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Introduction: Forests are a crucial part of the global carbon cycle and their

proper management is of high relevance for mitigating climate change. There

is an urgent need to compile for each region reference data on the carbon

(C) stock density and C sequestration rate of its principal forest types to

support evidence-based conservation and management decisions in terms of

climate change mitigation and adaptation. In the Andean Mountains of northern

Patagonia, extensive areas of temperate forest have developed after massive

anthropogenic fires since the beginning of the last century.

Methods: We used a plot design along belt transects to determine reference

values of carbon storage and annual C sequestration in total live (above- and

belowground biomass) and deadwood mass, as well as in the soil organic

layer and mineral soil (to 20 cm depth) in different forest types dominated by

Nothofagus spp. and Austrocedrus chilensis.

Results: Average total carbon stock densities and C sequestration rates range

from a minimum of 187 Mg.ha−1 and 0.7 Mg.ha−1.year−1 in pure and mixed N.

antarctica shrublands through pure and mixed A. chilensis forests taller than

7 m and pure N. pumilio forests to a maximum in pure N. dombeyi forests

with 339 Mg.ha−1 and 2.2 Mg.ha−1.year−1, respectively. Deadwood C represents

between 20 and 33% of total wood mass C and is related to the amount of

live biomass, especially for the coarse woody debris component. The topsoil

contains between 33 and 57% of the total estimated ecosystem carbon in the

tall forests and more than 65% in the shrublands, equaling C stocks of around

100–130 Mg.ha−1 in the different forest types.

Conclusion: We conclude that the northern Patagonian temperate forests

actually store fairly high carbon stocks, which must be interpreted in relation

to their natural post-fire development and relatively low management intensity.

However, the current high stand densities of these forests may well affect their
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future carbon storage capacity in a warming climate, and they represent a

growing threat of high-intensity fires with the risk of a further extension of

burned areas in the future.

KEYWORDS

carbon stocks, deadwood components, woody debris, topsoil organic carbon,

secondary forest succession

1 Introduction

Intact and sustainably managed forest ecosystems play a key

role in climate change mitigation and adaptation as nature-based

solutions (Tognetti et al., 2022) due to their ability to remove

CO2 from the atmosphere through biomass production and C

sequestration in wood and soil (Eggleston et al., 2006). Forest C

reserves comprise the living biomass (above and belowground),

the deadwood (standing and downed), and the organic layer and

mineral soil (Eggleston et al., 2006; Janowiak et al., 2017). The

carbon content per unit area for a given ecosystem or vegetation

type is termed carbon density (Gower, 2003). There is a need

of accurate data of the carbon storage capacities in the different

compartments of forest ecosystems to improve our understanding

of the key processes and mechanisms of the global carbon cycle

(Pregitzer and Euskirchen, 2004; Houghton, 2005; Liu et al., 2015;

Hoover and Smith, 2021). To meet each country’s emissions

reduction commitments as part of the Nationally Determined

Contributions to the Paris Agreement (2015) and through REDD+

projects and programs, it is necessary to have information on

forest C stocks and flows in the different forest types (Gower,

2003; Bonan, 2008; Keith et al., 2009; McKinley et al., 2011; Perez-

Quezada et al., 2023; Idoate-Lacasia et al., 2024). While a wealth

of data is available for the northern hemisphere (Luyssaert et al.,

2007; Klein and Schulz, 2011; Krüger et al., 2012; Pan et al., 2013;

Janowiak et al., 2017; Glatthorn et al., 2018; Westfall et al., 2023),

especially in the temperate forests of South America serious data

gaps remain (Weber, 1999; Gayoso, 2001; Carmona et al., 2002;

Klein et al., 2008; Schlegel and Donoso, 2008; Peri et al., 2010;

González et al., 2022; Perez-Quezada et al., 2023).

In the course of forest dynamics, particularly after disturbances,

succession processes have a large influence on C storage and

sequestration due to species differences in net primary productivity,

biomass accumulation and wood mass decomposition (Janisch

and Harmon, 2002; Vargas et al., 2008; Conti and Díaz,

2012; Idoate-Lacasia et al., 2024). To battle climate change,

management decisions should consider enhancing the C storage

and sequestration potential of forests in biomass and soil (Gower,

2003; McKinley et al., 2011; Wang et al., 2020), and/or to increase

the C storage in long-lived wood products, while favouring forest

types less susceptible to massive disturbances (Perez Garcia et al.,

2007; Janowiak et al., 2017). Stand-level inventories have elaborated

the dependence of forest biomass C on tree diameter, height and

stem density (e.g., Morin, 2015; Wu et al., 2015; Forrester and

Bauhus, 2016), and tree age and time since disturbance (Pregitzer

and Euskirchen, 2004; Idoate-Lacasia et al., 2024). In various

forest ecosystems, it has further been observed that secondary

successions that involve cohort dynamics are associated with

particularly rapid C accumulation in biomass and soil (Janisch

and Harmon, 2002). In turn, mature forests with high C stocks

face the risk of being degraded to early-successional ecosystems

such as shrublands (which can persist for many decades) as a

result of large-scale disturbances such as high-intensity fires. In

this context, we need a better understanding of changes in the

carbon density between different woody vegetation types along

forest succession trajectories. This knowledge is required to support

forest management authorities in their efforts to establish more

drought- and heat-resistant forests and to maximize the climate

change mitigation potential of forests.

Forest soil can store large amounts of C especially in the

organic layers and the mineral topsoil (Lal and Lorenz, 2012). In

temperate forests, soil organic carbon (SOC) makes up as much as

60% of the ecosystem carbon stock (Lal, 2005; Scharlemann et al.,

2014), and the long-term accumulation rates are comparable to

those in boreal forest soils (Schlesinger, 1990). Most forest soils

contain between 0.3 and 11.5% of SOC in the first 20 cm of

the mineral soil (Perry, 1994), which, however, varies greatly in

dependence on local natural and anthropogenic factors (Fernandez

et al., 1999; Johnson and Curtis, 2001; Larionova et al., 2002).

