 
the incorporation of land into agriculture, livestock, 
urban development, among others. This situation led 
to a major «energy crisis» in the mid-1700s (i.e. «In-
dustrial Revolution»), which changed the produc-
tive, social and economic paradigm, giving rise to 
western civilisation (Malanima, 2006). From there, 
the atmospheric CO2 concentration has increased by 
approximately 30% mainly due to anthropogenic ac-
tivity. In America, the mining industry developed in 

the early days of the conquest and the European col-
ony. It consumed a large amount of forest resources 
destined for combustion in the smelting furnaces. 
The forests also gave part of their surface in favour 
of agriculture and urban development of the growing 
population (Malanima, 2006). However, the great 
expansion of the agricultural frontier occurred at the 
beginning of the XX century (IPCC, 2014).

Anthropogenic GHG emissions have continu-
ously increased in the world in 1970–2010, present-
ing the highest increase during 2000–2010, being 
the highest in the history of humanity (IPCC, 2014). 
Argentina presents the same trend, with an annual 
growth of 2.15% average in GHG emission in 1990–
2012 (SADSN, 2015). The two main ways to slow 
down global warming of the planet are: a) to decrease 
emissions and b) to increase CO2 sequestration in 
natural systems. Conserving and restoring natural 
habitats is among the most cost-effective emissions 
mitigation strategies available. However, while clear 
synergies exist between the objectives of biodiversity 
protection and carbon capture, there is a risk that if 
conservation and climate change mitigation agendas 
are misaligned, one could easily undermine the other 
(Roberts et al., 2020). Melillo et al. (2016) indicated 
that forests, covering 6 700 000 km2, are the domi-
nant ecosystems in Protected Areas, with grazed 
rangelands being the second most dominant ecosys-
tem (3 000 000 km2). In addition, they mention that 
terrestrial Protected Areas currently function as car-
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bon sinks that sequester about 0.5 petagram (Pg) C 
each year. 

One of the alternatives to accumulate C is 
through forest ecosystems, by exchanging C with the 
atmosphere through photosynthesis and respiration, 
leading to storage in biomass and in the soil (Taiz & 
Zeiger, 1998). Carbon plays a fundamental role in the 
planet’s physicochemical and biological processes 
throughout its cycle. Carbon capture and emission 
processes are part of a system of four C reservoirs 
(aboveground and radical vegetation, decomposing 
matter, soils, and forest products), with very different 
and closely interrelated residence times and associ-
ated flows. It is estimated that approximately 50% of 
the plant organic matter is C (Brown & Lugo, 1984; 
IPCC, 1995). However, various studies showed the 
variability of carbon content according to species and 
tree tissue (Francis, 2000; Gifford, 2000; Soares & 
Oliveira, 2002). These variables allow estimating and 
predicting the exchange of C with the atmosphere, 
previously knowing the plant biomass and its growth.

Soil is the main source carbon on the Earth sur-
face storing between 1500 Pg and 2000 Pg (Janzen, 
2004), being the most abundant element in soil or-
ganic matter (45–55%), and, performing an impor-
tant role in the carbon cycle by capturing two to three 
times more than atmospheric CO2. Carbon stock in 
forest ecosystems is carried out by exchanging car-
bon with the atmosphere through photosynthesis and 
respiration, maintaining a stock in the phytomass 
and soil mass (de Petre et al., 2011). In this sense, the 
carbon inputs to the soil come from various sources 
such as the litter of the herbaceous, shrub and tree 
plant species, as well as the death and decomposition 
of plant roots that makes up the system. However, 
outputs are mainly determined by the oxidation of 
soil organic matter in the form of CO2 and losses by 
degradation or ecosystem deforestation. Soil organ-
ic matter is very sensitive to changes in land use. It 
has a very complex and heterogeneous composition, 
generally mixed or associated with the mineral con-
stituents of the soil (Jackson, 1964).

Forests have the possibility of carbon stock 
emission by industrial activities. Nevertheless, it 
is known that global deforestation has recently in-
creased considerably. Currently, forests store around 
800 gigatons (Gt) of C (Brown, 1998). Estimates 
indicated that by 2050 they could sequester up to 
an additional 87 Gt C (Metz et al., 2001). It was as-
sessed that in 2000–2007, the carbon sequestration 
rate of the global forests averaged 4.1 Gt C × year-1 
(Pan et al., 2011) corresponding 30% of the emis-
sions of fossil fuels in 2010 (IPCC, 2014). Native 

forests represent 30% of land cover (FAO, 2007) and 
have decreased in recent years (Hansen et al., 2013). 
South America had the highest loss of native forests, 
estimated at 40 000 km2 during 2000–2005 (FAO, 
2007). In Argentina, 70% of forests have been lost 
in the last 80 years due to the advance of agricul-
ture (Cozzo, 1979; FAO, 2009). Particularly, in the 
early XX century, the province of Entre Ríos had 
25 000 km2 of native forests. A reduction of 40% has 
recently been determined (Sabattini et al., 2015a). 
These changes in land use and coverage have caused 
one third of anthropogenic CO2 emissions during 
1850–1980 (Pardos, 2010).