Fires and other natural disturbances reduce canopy cover and

thus alter soil temperature and moisture, which affect respiration

rates and SOC density especially in the organic layer (Lal, 2005).

In addition, these processes influence through forest succession

the quantity and quality of biomass carbon returned to the soil

(Lal and Lorenz, 2012).

In northern Patagonia on the eastern slopes of the Andes

Ridge, a mosaic of temperate forest types develops, with

forest communities being determined by the combination of

environmental gradients, mainly the reduction in west-east

direction of precipitation and winter temperature, increasing

rainfall and snowfall with elevation, and the prevalence of volcanic

soils in a highly varied topography (Hueck, 1978; Dezotti, 2000;

Kitzberger, 2012). These forests were strongly altered by massive

anthropogenic fires at the beginning of the last century (Willis,

1914), initiating the formation of secondary forests which,

depending on the site, density of resprouting species and seed

sources of surviving trees, evolved in the course of successional

processes. These include pure and mixed shrublands of Nothofagus

antarctica (G. Forst.) Oerst, pure and mixed Austrocedrus

chilensis (D.Don) Pic-Serm. & Bizzarri and Nothofagus dombeyi

(Mirb.) Oersted forests, while at high elevations, cold-adapted

pure Nothofagus pumilio (Poepp. & Endl.) Krasser forests are

growing (Veblen and Lorenz, 1987; Kitzberger and Veblen, 1999;

Veblen et al., 2003; Gowda et al., 2012, 2023;
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Tiribelli et al., 2018). Despite the ecological and economic

importance of these forests, their C stock densities and C

sequestration rates, as well as alteration in C sink strength with

change between forest types, are still not well known.

In light of the temperature increase and precipitation reduction

predicted for the Patagonian region in future (Villalba et al.,

2003), the frequency and intensity of forest fires is expected to

increase (Seidl et al., 2017; Kitzberger et al., 2022). The ensuing

conversion of mature forests to earlier successional stages, such as

N. antarctica and mixed shrublands, characterized by more fire-

prone (pyrophytic) vegetation due to the accumulation of fine

woody debris, would trigger a self-enforcing process leading to

more frequent wildfires (Mermoz et al., 2005; Paritsis et al., 2015;

Tiribelli et al., 2018; Kitzberger et al., 2022). Recurring disturbance

events cause elevated CO2 emissions, ecosystem degradation and a

reduced C storage capacity and C sink strength.

Quantifying the carbon density, the distribution of pools

among ecosystem compartments, and the sequestration capacity

of different northern Patagonian forest types will help informing

forest management, restoration, and conservation strategies. These

strategies should aim at increasing the ecosystem C sink strength

through the build-up of C storage and the enhancement of

C sequestration rate, thereby contributing significantly to local

climate change mitigation and adaptation efforts (Janowiak et al.,

2017; Kaarakka et al., 2021). The principal objective of this study

was to establish reference values for carbon density in the main

pools (living biomass, deadwood mass, and topsoil), and to give

a preliminary estimate of the current C sequestration rate in the

main temperate forest types of northern Argentinian Patagonia

on the eastern slopes of the Andes. From this information it

will be possible to characterize processes of C sequestration and

release along trajectories of secondary forest development after

fire. The following hypotheses were tested: (1) The carbon density

in the biomass and the carbon sequestration rate increase with

wood production along the post-fire successional series frommixed

shrubland to tall forest communities. The N. pumilio stands, which

are less affected by fires, show intermediate values in terms of C

storage and sequestration. (2) In naturally developed unmanaged

post-fire forests, the carbon density of deadwood is proportional to

that of the living biomass, increasing along successional trajectories

from shrublands to the most productive tall forests. (3) The carbon

density of fine deadwood, which is linked in the form of fuel to fire

risk, decreases with proceeding succession, with higher values in

the shrublands and lower values in tall forest types. (4) The carbon

stored in the soil organic layer andmineral topsoil increases toward

later successional stages from shrubland to tall forest.

2 Materials and methods

2.1 Study area

The environment of northern Patagonia is mainly determined

by a combination of climatic (precipitation and temperature),

lithographic (volcanic ash deposits), and geomorphological factors

(north–south orientation of the Andean Mountain ridge), locally

modified by the rugged relief, soil conditions and land-use patterns,

which generate characteristic vegetation mosaics (Hueck, 1978;

Colmet Daage et al., 1988). On the western slopes of the Andes

in Chile, species-rich wet forests (Valdivian temperate rainforests,

VTR) grow at elevations of 100 to 1,400 m a.s.l., which receive

3,000 to 5,000 mm of precipitation per year (Lara et al., 2000).

On the eastern slopes of the Andes in Argentina, rainfall decreases

rapidly from 3,000–2,500 mm.year−1 to around 500 mm.year−1

over a distance of just 80 km (Karger et al., 2017), resulting in

a distinct vegetation change along the West-East aridity gradient

across the Chilean-Argentinean Andes. The climatic zonation and

species turnover inWest-East direction is characterized by a strong

decline of VTR habitat elements and moisture-dependent species

(such as epiphytes) that are replaced by various progressively drier

forests, woodlands and shrublands, to finally give way to the semi-

arid Patagonian steppe with scrub and grassland (Kitzberger, 2012).