Properly managed forest systems allow storaging 
more carbon than other terrestrial ecosystems (Dixon 
et al., 1994), contributing to reduce the GHG. For 
this reason, the importance of the conservation and 
protection of native forests increases the production 
efficiency of ecosystem goods and services (Franquis 
& Infante, 2003). Protected forests in the world are 
proposed as a potentially profitable strategy to avoid 
deforestation and degradation (Nauclér & Enkvist, 
2009; Soares-Filho et al., 2010; Venter et al., 2016; 
Melillo et al., 2016; Nogueira et al., 2018). There are 
several studies aimed to determine the carbon seques-
tration capacity in forest ecosystems. Various studies 
in Argentina showed the potential for carbon stor-
age in forest biomass in various ecoregions (Davis et 
al., 2003; Gasparri & Manghi, 2004; Gasparri et al., 
2008; Manrique et al., 2009; Peri et al., 2010, 2013; 
Vega & Martiarena, 2010; Risio Allione, 2012; Man-
rique & Franco, 2012; Ontiveros et al., 2015; Barth et 
al., 2016; Frangi et al., 2016; Fernandez et al., 2018; 
Sione et al., 2018; Urdapilleta, 2018).

For these reasons, conserving native forests is a 
priority to halt the biodiversity loss, mitigate climate 
change, and achieve sustainable development goals 
(Watson et al., 2018). These actions are encouraged 
through carbon-based redistribution mechanisms for 
ecosystem services (Baker et al., 2010). In this sense, 
the Protected Area «Estancia El Caraya» (hereinaf-
ter – PA «El Caraya») has a vision committed to the 
conservation and care of the environment, as it al-
locates a remarkable area of native forests typical to 
the Argentine Spinal (Sabattini & Sabattini, 2019). 
Recent studies described the conservation status of 
the most representative environments (Sabattini R. et 
al., 2019) and the associated fauna (Muzzachiodi & 
Sabattini, 2019). In this sense, the aim of this study 
is to estimate the carbon stock of various types of 
subtropical native forests in the PA «El Caraya» lo-
cated in the Mesopotamian Spinal, and to contribute 
mitigation the effects of global climate change.
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Material and Methods
Study area
The study was carried out in the PA «El Ca-

raya», located in the centre-north of the province 
of Entre Ríos, Argentina (30.63° S, 58.79° W). 
It has an area of 104 km2 (Fig. 1). According to 
the Köppen classification, the area corresponds 
to a humid subtropical climate, characterised by 
hot and humid summers and cool winters. Rojas 
& Saluso (1987) indicated that this region has 
a humid temperate climate, typical of plains, 
with an average annual temperature of 18.9°C 
(Soil Mapping Plan, 1986). The average annual 
rainfall is 1300 mm, with rains concentrated be-
tween October and March. However, in the last 
decade there have been notable changes in the 
distribution of seasonal and annual rainfall (Sa-
battini & Bongiovanni, 2019).

Soils are imperfectly drained because of 
the irregular surface that fluctuates from flat to 
very gently undulating areas. Rainwater is ac-
cumulated on the surface when rains are exces-
sive (Sabattini et al., 2015b). They have a loam 
epipedon (below 10 cm), which is followed by 
a waterproof horizon and is impenetrable by 
roots (Soil Mapping Plan, 1986). The PA «El 
Caraya» presents two main soil types: Vertisols 
and Alfisols. Vertisols are developed on sedi-

ments of lake-marsh origin, also called calcare-
ous clay silts of the «Hernandarias Formation». 
The most important characteristics of these 
soils are a uniform dark colour, the formation 
of cracks, and the presence of abundant inter-
cepted slickensides. They have a high capac-
ity to store water, but its proportion available 
for plants is low due to other physical limita-
tions, including poor aeration, high resistance 
to root penetration, and a shallow rooting depth 
(Cerana et al., 2005). They have high struc-
tural stability under natural conditions due to 
the contribution provided by colloids. But these 
can be severely affected by inadequate manage-
ment that causes the loss of organic matter and 
water erosion (Wilson, 2017). Instead, Alfisols 
are originated from calcareous silts of the same 
formation but in flat relief. The hydromorphic 
processes are notably accentuated. Therefore, 
the soils are characterised by abundant mot-
tled and ferromanganesiferous concretions 
throughout the profile. The epipedon is shal-
low (7–10 cm) with 20–27% clay. Both orders 
present a dense, dark subsurface horizon, with 
a clay-silty texture, with clay content between 
40–50% and low permeability. This means an 
obstacle to the normal development of the root 
system of plants (Soil Mapping Plan, 1986).

Fig. 1. Location of the Protected Area «Estancia El Caraya» of the province of Entre Ríos, Argentina.
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According to Oyarzabal et al. (2018), the study 
area corresponds to the Spinal Phytogeographic 
province, characterised by xerophilous forests domi-
nated by Prosopis nigra (Griseb.) Hieron., P. affinis 
Spreng., and Vachellia caven (Molina) Seigler & 
Ebinger. The native forests are heterogeneous, due to 
the physiognomy and structure of the tree layer, the 
shrub layer development, the soil diversity, and the 
hydrographic network crossing through this area. In 
general, the current state of these ecosystems is char-
acterised by the location within the plant succession. 
Here, the dominant secondary forests extend in the 
study area with 20% to 25% plant cover. This cor-
responds to intermediate stages of the plant succes-
sion in which diversity improves, but has not yet sta-
bilised (Sabattini et al., 1999; Sabattini et al., 2015a). 
Studies in PA «El Caraya» indicate the presence of 
Celtis ehrenbergiana Gillies ex Planch., Geofroea de-
corticans (Gill. Ex Hook. & Arn.) Burkart, Eugenia 
cisplatensis Cambess. and Parkinsonia aculeata L., 
as companion species to the tree stratum, as well as 
numerous juvenile individuals of V. caven and P. af-
finis, dried and standing dead. In addition, there are 
other sites represented by closed forests with a shrub 
cover between 32.5% and 62.5%, with the dominant 
species Baccharis punctulata L., accompanied by 
Eupatorium buniifolium Hook. & Arn., E. laeviga-
tum Lam. and Aloysa grattisima (Gillies & Hook. ex 
Hook.) Tronc. The condition of the natural grassland 
responds to a very good condition for livestock pro-
duction, being very palatable, of good size and vigour 
(Sabattini et al., 2003); species of the genera Nassella 
E.Desv., Bothriochloa Kuntze, Chloris Sw., and Pas-
palum L. are also dominating (Sabattini et al., 2015a). 

Collection and analysis of information
Native forests of PA «El Caraya» has five con-

trasting environments characterised by Sabattini et 
al. (2015b), based on their structure, floristic compo-
sition and physiognomy of the plant components. In 
each one, the carbon storage in the soil and vegetation 
types (herbaceous, shrub and tree) has been estimated. 
Sabattini et al. (2015b) identified five environment 
types contrasting natural native forests dominated by 
the presence of the tree component: I) Garat with veg-
etation dominated by high open native forest; II) As-
sociation A° Quebracho-Garat vegetation dominated 
by low and closed native forest; III) Association A° 
Quebracho-Grecco with vegetation dominated by high 
and closed native forest; IV) Grecco with vegetation 
dominated by low and closed native forests of sectors 
Trithrinax campestris (Burmeist.) Drude & Griseb. 
and Aspidosperma quebracho-blanco Schltdl.; V) 

Arroyo Feliciano dominated by riverside forest with 
shrub jungle. The native forests of each environment 
are close to the climax, considering the successional 
stages, based on thier structural, physiognomic and flo-
ristic components (Sabattini & Sabattini, 2018).

Carbon sequestered in soil
A baseline of Soil Organic Carbon (SOC) stocks 

can be estimated by physical sampling and measure-
ment, modelled estimation, or assumed values (FAO, 
2018). In this study, we used the soil mapping units 
associated with each environment carried out by Sa-
battini et al. (2015b). In addition, we used the results 
obtained in Sabattini et al. (2015b) for variables re-
quired in the calculation such as: bulk density by the 
cylinder method (Al-Shammary et al., 2018), thick-
ness of the sampling horizon and the percentage of 
organic carbon with a Walkey-Black Method (Nel-
son & Sommers, 1982). In this study, 17 surface soil 
samples (00-12), distributed among environments 
throughout the PA «El Caraya», were extracted, 
based on the edaphological description of the entities 
mentioned with the limitations and physical restric-
tions of the soils. In each sample, the SOC was deter-
mined in the soil fraction passing through the 2-mm 
sieve (Whitehead et al., 2012), which is the fine earth 
fraction. For inventory purposes, the measurement of 
SOC in the fine soil fraction (< 2mm) should be ad-
equate. In addition, the coarse mineral fraction (> 2 
mm) of the soil was determined to estimate the SOC 
stock, and in all measures it was zero. SOC stocks 
should be reported for the 0–30 cm layer to comply 
with IPCC recommendations, and an appropriate 
error and uncertainty should be reported. However, 
since in this case data are obtained from the first 12 
cm of depth, a standardised extrapolation was carried 
out as mentioned in the bibliography (FAO, 2018), 
and SOC stocks was estimated using this formula for 
30 cm depth increment (i):

where SOCi = soil organic carbon stock 
(t C × km-2) of the depth increment i; OCi = organic 
carbon content (mg C × g soil-1) of the fine soil fraction 
(< 2 mm) in the depth increment i; BDfinei = the mass 
of the fine soil per volume of fine soil of the depth incre-
ment i (g fine earth × cm-3 fine earth = dry soil mass (in 
g) – coarse mineral fragment mass (in g)) / (soil sample 
volume (in cm3) – coarse mineral fragment volume (in 
cm3)); vGi = the volumetric coarse fragment content 
of the depth increment i; ti = thickness (depth, in cm), 
of the depth increment i; 0.01 = conversion factor for 
converting t C × cm-2 to t C × km-2.
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Fig. 2. Location of the soil sampling sites (Sabattini et al., 2015b), shrub and herbaceous species (Sabattini et al., 2003, 2013, 
2014; Sabattini J. et al., 2015b, 2019) and tree species in the Protected Area «El Caraya».