The longitudinal aridity gradient is interlinked with a pronounced

elevational zonation and locally modified by relief factors, notably

slope aspect (sunny vs. shady slopes) and locations on valley floors

(depending on landscape configuration). The wet western part

of the VTR Ecoregion shows a hydric elevational zonation with

low-elevational laurophyllous and mid-elevational, microphyllous

evergreen forests of N. dombeyi. This is in sharp contrast to the

xeric elevational zonation at the eastern edge of the VTR Ecoregion,

starting at mid-elevational levels with dry conifer forest dominated

by the evergreen, xeric cypress A. chilensis (Dezotti, 2000). The

transition zone between the western hydric and the eastern xeric

sequence is occupied by mesic mixed forests of N. dombeyi and

A. chilensis (Supplementary Figure 1). Toward high elevations, a

continuous subalpine forest belt is dominated by the deciduous

tropophyte N. pumilio. Toward the alpine timberline, where the

main limiting factor is warmth, the deciduous species N. pumilio

with its high morphological plasticity dominates, forming a variety

of communities from high forest to dense krummholz scrub

(Supplementary Figure 2) (Hildebrand-Vogel et al., 1990; Veblen

et al., 2003; Tortorelli, 2009; Stecconi et al., 2010; Kitzberger, 2012;

Donoso et al., 2014). This species forms not only largely different

phenotypes, but it also hybridizes with N. antarctica (Marchelli

et al., 2007; Burns et al., 2010; Mattera et al., 2020), and it shows

vital vegetative regeneration after injury. At certain sites with

N. antarctica-dominated forests, tall forest species cannot develop

due to edaphic or climatic constraints, e.g., at xeric sites in the

ecotone to the steppe, on broad valley bottoms with temporary

water stagnation and a high probability of cold air drainage

that leads to temperature inversion, at sites along streams and

swamps with high water tables, and at high-altitude sites exposed

to strong winds that lack protective snow cover (Veblen et al.,

2003). The soils in the study region are predominantly young

Andosols (IUSS Working Group WRB, 2015) with abundance of

allophanes (Colmet Daage et al., 1988; Buduba et al., 2020), which

are characterized by high cation exchange capacities and relatively

high water storage capacities.

The mesic to dry parts of the VTR Ecoregion on the

Argentinean side of the Andes are dominated by secondary forests

that represent natural cohorts of mature age that have developed

through different pathways after large-scale disturbance. Most of

them developed after massive anthropogenic fires in the late 19th

and early 20th century to clear forest for cattle ranching (Willis,

1914; Rothkugel, 1916; Kitzberger and Veblen, 1999). During the

last century, the forest vegetation has recovered to variable degrees

in dependence on seed availability from patches of surviving forest
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or trees, site conditions, environmental factors, climate trends and

consecutive natural and anthropogenic disturbances (Veblen and

Lorenz, 1987; Veblen et al., 2003; Kitzberger, 2012; Gowda et al.,

2023).

At low and mid-elevations (<1,000 m a.s.l.), various secondary

forests have developed along different pathways (Veblen and

Lorenz, 1987; Veblen et al., 1996, 2003; Mermoz et al., 2005;

Gowda et al., 2012, 2023; Kitzberger, 2012). For instance, on wetter

sites, N. dombeyi and A. chilensis have been able to regenerate

rapidly after fires in vicinity to seed sources to form young dense

stands (Veblen and Lorenz, 1987; Veblen et al., 2003). However,

it has been shown that especially in edaphically less favorable

or more xeric sites, resprouting species, such as Lomatia hirsuta

(Lam.) Diels, Schinus patagonicus (Phil.) I.M Johnst. ex Cabrera,

Maytenus boariaMolina,AzaramicrophyllaHook.f., among others,

tend to dominate in the initial postfire succession stages due to

their rapid clonal growth (Veblen et al., 2003; Gowda et al., 2012,

2023; Kitzberger, 2012; Landesmann et al., 2016; Tiribelli et al.,

2018). Furthermore, depending on site conditions, some mixed

shrublands have turned after a long fire-free period (50–100 years)

into high forests, i.e., forests with an average height of more than 7

m at maturity (CIEFAP and MAyDS, 2016). They are dominated

by mid-successional tree species regenerating from seeds (e.g.,

N. dombeyi and/orA. chilensis) (Kitzberger, 2012; Landesmann and

Morales, 2018; Tiribelli et al., 2018).

In this region, the succession from shrubland to tall forest

is conditioned by post-fire dynamics, and may be suppressed,

if subjected to frequent fires (Paritsis et al., 2015). Succession

processes from N. antarctica/mixed scrub to N. dombeyi forests

depend on the survival of N. dombeyi trees that may function

as a seed source after fire. The seeds of N. dombeyi get mainly

dispersed by gravity, with 95 % of the seeds occurring within

20-m distance to the mother tree (Zerbe et al., 2023), but could

be dispersed by winds until 100 m (Tiribelli et al., 2018). The

establishment of N. dombeyi in scrubland after a fire usually occurs

up to 50 years after the bushes begin to grow back. After that,

the species’ regeneration becomes increasingly unlikely due to light

limitation in the dense mixed scrub (Tiribelli et al., 2018). Once

the regeneration of N. dombeyi is established, it grows in height,

suppressing and excluding the resprouting species by closing the

canopy (Tiribelli et al., 2018). On the other hand, A. chilensis,

a tree tolerant to intermediate shade, is able to regenerate in

dense shrubland from fire refugia and exhibits long-distance seed

dispersal, leading to a progressive expansion of recruitment which

accelerates over time (Landesmann and Morales, 2018). However,

it takes several decades without fire before A. chilensis can outgrow

and suppress the shrubs (Landesmann et al., 2016). It has also been

observed that forests dominated by A. chilensis, which are affected

by Phytophthora austrocedri (cypress disease) and form canopy

openings due to mortality, can be colonized by N. dombeyi, if a

nearby seed source is present, and gradually transform to mixed

forest (Loguercio, 1997; Amoroso et al., 2012). The faster growth

of N. dombeyi compared to A. chilensis (Caselli et al., 2021) and its

ability to reach taller heights are competitive advantages that favor

its dominance (Loguercio, 1997; Caselli et al., 2021). Typically,

N. dombeyi reaches in mixed secondary forests with A. chilensis a

higher basal area and total leaf area than the conifer, even though

its mean age is lower (Loguercio, 1997; Caselli et al., 2021).

At higher elevations (1,000–1,500 m a.s.l.), successional

trajectories with species turn-over are rare or absent due to

exposure to lower temperatures and a period of dormancy in

winter. N. pumilio with its deciduous leaf habit is well adapted to

this environment and dominates over other species. These forests

have been less affected by fires due to the cool and wet high-

elevation climate (Gowda et al., 2012, 2023). Although N. pumilio

lives longer and appears to be the most competitive species,

N. antarctica has an advantage in specific and unique small-scale

conditions. This applies to sites subject to frequent remodeling

and mechanical stress, where it profits from its typically more

prostrate krummholz form, its strongly intertwined and anchored

root suckers and its effective vegetative propagation by adventitious

roots on partially buried or damaged branches (Veblen et al., 1996).