Table 1. Allometric models of dominant tree species used to estimate the biomass of the tree layer in each environment
Tree species Allometric models Reference

Vachellia caven Ln B = -3.40828 + 2.17836 Ln(DBH) + 0.95212 Ln(h) Lucero Ignamarca et al., 2018
Prosopis affinis Ln B = -2.01 + 0.02 Ca + 1.73 Ln(DBH) + 0.82 Ln(h) Sione et al., 2019
Prosopis nigra B = 32.0443 + 0.0545 DBH2h Gaillard de Benitez et al., 2014

Carbon stored in aboveground vegetation
The aboveground vegetation biomass was esti-

mated in three vegetation types presented in each en-
vironment, namely tree, shrub and herbaceous. Tree 
biomass (kg dry matter × km-2) was evaluated using 
54 rectangular plots of 500 m2 each (Fig. 2). They 
are geo-referenced with their central points and were 
distributed in the PA «El Caraya» using the internal 
roads by means of a preferential method (Matteuci 
& Colma, 1982) in all environments (Sabattini et al., 
2015b). In each plot, all the adult plant species were 
identified taking into account those with more than 
10 cm in diameter at breast height (DBH). Plants 
having DBH less than 10 cm were not taken into ac-
count. Three variables were recorded: a) the DBH 
at 30 cm height using a manual caliper; b) the total 
crown height using a Suunto clinometer (h); c) the 
horizontal coverage of the crown of each tree with re-
spect to the ground using a tape measure (Ca). Then, 
estimates of aboveground biomass (B) per area were 
made using local allometric models (Table 1), consid-
ering the density of the following dominant species: 
Vachellia caven, Prosopis affinis, and P. nigra.

The biomass of the shrub and herb strata were 
obtained through available information from the PA 
«El Caraya» (Sabattini et al., 2003, 2013, 2014; Sabat-
tini J. et al., 2015b, 2019). In both cases, the herb was 
cut 5 cm above the ground. Then the fresh herb was 
weighed with a one-tenth precision portable scale. Sub-
sequently, it was dried with a forced air oven at 80°C 
for 48 h. The shrub layer is dominated by Baccharis 
spp., , accompanied by herb species like Eryngium 
horridum Malme and Melica macra Nees (Sabattini J. 
et al., 2019). Given that the shrub layer coverage is 
heterogeneous in each of the environments according 
to Sabattini et al. (2015b), and only information mea-
sured in the field is available in certain environments 
and on shrub expansion level (Fig. 2), the value of 
shrub biomass for the rest of the classes was estimated 
taking into account the percentages of their coverage 
in each class as follows: Class + (< 5%), Class 1 (5–
15%), Class 2 (25–50%), Class 3 (50–75%), and Class 
4 (> 75%). The same criteria were used to estimate the 
biomass of the herbaceous plants, considering that it 
can be reduced by an increase in shrub cover, accord-
ing to Sabattini et al. (2014).
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For all vegetation types, the carbon stock 
(t C × km-2) was determined by multiplying the bio-
mass value by the coefficient 0.5. It is used as a pre-
determined value without differentiating between 
species (Brown & Lugo, 1984; IPCC, 1995), by ig-
noring the variation of the carbon fraction between 
plant species, organs or components of plants and 
life forms, which may generate biases in the estimate 
(Martin & Thomas, 2011). However, for the pur-
poses of the estimation its use for this work is valid. 
Then, the carbon values were converted to CO2 mul-
tiplying by 3.67, according to their stoichiometric 
equivalence (IPCC, 1995).

Results
Carbon sequestered in soil
Table 2 shows the results of the total carbon 

stock in the soil fraction by environments in the 
PA «El Caraya». The storage capacity in soil was 
29.173 t CO2, where the A° Quebracho-Grecco As-
sociation contributed 44.9% due to its extension. In 
general, the dominance of soils was the Order Ver-
tisol and Alfisol. They generally restricted aptitude 
for various alternatives for agricultural and livestock 
use, with limitations such as water erosion, high con-
tents of expandable clays, impeded internal drainage 
and poor surface drainage in the flat sectors with 
waterlogging. The soils of the Garat environment 
were Vertic Argiuacuol, with mollic epipedon and a 
surface horizon with a higher organic carbon content 
compared to the rest of the environments present in 
the PA «El Caraya». This situation generates condi-
tions of good natural fertility. On the other hand, the 
associations, showing dominance of vertically oc-
curring Ocracualf soils, decreased their percentage of 
organic carbon. Finally, near to the stream El Puerto, 
there is an environment with jungle forests made 
up of little evolved soils of alluvial layers belong-
ing to the Haplacuept Subgroup. The layers in depth 
present a marked variability of texture (silty, clayey 
and / or sandy), but in those soils it is common to be 
more silty However, the clay content increases in the 
deeper horizons. After the flood, plant remains are 
left for its decomposition causing a slight increase in 

the percentage of organic carbon, but not enough for 
carbon accumulation due to its poor surface structure 
and intense leaching.

Carbon stored in aboveground vegetation
The global results indicate that the PA «El Ca-

raya» is dominated by three tree species, namely 
Prosopis affinis (47%), Vachellia caven (45%), and 
Prosopis nigra (3%). The average tree density is 
37 400 ± 14 500 individuals × km-2 with an average 
height of 3.85 m. Environment III presented the high-
est abundance (41 800 ± 14 400 individuals × km-2), 
while Environment IV is the most restrictive from 
the edaphic and topographic point of view, being 
presented by the lowest abundance (35 400 ± 21 200 
individuals × km-2). However, Environment II pre-
sented less abundance compared to Environment III, 
while the tree biomass is higher (Table 3), respond-
ing to a higher DBH and total tree height. The total 
CO2 stock of the tree stratum in the PA «El Caraya» 
is 89.3 t CO2, and, like in the soil carbon stock, En-
vironment III (Association A° Quebracho-Grecco) 
contributed 43.2% of the total amount.

The shrub layer of the PA «El Caraya» was 
heterogeneous in terms of coverage and floristic 
composition depending on the environment type, 
dominated by species of the genera Baccharis, Eu-
patorium and Aloysia. The herbaceous component 
was presented by dominance of herbaceous species 
of the genera Nasella, Piptochaetium and Bromus, 
with various seasonal growth cycles. Considering 
the cover of the shrub species, Table 4 presents the 
estimates of the stored carbon stock in this layer, and 
its estimation of the herbaceous layer for each shrub 
level in each environment.

Table 5 shows a summary of the unit carbon 
stock per 1 km2 of each component (soil and vegeta-
tion) by environment. The difference in unitary car-
bon stock between the opposite environments was 
48%. Environment I stores the highest carbon stock 
(1.219 t C × km-2), while Environment IV stores 
0.812 t C × km-2. These changes depend on the suc-
cessional position, which varies in the trophic and 
physiognomic structure.  

Table 2. Estimation of carbon storage in the soil at 30 cm to depth by environment in the Protected Area «El Caraya»

Environment Surface
(km2)

BDfinei *
(t soil × m-3)

OCi *
(mg C × g soil)

SOCi
(t C × km-2)

Total Soil Carbon
(t C)

Total Stock
(t CO2)

I 8.08 1.35 2.63 1.07 860.6 3155.6
II 21.63 1.32 1.99 0.79 1704.5 6249.9
III 47.01 1.31 1.93 0.76 3565.7 13074.0
IV 11.76 1.31 1.63 0.64 753.3 2762.2
V 15.58 1.27 1.79 0.68 1062.5 3895.9

Note: *Data from Sabattini et al. (2015b).
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Table 3. Estimation of carbon sequestration in the tree component by environment in the Protected Area «El Caraya»
Environment Surface (km2) Aboveground biomass (t × km-2) Total carbon (t C) Total stock (t CO2)

I 8.08 0.153 1.24 4.54
II 21.63 0.373 8.06 29.57
III 47.01 0.224 10.53 38.61
IV 11.76 0.215 2.53 9.28
V 15.58 0.128 1.99 7.29

Table 4. Estimation of carbon sequestration in the shrub and herbaceous layers by environment in the Protected Area «El 
Caraya» and shrub expansion level by environment

Environment Shrub expansion 
level Surface (km2) Shrub biomass 

(kg DM × km-2)
Herb biomass 

(kg DM × km-2)
Total shrub carbon 

(t C)
Total herbaceous 

carbon (t C) Total stock (t CO2)

I

Class + 3.44 34.8 73.1 0.060 0.1200 0.680
Class 1 3.25 104.4 65.4 0.170 0.1000 1.010
Class 2 1.35 174.2 57.7 0.120 0.0400 0.570
Class 3 0.03 348.1 38.5 0.001 0.0006 0.004
Class 4 0.01 522.2 19.2 0.003 0.0001 0.010

II

Class + 9.77 34.8 37.8 0.170 0.1800 1.300
Class 1 6.83 104.4 33.8 0.360 0.1100 1.730
Class 2 4.28 174.12 29.81 0.370 0.0600 1.600
Class 3 0.57 348.1 19.9 0.100 0.0060 0.380
Class 4 0.18 522.2 9.9 0.050 0.0009 0.170

III

Class + 11.05 26.5 74.7 0.150 0.4100 2.050
Class 1 11.49 79.62 66.83 0.460 0.3800 3.080
Class 2 14.25 132.6 58.9 0.940 0.4200 5.000
Class 3 5.78 265.2 39.3 0.770 0.1100 3.230
Class 4 4.44 397.8 19.6 0.880 0.0400 3.400

IV

Class + 1.61 18.22 21.72 0.010 0.0200 0.120
Class 1 1.37 54.7 19.4 0.040 0.0100 0.190
Class 2 5.58 91.2 17.1 0.250 0.0500 1.110
Class 3 1.82 182.4 11.4 0.160 0.0100 0.650
Class 4 1.38 273.5 5.7 0.190 0.0040 0.710

V

Class + 1.88 18.2 15.2 0.020 0.0100 0.110
Class 1 1.72 54.7 13.6 0.050 0.0100 0.210
Class 2 3.36 91.2 11.9 0.150 0.0200 0.630
Class 3 3.84 182.4 7.9 0.350 0.0200 1.340
Class 4 4.78 273.5 3.9 0.650 0.0090 2.430

Note: annual biomass production data chosen from 1Sabattini R. et al. (2019), 2Sabattini et al. (2014), 3Sabattini et al. (2003). Shrub biomass in Environment 
I was considered equal to II, and in Environment V equal to Environment IV due to the similarity in the floristic composition (our unpublished data). 
Regarding the biomass of the herb species in Environment I, it was estimated 30% higher than in Environment II, and in the case of Environment V, 30% 
with respect to Environment IV, considering the grazing times evaluated in the field (Victor M. Dopazo, pers. comm.).