2.2 Sampling design

A plot design along transects was selected in order to

represent the diversity of forest types with their different post-

fire successional sequences in a terrain that is difficult to access

and spans steep elevation and aridity gradients. Transect 1 (T1)

is located in the valleys of the Lower Manso and Villegas rivers

(41◦34′- 41◦ 40′) and is approximately 50 km long. Transect 2 (T2)

is located at the latitude of the towns of El Bolsón and El Maitén

(41◦53′- 41◦59′) and is approximately 40 km long. Due to the

required length of the transects and the limited accessibility of plots,

we divided each transect into four sectors. The sectors are located

10–15 km distant to each other and represent different moisture

conditions along the precipitation gradient (Figure 1).

We labeled the sectors from west to east, with sector 1

(S1) being the westernmost and wettest, and sector 4 (S4) the

easternmost and driest of the gradient. Within each sector, the

elevation gradient was taken into account by placing sample plots

FIGURE 1

Location of the study region in South America with placement of

the transects Manso-Villegas rivers (top) and El Bolsón-El Maitén

(bottom) on the eastern slopes of the Patagonian Andes and

distribution of major forest types. Each transect consists of four

sectors (squares), in which the sample plots are located along

elevation sub-transects.
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at elevation steps of 200 m from the valley floor to the tree line

(from 500 to 1,600 m a.s.l.). Thus, sampling plots were established

at 500, 700, 900, 1,100, 1,300, and 1,500 m a.s.l. However, the

lowest and highest sampling elevation was defined by the presence

of forest at these levels, i.e., in some cases, the lowest plots

were placed at elevations greater than 500 m a.s.l. (e.g. 700 m

a.s.l.), and the highest plots at lower elevations than 1,600 m a.s.l

(e.g., 1,300 m a.s.l.). We also took into account the influence of

slope by recording two elevation sub-transects in each sector, one

on the north-northwestern (N–NW) slope with higher radiation

intensities, which is considered the most unfavorable for forest

growth (especially at low and mid elevations), and the other on the

south-southeastern (S-SE) slope with lower radiation intensities,

which is considered the most favorable location for tree growth in

this region (Donoso et al., 2014; Figure 1).

2.3 Sampling of forest structural and soil
data

2.3.1 Biomass and deadwood mass
In each sampling site along the precipitation and elevation

gradients, we established two concentric plots in stand sections that

were characteristic of the forest type at this site. In the first plot

of 400 m2, we measured all trees (living and dead) with ≥ 7 cm

diameter at breast height (DBH), and in the second one of 1,000

m2, we investigated all trees with > 60 cm DBH. We identified all

tree species and classified all trees according to their social position

after Kraft (dominant; codominant; intermediate, or suppressed)

(Kraft, 1884), their stem shape (well-formed vs. poorly formed),

and their health status (healthy, sick, or dead). We measured tree

height for 100 dominant trees per ha, i.e., for four trees in the

400 m2 plots (Assmann, 1970), together with 3–4 additional trees,

thereby covering the DBH range of the stems present. To determine

the age of the four sampled dominant trees in the plot, we took two

wood cores perpendicular to each other at breast height, placed at

45◦ relative to the largest diameter axis, and proceeded in clockwise

direction.

For measuring the amount of C stored in the wood, we

split the woody biomass into live and dead fractions. The (live)

biomass was further divided into aboveground biomass (AGB)

and belowground biomass (BGB, roots). The deadwood mass was

split into standing aboveground deadwood mass (sdAGB) and

downed aboveground deadwood mass (ddAGB). To distinguish

between sdAGB and ddAGB, a trunk angle of 45◦ to the vertical

was used. While we sampled sdAGB together with the live trees

(DBH ≥ 7 cm), the amount of ddAGB was quantified with the

line intersection approach (Brown, 1974; Harmon and Sexton,

1996; Woodall and Monleon, 2008; Woodall and Weiskittel, 2021).

With this method, we recorded the deadwood pieces of different

dimensions along three radial lines in the directions 90, 180 and

315◦ in the plot (Figure 2), an approach that has been tested and

adjusted earlier in natural Patagonian forests (Loguercio et al.,

2019).

One consequence of sampling with the line intersectionmethod

is that the length of the deadwood pieces is not considered when

calculating volume and biomass. In this approach, each wood piece

intersected by a line is an element to be counted, whatever its

arrangement in space on both sides of the line. We distinguished

fine (0–2.5 cm in diameter), medium (2.5–7.5 cm), and coarse

woody debris (>7.5 cm), but we did not measure the individual

diameter of small pieces (< 7.5 cm), as it is impractical, and we

only counted them. On each of the three lines, we counted the fine

woody debris along the first 5 m of the line, the medium debris

on the first 10 m, and the coarse debris on the first 15 m. This

means that we counted in each plot the fine woody debris along

a total line length of 15 m, the medium debris along 30 m, and the

coarse debris along 45m. Each line started 2m distant from the plot

center to avoid autocorrelation of data between lines (Figure 2).

We then defined amean diameter for fine andmedium-sized debris

pieces. For coarse woody debris, we measured the diameter of each

piece with a tree caliper at the point of intersection of the sampling

line in perpendicular direction to the central axis of the piece.

In addition, we grouped each coarse wood piece according to its

degree of decomposition (Harmon and Sexton, 1996) to four classes

[from lowest (I) to highest degree of decomposition (IV)]. In earlier

work, the bulk density of the woody debris in these four classes has

been determined for different local tree species (Loguercio et al.,

2019). We considered woody debris to include logs, branches, twigs

and other dead material that has fallen to the ground. Dead roots

were not counted as woody debris, unless they constituted large

dead roots lying on the soil surface. Woody debris oriented with

its central axis on the sampling line or parallel to it was not counted

and thus ignored in the calculation.