Table 5. Carbon stock (t C × km-2) in each component analysed 
by environment

Environment Soil Herbaceous Shrub Tree Total
I 1.070 0.034 0.044 0.077 1.219
II 0.790 0.017 0.048 0.186 1.040
III 0.760 0.029 0.068 0.112 0.968
IV 0.640 0.008 0.067 0.108 0.812
V 0.680 0.005 0.078 0.064 0.829

Discussion
Carbon sequestered in soil
In global forests, carbon has been estimated at 

861 Pg of which 44% is stored in the soil, 42% in 
aboveground biomass and the remaining 14% in 
dead wood and mulch (Pan et al., 2011). Approx-
imately half of the carbon accumulated in forest 
ecosystems is found in the forest floor and in the 
ground. This value varies with the biome type. In 

this study, we found that 73% of the carbon stor-
age from a subtropical native forest, characteristic 
of the Mesopotamian Spinal, was concentrated in 
the surface fraction of the soil (Table 5). On the 
other hand, the variation in the environments is at-
tributed to the marked differences in the surface 
that give rise to different physical and chemical 
characteristics of the soils (Sabattini et al., 2015b). 
Those environments located in a low topographic 
position, the vegetation cover is scarce, spatially 
and temporarily. However, the accumulation of or-
ganic matter remains, caused by the hydric erosion 
of higher topographic zones, is expected (Chagas 
& Kraemer, 2018). The results obtained in this 
study indicate that in environments dominated by 
jungle forests with patches of grasslands (Envi-
ronment V), the stock stored in soil carbon is less 
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compared to higher positions. This situation may 
be explained by the relocation of the surface organ-
ic remains due to the periodic flooding caused by 
the streams that cross the PA «El Caraya», mainly 
the «Arroyo Puerto» to the south.

The obtained results are similar to other es-
timates made in the entire north-central region 
of Entre Ríos, without conducting a field survey, 
where the soil stock is 0.35 t C × km-2 (Vicente et 
al., 2011). In other regions to the southeast of the 
continent, particularly in the Mediterranean area of 
Chile, the carbon stock in ecosystems of the Espi-
nal dominated by Vachellia caven between 30 to 
60 years of age, ranges from 0.57 t C × km-2 to 
0.62 t C × km-2 in the first 20 cm depth with more 
than 50% ground covered by vegetation (Muñoz et 
al., 2007). In Mexico, the potential for carbon stor-
age in vegetation and temperate forest soils was 
estimated at 2.00 t C × km-2 and 3.27 t C × km-2, 
respectively (Monreal et al., 2005). However, there 
are no studies on the role of various soil types as a 
terrestrial carbon reservoir under Mexican temper-
ate forests. On the other hand, global studies esti-
mate that tropical forests store 32% of carbon in 
the soil, while temperate and boreal forests store 
around 60% of carbon in the soil (Pan et al., 2011). 
The variability in the percentage of carbon stored 
in the soil is determined by the physical (texture) 
and structural factors (particle size composition), 
the climatic factors (temperature and humidity), 
the heterogeneity in landscape, the type of cover 
and plant biomass, the plant species diversity, 
among other local aspects (Pardos, 2010).

Since forest soils concentrate more carbon 
accumulated in soil than vegetation, the way in 
which the land is used can activate the decompo-
sition rate of organic matter, by exceeding that 
of net primary production, and thus release CO2 
into the atmosphere. That is why the care and 
conservation of these forest resources allow mit-
igating negative effects on the atmosphere, mak-
ing the organic carbon content of the soil in the 
subtropical native forests of Argentina as a good 
indicator of its sustainable management, simi-
larly to other studies (Houghton, 2003; Hedde 
et al., 2008). However, it is important to assess 
the term of carbon stock. This depends on two 
important factors, namely the accumulation dy-
namic rate, and the maximum level reached, im-
portant to possibly reach the soil saturation lev-
el, at which point it does not accumulate more 
carbon, which depends fundamentally on the 
time and the soil type (Freibauer et al., 2004).

Carbon stored in aboveground vegetation
The most important loss variable in native 

forest is deforestation affecting the ecosystems 
services, in which the plant matrix is completely 
lost (Brockerhoff et al., 2017; Mori et al., 2017), 
fundamentally contributing to a remarkable in-
crease in CO2 emission. The changes in land 
use in tropical forests have been alarming dur-
ing 1850–1980, by obtaining an annual rate of 
155 000 × km-2 × year-1 and causing the emission 
into the atmosphere of 100 Gt of carbon equiva-
lent to a third of anthropogenic emissions (Pardos, 
2010). However, there are two ways to stop and 
reverse this trend, maintaining the coverage of 
current native forests, or an increasing in area of 
planted forests in the world. In temperate regions 
of Europe and North America, an increase in the 
mass of planted forests has caused an increase 
in the equivalent carbon stock between 1 Gt to 
3 Gt absorbed annually (Malhi et al., 1999). One 
aspect to highlight is that PA «El Caraya» have 
low impact from the clearing, probably due to the 
geographical location of the studied site, distant 
from paved routes, which makes insecurity in the 
activity of extraction of wood for sawmills (Sa-
battini, 2015; Sabattini et al., 2015a).