We computed the mass of each deadwood piece in the ddAGB

fraction with the equation:

W =
π2 ∗

∑
d2

8 ∗ L ∗ cos α
∗ 10.000 ∗ δ

where W is the wood mass per unit area [kg.ha−1], L is the length

of the sampling line, d is the diameter of the deadwood piece at the

point of intersection, δ is the bulk density of the woody material

(g.cm−3), α is the angle of the line to the horizontal, and the term

π
2/8 is derived by multiplying the probability of occupation by

FIGURE 2

Sketch of a sample plot with location of the three intersecting lines

along which the pieces of lying dead wood were counted.
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dead wood (π/2, the percent of line length intersected by the piece)

with π/4 (the factor for converting the piece’s diameter into area).

2.3.2 Soil organic carbon
We sampled the humus layer and the mineral topsoil in

the sampling plots at a location without topsoil disturbance in

2 m distance to the plot center, with the direction selected by

random. The (ecto-) organic (humus) layer (without fresh litter)

was completely sampled within a 20 × 20 cm frame. In the mineral

soil, soil bulk density was determined in 100 m3 cylinders at 0–

10 cm and 10–20 cm depth, and ca. 300 cm3 of soil material was

collected in these two horizons to measure soil organic carbon

(SOC) concentration through ignition at ca. 500◦C (Davies, 1974;

IUSSWorking GroupWRB, 2015), as is recommended for national

greenhouse gas (GHG) inventories (Eggleston et al., 2006). To

determine soil bulk density (in Mg.m−3) and express C per soil

volume, the samples were dried at 105◦C until constant weight

(24 h) and then sieved at 2 mm to eliminate gravel and roots. The

carbon content per depth layer [carbon density, in Mg.ha−1] was

computed by multiplying soil bulk density [in Mg m−3] with the C

concentration (in %), horizon depth (in m) and the factor 10,000.

2.4 Stand parameters and computation
of biomass carbon density

The following parameters were calculated for each plot:

number of trees per hectare [N.ha−1], cumulative basal area (BA

[m2.ha−1]), and quadratic mean diameter (QMD [cm2]) for live

and dead trees. For estimating the height of the unmeasured trees,

negative exponential functions were fitted for each of the main

species based on height and DBH data collected in all plots, using

the Chapman-Richard equation:

Height(m) = a∗(1 − e(−b∗DBH))c

where a, b and c are specific coefficients of the equation and

DBH is given in cm.

To adjust the function of each species to each plot, we re-

calculated the coefficient “a” (which defines the asymptote of

the curve) using the measured dominant DBH and dominant

height of the species in that plot. To determine the wood volume

and the amount of carbon stored in each tree, we used specific

allometric functions of aboveground and root biomass available

for the species developed in previous studies. In these studies, the

biomass functions of the main species N. antarctica, N. dombeyi,

A. chilensis, andN. pumiliowere elaborated by cutting andweighing

the above-ground mass and by excavating and weighing the root

mass (references in Table 1).

We grouped the plots into six forest types, namely

N. pumilio/N. antarctica dwarf forest, N. antarctica/mixed

scrub, A. chilensis, N. dombeyi-A. chilensis mixed forest, and pure

N. dombeyi and N. pumilio forest. The grouping was based on the

criterion that the main species should contribute more than 80%

of the basal area (Bravo-Oviedo et al., 2014). Only in the case of

plots where A. chilensis mixed-up with shrub species, we reduced

the level to about 60% of basal area, as A. chilensis will dominate

the stands in the coming years due to its greater height growth

and greater longevity. For each forest type, we then computed

mean values per ha for all structural variables [number of trees,

dominant height, site density index (SDI, Reineke, 1933), stem

density relative to the maximum SDI of that forest type (RD),

cumulative basal area, quadratic mean diameter (QMD), and wood

volume].

2.5 Carbon sequestration rate with wood
production

Due to the scarcity of information on the growth rate of the

studied tree species and the lack of growth models applicable to

the study area, we developed functions to describe the relationship

between biomass periodic annual increment (BPAI, annual wood

production rate) and the standing biomass of individual trees of

the main species (N. dombeyi, A. chilensis, N. pumilio, N. antarctica

and some shrub species). The main data used to fit the equations

were the width of the last 10 tree rings in the wood core samples

collected from the dominant trees of each plot, DBH, and the

corresponding tree height. For N. pumilio, N. antarctica and the

shrub species, the recorded data were supplemented with core data,

and DBH and height data of trees of different sizes and social

positions from forest inventories conducted in other stands in the

region. For N. dombeyi and A. chilensis, we included individual

periodic increment data obtained by re-inventories conducted in

50 permanent plots (24 for N. dombeyi, 7 for N. dombeyi-A.

chilensis and 19 for A. chilensis) after 10 years. This approach

guaranteed that the survey methodologies are consistent with those

of the present study (Loguercio and Ivancich, 2019; Loguercio

et al., 2022). We obtained the following total numbers of sample

trees: A. chilensis: 344, N. dombeyi: 543, N. pumilio: 241, and

N. antarctica/mixed shrubs: 165. Using the current DBH and height

data as well as the data from the 10-year re-inventory (using the

original DBH and height functions of each plot), we determined

the standing biomass and wood production (BPAI) of each tree.

Linear regression functions were then fitted to obtain BPAI from

the corresponding biomass [kg tree−1]. The general form of the

functions used was:

Y = a × X2
+ b × X

where Y is the periodic annual biomass increment of the tree of

that species [kg. tree−1.year−1], and X is the standing biomass of

the tree [kg.tree−1].

With these functions and the biomass-to-carbon conversion

factors of Table 1, we estimated carbon periodic annual increment

(C sequestration) in the aboveground- and belowground biomass

per ha (CPAI-AGB and CPAI-BGB, respectively) for each plot.

2.6 Data processing and statistical
analysis

We analyzed all data (carbon density of above- and

belowground biomass, the standing and downed aboveground

dead mass, carbon periodic annual increment in the above- and

belowground compartments, and soil carbon density in organic

layer and in 0–10 and 10–20 cm depth) using linear mixed models
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TABLE 1 Equations for calculating wood volume, aboveground biomass (stem+branches+leaves) (AGB), and belowground biomass (roots) (BGB) from

DBH and height for individual trees of the main wood species in the plots.