For this reason, it represents a native for-
est area in a very good conservation state. It is 
possible to affirm that the present vegetation is 
typical of the Spinal Ecoregion (Oyarzabal et al., 
2018). Moreover, tree species characteristic of 
the genus Prosopis and Vachellia dominate (Wil-
son & Sabattini, 2001). Physiognomic, floristic 
and structural aspects of shrub and herbaceous 
vegetation show a high similarity with native 
forest in the province of Entre Ríos (Sabattini 
et al., 2015a). In general, it is possible to affirm 
that 11% of the stock in forest ecosystems is 
represented by the aboveground layer biomass, 
while 6% and 2% by the shrub and herbaceous 
layers, respectively (Table 4). In this sense, in a 
native forest ecosystem in Argentina, 19% of the 
carbon stock is represented by vegetation, while 
the remaining percentage of soil carbon stock. 
Properly managed forest systems have demon-
strated that they can sequester more carbon than 
other terrestrial ecosystems with various land 
uses (Dixon et al., 1994).

Several studies demonstrated the capacity of 
carbon stock in forest ecosystems, particularly 
in Argentina. Peri et al. (2010, 2013) estimated 
the carbon storage in the aboveground and un-
derground tree component (roots) and soil in 
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Nothofagus forests, by concluding that they ac-
cumulate a total of almost 45 000 000 t C, of 
which around 20% corresponds to aboveground 
and root biomass, and approximately the re-
maining to the soil. In cultivated forests, Vega 
& Martiarena (2010) estimated that the carbon 
in the aboveground biomass stored in 30-year-
old Araucaria angustifolia (Bertol.) Kuntze 
plantations (northern province of Misiones) was 
0.61 t C × km-2, which would imply an accumu-
lation rate of 0.02 t C × km-2 × year-1. In planta-
tions of 18-year-old Grevillea robusta A.Cunn. 
ex R.Br. (northern Argentina), Barth et al. (2016) 
reported accumulated values of 1.15 t C × km-2 
in biomass, which would imply an accumula-
tion rate of 0.064 t C × km-2 × year-1 at a density 
of 7.5 individuals × km-2. These data highlight 
the importance of forest systems as carbon sinks 
(Davis et al., 2003).

At the regional level, estimates of the car-
bon capture of forest ecosystems are scarce 
and focus only on trees, i.e. the dominant 
component of the ecosystem. This study pres-
ents novel results in carbon stock considering 
all the components of a forest ecosystem and 
under conservation guidelines. Results were 
obtained in plantations of 14–17 year-old Eu-
calyptus grandis W.Hill ex Maiden, where it 
was found that these ecosystems accumulate 
on average 0.22 t C × km-2 in the aboveground 
biomass (Frangi et al., 2016). Furthermore, re-
cently Sione et al. (2018) have reported that the 
carbon stored in the aboveground tree biomass 
of native forests of the Spinal Phytogeographic 
province was 0.40 t C × km-2, which represents 
a sequestration of 1.47 t CO2 × km-2. Howev-
er, these values do not represent all of the na-
tive forests in Entre Ríos, and they are based 
on the tree component only. In our study, the 
carbon stored in the aboveground tree biomass 
(Table 5) is below the values of other investiga-
tions. This depends on the intrinsic heterogene-
ity of these ecosystems (Sabattini et al., 1999), 
mainly on the change in the species abundance, 
the structural and floristic composition, as well 
as in the position in the ecological succession. 
Considering the latter, it has been demonstrated 
that these native forests with an advanced de-
gree in ecological succession, such as the case 
of Environment II (Table 5), present not only 
a higher complexity in their trophic structure, 
but also a higher capacity to the carbon stock. 
The increase in biomass and the storage of total 

organic carbon in ecosystems during the succes-
sional processes form fundamental challenges 
for ecology (Odum, 1969).