Species Functions Source

Nothofagus pumilio Volume = 0.0000552171 * DBH1.9677 * Height0.958289 Martínez-Pastur, 2005

AGB = 0.027096529 * DBH1.776039101 * Height1.17631828 Loguercio, 2001

BGB = 0.33584 * DBH1.391627694 * Height0.331357362

Carbon content of biomass: 0.5 g g−1 Eggleston et al., 2006

Austrocedrus chilensis Volume = 0.000088595 * (DBH2 * Height)0.903631 Loguercio, 1997

AGB = 10(2.395 +2.154∗ Log DBH(cm)) Laclau, 2006

BGB = 10(1.4147 +1,911∗ Log DBH) + 10(1.6953+1,73∗ Log DBH) Eggleston et al., 2006

Carbon content of biomass: 0.5 g g−1

Nothofagus dombeyi Volume = e−10.0424 * (DBH2 * Height)0.9732 * 1.0048 Valenzuela Castillo, 2017

AGB = e−3.0443 * ((DBH2)0.8911) * 1.0324 + e−2.9469 * ((DBH2)0.6474) * 1.0263 + e−4.7748 *

(DBH2 * Height)0.8476 * 1.0187 + e−3.7665 * (DBH2 * Height)0.9521 * 1.0067

Valenzuela Castillo, 2017

BGB = 0.07701*AGB1.196526 Gayoso et al., 2002

Carbon content of biomass: 0.42 g g−1

Nothofagus antarctica Volume = 0.0277422 + 0.0000373 * DBH2 * Height–0.0000044 * DBH3 Torres Guzman, 2017

AGB = e (−2.3877567 +0.9397963)∗ ln(DBH2∗0.58∗ Height) Torres Guzman, 2017

BGB = AGB * 0.43. % root biomass/aerial biomass of N. antarctica (0.43 was used)

Carbon content of biomass: 0.55 g g−1 Peri et al., 2010

Lomatia hirsuta Volume = 0.0467 + 0.0077 * DBH Gyenge et al., 2009

AGB = −43.875 + 7.155 * DBH Gyenge et al., 2009

BGB = AGB * 0.24. % root biomass/aerial biomass of N. dombeyi (0.24 was used) Gayoso et al., 2002

Carbon content of biomass: 0.5 g g−1 Eggleston et al., 2006

Schinus patagonicus Volume = 0.218412–0.0319232 * DBH + 0.001519 * DBH2 Gyenge et al., 2009

AGB = 1.2572 * DBH1.2439 Gyenge et al., 2009

BGB = AGB * root/aerial factor = BA * 0.43. % root biomass/aerial biomass of N. antarctica

(0.43 was used

Peri et al., 2010

Carbon content of biomass: 0.53 g g−1 Gyenge et al., 2009

Maytenus boaria Volume = (0.0106 + 0.0135 * DBH)2 Brown, 2005

AGB = −15.902 + 14.498 * DBH

BGB = AGB * root/aerial factor = BA * 0.43. % root biomass/aerial biomass of N. antarctica

(0.43 was used)

Peri et al., 2010

Carbon content of biomass: 0.53 g g−1 Gyenge et al., 2009

Volume [m3]; biomass: dry weight [kg]; DBH [cm]; height [m].

with forest type as a fixed effect and transect, sector and aspect as

random effects. In addition, for the comparison of soil properties

at the two depths (0–10 and 10–20 cm), we used depth and forest

type (and its interaction) as fixed effects, with the same random

effects as in the other models. We tested the normality assumption

using the Shapiro-Wilk test and for homoscedasticity using an

analysis of residuals. If necessary, we transformed the data and

modeled the variance to meet assumptions of normal distribution

and homogeneity of variances. Alternative models were compared

using the likelihood-ratio test (LRT) to find the best model for each

response variable. In case of significantly different means, means

were compared using Fisher’s LSD (least-significant differences)

test. We further performed Pearson correlation analyses between

the carbon density in the downed aboveground dead mass

and aboveground biomass, and between the carbon density in

aboveground biomass and elevation. A significance level of p≤ 0.05

was used throughout the paper. All analyses were performed using

the statistical software Navure 1.2.0 (Navure Team, 2023).

3 Results

3.1 Structural characteristics of the forest
types

According to our height functions, N. dombeyi is the

species achieving the greatest mean dominant height (26.4 m),

while A. chilensis and N. pumilio range at 16–17 m, and the

N. antarctica/mixed scrub did not exceed 8 m (Table 2 and

Supplementary Figure 4). The mean age of the dominant

trees varied in the plots between 53 and 175 years in the

N. antarctica/mixed shrub and N. pumilio stands, respectively
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TABLE 2 Means of biometric stand parameters for the six forest types.

Forest type n Pools dDBH/dH dAge SDI (RD) N/ha QMD BA Vol.

N. antarctica/ mixed scrub 8 lAGB 21.8/8.8 53 (15) 516 (48) 935 18.6 21.3 121.6 c

sdAGB 156 12.4 2.5 11.2

tsAGB 1,085 18.1 23.6 131.7

A. chilensis 10 lAGB 48.6/15.6 77 (10) 575 (42) 895 20.2 26.6 214.9 b

sdAGB 175 11.3 3.2 23.9

tsAGB 1,070 17.7 29.8 338.8

N. dombeyi-A. chilensis 4 lAGB 63.9/22.6 85 (10) 946 (64) 839 28.1 48.6 458.3 a

sdAGB 94 13.1 2.3 14.7

tsAGB 958 27.1 51.5 513.6

N. dombeyi 15 lAGB 61.6/26.7 138 (28) 1,001 (56) 579 44.5 55.8 576.8 a

sdAGB 99 28.0 6.8 65.7

tsAGB 678 42.7 62.6 646.2

N. pumilio 25 lAGB 58.1/16.9 175 (17) 965 (64) 757 42.2 53.4 446.4 a

sdAGB 76 27.9 4.4 31.0

tsAGB 833 41.7 57.8 477.4

N. pumilio/N. antarctica dwarf forest 7 lAGB 10.5/4.4 n.d. 128 (n/a) 575 5.2 3.5 12.5 d

sdAGB 18 1.4 0.1 0.6

tsAGB 593 5.2 3.7 13.1

n, number of plots; dDBH, dominant diameter at breast height [cm]; dH, mean dominant height [m]; dAge, age of dominant trees measured at 1, 3 m height (with SE in brackets); BA, basal

area [m2 .ha−1]; SDI, stand density index; RD, relative density [%]; N.ha−1 , trees per ha; QMD, quadratic mean diameter [cm]; Vol., wood volume [m3 .ha−1]; lAGB, aboveground biomass;

sdAGB, standing aboveground deadwood mass; tsAGB, total standing aboveground biomass (live and dead). The mean volume values by forest type with different letters represent significant

differences (p > 0.05).

(Table 2). In general, the populations showed only small age

variation within and between forest types, with the highest ages in

N. dombeyi and N. pumilio (Table 2), as some plots of the former

and most of the latter were in old-growth forests. Mean stand

density relative to the maximum SDI of the individual forest types

varied between 42 and 64%, with the lowest density in A. chilensis

stands and the highest in N. pumilio stands (Table 2). The mean

cumulative basal area of the stands (excluding N. pumilio and

N. antarctica dwarf forests) increased from 21 to 56 m2.ha−1 in the

sequence N. antarctica-mixed scrub < A. chilensis stands < mixed

N. dombeyi-A. chilensis stands < N. pumilio stands < N. dombeyi

stands. The mean volume of living biomass increased in the same

sequence from 122 to 577 m3.ha−1. Quadratic mean diameter

(QMD) ranged in the N. antarctica scrub and the mixed and

pure A. chilensis stands between 20 and 30 cm, and increased

to > 40 cm in the N. dombeyi and N. pumilio stands (Table 2).

In most forest types, the proportion of standing deadwood in total

wood, measured as basal area, varied between 8 and 11%, while it

was only 3% in the N. dombeyi-A. chilensismixed forests.

3.2 Carbon density in different
compartments

3.2.1 Biomass carbon density
The carbon density in the aboveground biomass (lAGB)

and belowground biomass (lBGB) varied largely between the

forest types (p < 0.0001). For N. antarctica/mixed scrub, it

was 41 Mg.ha−1 (76% referring to lAGB and 24% to lBGB),

increasing through the A. chilensis stands to mixed N. dombeyi-

A. chilensis stands, and reaching a maximum of 158 Mg.ha−1

(77% lAGB and 23% lBGB) in the pure N. dombeyi stands

(Figure 3). N. pumilio stands showed an average of 122

Mg.ha−1, while N. pumilio/N. antarctica dwarf forest reached

only 10 Mg.ha−1. Elevation was negatively correlated with carbon

density in aboveground biomass only for the N. dombeyi forests

(−0.5353; p = 0.0486) and the N. antarctica/mixed scrub (−0.8219;

p = 0.0448).

For carbon sequestration rate, applying the species-specific

equations for the different forest types (Supplementary Table 1

and Supplementary Figure 5), we obtained average values (above-

plus belowground biomass) ranging from 0.7 Mg.ha−1.year−1 in

the N. antarctica/mixed scrub to 2.2 Mg.ha−1.year−1 in the pure

N. dombeyi forests, while the N. pumilio forests reached about 1.5

Mg.ha−1.year−1 (Figure 3).

3.2.2 Deadwood carbon density
The carbon density of deadwood varied considerably among

forest types, both in the standing aboveground dead mass (sdAGB)

(p < 0.0001) and in the downed aboveground dead mass (ddAGB)

(p < 0.0001) fractions, as well as in the belowground dead mass

fraction (p < 0.0001). The carbon density in the total dead mass

fraction (sdAGB+ddAGB+dBGB) varied with forest type from 21

Mg.ha−1 in the N. antarctica/mixed shrubs to 70 Mg.ha−1 in the

pure N. dombeyi forests, with 44 Mg.ha−1 in the N. pumilio forests.

The fraction of standing dead mass (sdAGB+dBGB) reached 5

Mg.ha−1 in the N. antartica/mixed scrub and 18 Mg.ha−1 in

the N. dombeyi forests, with intermediate values found in the
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FIGURE 3

Means (± SE) of total carbon density (left y-axis) in above- and belowground biomass (lAGB and lBGB, respectively), standing above- and

belowground deadwood mass (sdAGB and dBGB, respectively), downed aboveground deadwood mass on the forest floor (ddAGB; woody debris:

fine+medium+coarse fractions) and carbon periodic annual increment (CPAI) of the above- and belowground biomass (lAGB and lBGB,

respectively) (right y-axis) for the six forest types. Significantly different means (p > 0.05) are indicated by different small letters.

other forest types (Figure 3). The N. antarctica/mixed scrub and

the N. dombeyi stands had the highest proportion of standing

dead mass in total wood mass (live and dead), contributing

around 10%. The carbon density of downed deadwood (ddAGB)

in the N. pumilio and N. dombeyi forests reached 35 and 52

Mg.ha−1, respectively, being significantly different fromA. chilensis

stands and N. antarctica/mixed scrub with 10 and 15 Mg.ha−1,

respectively.MixedN. dombeyi-A. chilensis stands had intermediate

values (Figures 3, 4).

The carbon density of the downed deadwood assignable to

the coarse, medium, and fine woody debris fractions differed

significantly among the forest types (p < 0.0001, p = 0.0015

and p = 0.0001, respectively). In the fine woody debris fraction,

the carbon density was not significantly different between

N. antarctica/mixed scrub and the tall mixed and pure N. dombeyi

stands, with 3 to 4 Mg.ha−1. The N. pumilio/N. antarctica dwarf

forests had with 1.4 Mg.ha−1 the lowest contents. Similarly, the

C stored in medium-sized woody debris amounted to around 5

Mg.ha−1 in the mixed and pure N. dombeyi stands, and reached

somewhat lower values in the other forest types (Figure 4). In all

forest types except for the N. antarctica/N. pumilio dwarf forests,

we observed that the largest amount of the downed deadwood was

stored in the coarse woody debris size class (Figure 4). The size of

this fraction increased from 4 Mg.ha−1 in the N. antarctica/mixed

scrub to 49 Mg.ha−1 in the tall N. dombeyi stands, representing 42

to 85% of the carbon in the total downed deadwood mass pool.