Protected areas and their role in carbon capture
The loss of the global forest heritage is 

strongly associated with the rapid expansion 
of industrial, agricultural and forest crops due 
to the demand for these commodities, but also 
wildfires are degrading it (Gaveau et al., 2016). 
Therefore, there are public policy instruments 
aiming to reduce problems in these ecosystems. 
For example, in the Amazon biome, only public 
Protected Areas are not sufficient (Soares-Filho 
et al., 2006, 2010). In addition, special attention 
should be paid to conservation initiatives aimed 
at private landholders, as it has been promoting 
in PA «El Caraya». A commonly used tool is the 
incentive to create public or private Protected Ar-
eas, as well as management. International agree-
ments support the creation of new Protected Ar-
eas through the United Nations Convention on 
Biological Diversity, where it is recommended 
that each country should allocate 10% of its area 
to the creation of Protected Areas for the biodi-
versity conservation. However, the global data-
base on Protected Areas indicates that these lands 
cover only 15.4% of the global terrestrial area 
(UNEP-WCMC and IUCN, 2016)

For example, the PA «El Caraya» is a pri-
vate Protected Area which is approved by Law 
No. 10532 under the category of Multiple Use 
Reserve, equivalent to the Category VI proposed 
by IUCN. This category is defined as «Protected 
Areas conserving ecosystems and habitats to-
gether with associated cultural values and tra-
ditional natural resource management systems. 
They are generally large, with most of the area 
in a natural condition, where a proportion is un-
der sustainable natural resource management 
and where low-level non-industrial use of nat-
ural resources compatible with nature conser-
vation is seen as one of the main aims of the 
area». A recent study has estimated the carbon 
stock of various conservation categories of Pro-
tected Areas, by registering the highest priority 
category (Category 1a) with the highest aver-
age carbon stock with respect to the rest of the 
categories (1.5 t C × km-2). This suggests that 
a high protection status is granted on average 
to more intact or simply higher biomass forests 
(Collins & Mitchard, 2017). However, the sec-
ond highest protection category had an average 
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of 0.87 t C × km-2, being less than the lowest 
protection level of category VI (t C × km-2). In 
this study, it was obtained that on the average 
of the environments the PA «El Caraya» stores 
0.974 t C × km-2, namely 17% less than the world 
average in this conservation category. Possibly, 
these differences are of such magnitude because 
the mean carbon storage of Protected Areas of 
the same category is reported without mention-
ing the dominant biome. Therefore, differences 
are caused by high heterogeneity of the natural 
environments in the world, due to very diverse 
environmental conditions. 

Conclusions
Using internationally validated estimation 

methodologies, it was possible to know the car-
bon stock of subtropical native forests in South 
America, on example of the PA «El Caraya». 
The obtained results presented differences be-
tween environment types. They are not caused 
only by the plant life-form (trees, shrubs and 
herbaceous plants), but their most important 
variability depends also on the organic mat-
ter content of the soil. Therefore, the relative 
weight of the soil within the ecosystem was 
verified, as in other native forests under vari-
ous climatic and plant conditions.

Proper management practice of subtropical 
native forests in the Spinal Mesopotamian with 
correct principles, foundations and objectives 
does contribute highly to the carbon emission 
reduction towards the atmosphere. Adequate 
forest management techniques allow obtaining 
sustainable systems that maximise the potential. 
Moreover, the Protected Area presents a consid-
erable surface, where it is possible to carry out a 
livestock activity under the principles of sustain-
ability. Additionally, it provides the society with 
hidden ecosystem services mitigating the effects 
of climate change.
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ЗАПАСЫ УГЛЕРОДА В СУБТРОПИЧЕСКИХ КОРЕННЫХ ЛЕСАХ
НА ОСОБО ОХРАНЯЕМОЙ ПРИРОДНОЙ ТЕРРИТОРИИ ЮЖНОЙ АМЕРИКИ

Дж. А. Сабаттини* , Р. А. Сабаттини , Х. К. Чиан , И. А. Сабаттини

Национальный университет Энтре Риос, Аргентина
*e-mail: julian.sabattini@fca.uner.edu.ar

В лесных системах возможно улавливать углерод, выделяемый в результате промышленной деятель-
ности, несмотря на то, что глобальное сокращение лесов в последнее время значительно возросло. 
Особо охраняемые природные территории (ООПТ) вносят значительный вклад в смягчение негатив-
ных последствий изменения климата. Целью данного исследования было оценить запасы углерода в 
различных типах коренных субтропических лесов на ООПТ «Эстансия Эль-Карая» (далее – ООПТ 
«Эль-Карая»), расположенной на Месопотамском хребте. Исследования проводились в провинции Эн-
тре Риос (Аргентина). Мы оценили запасы углерода в почве и в таких компонентах экосистемы, как 
травы, кустарники и деревья в пяти различных средах, покрытых коренными лесами в качестве пре-
обладающего биома. Компонент почвы был представлен 81% запасов углерода в коренных лесах, в то 
время как оставшаяся доля распределяется между деревьями (11%), кустарниками (6%) и травянистой 
растительностью (2%). Коренные леса ООПТ «Эль Карая» содержат 0.974 т углерода на 1 км2 (3.56 т 
CO2 на 1 км2). Это на 39.4% меньше, чем в среднем в мире для этой природоохранной категории. Эти 
различия связаны с высокой неоднородностью природной среды в мире ввиду очень разнообразных 
экологических условий. Надлежащие методы управления коренными субтропическими лесами Месо-
потамского хребта в значительной степени способствуют сокращению выбросов углерода в атмосферу. 
Применение методов управления лесным хозяйством на ООПТ позволяет получить устойчивые леса, 
которые максимально раскрывают потенциал этой территории.

Ключевые слова: поглощение углерода, изменение климата, экосистемные услуги, Эль-Карая, обще-
ственная политика, охраняемый лес, сокращение выбросов
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