Regarding the distribution of coarse woody debris to the

different decomposition classes, we found the highest amounts

in the higher classes (III and IV) with more advanced decay,

especially in the tall mixed and pure N. dombeyi and N. pumilio

stands. However, in the N. antarctica/mixed scrub and the

A. chilensis stands, deadwood was more evenly distributed to the

decomposition classes (Table 3). In the N. antarctica/mixed scrub,

and mixed N. dombeyi-A. chilensis and pure N. dombeyi stands,

the size of the wood pieces in the decomposition classes tended

to increase from class I to IV. In contrast, in the A. chilensis

and especially the N. pumilio forests, all decomposition classes

contained wood pieces of more similar size (Table 3).

We found a significant positive correlation (r = 0.53;

p < 0.0001) between the carbon density in the downed

aboveground deadwood fraction and the live aboveground biomass

across all plots. This is largely due to the high amount of coarse

woody debris in the tall mixed and pure N. dombeyi and N. pumilio

stands (Figures 3, 5). The proportion of the carbon contained in

deadwood (standing+downed) to that in total aboveground wood

mass (live and dead) reached 62% in the N. antarctica/mixed scrub,

which is the highest value of all forest types.

3.2.3 Topsoil carbon density
The mean carbon density in the topsoil (organic layer plus

0–20 cm mineral soil) was not significantly different between

the studied forest types (p = 0.69), with values ranging from 98

to 124 Mg.ha−1 (Table 4). Regarding the carbon density of the

soil organic layer, only the mixed N. dombeyi-A. chilensis forests

differed significantly with 20 Mg.ha−1 (p = 0.0007) from the other

forest types, which ranged between 8 and 12 Mg.ha−1. The SOC

concentration in the organic layer material was higher in the mixed

and pure N. dombeyi and pure N. pumilio forests (37 to 42%) than

in the A. chilensis stands (28%) (Table 4). No significant differences

were found between the forest types in the SOC concentration

of the mineral soil in the depth layers 0–10 cm and 10–20 cm

(p = 0.2072 and 0.1224, respectively), nor in the corresponding
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FIGURE 4

Means (± SE) of the carbon density in the three diameter classes and the total of downed aboveground deadwood mass (ddAGB) for the six forest

types. Size classes: fine (< 2.5 cm in diameter), medium (2.5–7.5 cm), coarse (> 7.5 cm). Significantly different means (p > 0.05) are indicated by

different small letters.

TABLE 3 Means (+ SE in brackets) of the diameter and carbon density of coarse woody debris (cddAGB) pieces in four decomposition classes (I to IV) in

the six forest types.

Forest type Decomposition class Total

I II III IV

mD C mD C mD C mD C mD C

N. antarctica/ mixed

scrub

9.4 (0.63) 0.4 (0.23) 11.8 (1.63) 0.3 (0.20) 14.5 (2.16) 4.2 (1.32) 18.8 (2.96) 3.0 (1.49) 15.5 (2.17) 7.8 (2.46)

A. chilensis 13.9 (1.80) 1.7 (0.81) 14.5 (1.63) 1.5 (0.63) 10.4 (1.24) 1.1 (0.53) 10.8 (0.80) 0.3 (0.10) 11.9 (1.08) 4.6 (1.29)

N. dombeyi-A.

chilensis

8.6 (0.33) 0.9 (0.46) 12.9 (4.14) 9.4 (8.53) 10.3 (1.13) 1.5 (0.53) 23.0 (7.31) 5.1 (3.81) 13.9 (2.56) 16.8 (8.04)

N. dombeyi 10.7 (0.81) 1.7 (0.66) 13.1 (1.07) 3.2 (1.41) 28.2 (4.79) 18.3 (7.76) 23.9 (2.94) 20.9 (5.82) 23.1 (2.24) 44.1

(10.10)

N. pumilio 14.8 (1.88) 1.0 (0.54) 22.3 (2.19) 13.3 (3.4) 18.7 (1.63) 8.6 (1.44) 19.3 (1.25) 7.6 (1.71) 20.4 (1.17) 30.4 (4.10)

N. pumilio/antarctica

dwarf

– – 7.9 (n/d) 0.2 (0.18) 8.5 (n/d) 0.4 (0.37) 8.5 (n/d) 0.5 (0.54) 8.2 (n/d) 1.1 (0.72)

mD, mean diameter [cm]; C, carbon density in coarse woody debris [Mg.ha−1]; n/d, not determined due to only 1 or 2 debris pieces.

carbon density (p = 0.62 and 0.24, respectively). We measured

a lower soil bulk density at 0–10 and 10–20 cm depth in the

N. pumilio forests than in all other forest types, which differed not

significantly from each other (Table 4).

In all forest types, the carbon density in the soil decreased from

the 0–10 cm to the 10–20 cm layer by 5–19 Mg.ha−1 (p < 0.0001)

(Table 4). No relationship was detected between the carbon density

of the soil organic layer or the mineral topsoil and aboveground

biomass (Figure 6).

4 Discussion

In the present study, we determined reference values for the

carbon density in the different wood mass and soil pools and

estimated the carbon sequestration rate through wood production

of the main forest types of the eastern Andean slope in northern

Patagonia, being the first of its kind in the region. The study design

allowed us to capture the variation in forest biometric variables

along the two main environmental gradients, i.e., the west-east

precipitation gradient and the elevational temperature gradient.

The biomass determination and its conversion to carbon were

carried out with available specific allometric biomass functions and

conversion factors, tools that should be improved in the future

to achieve greater precision. Notably, the estimated root biomass

values for A. chilensis are certainly too low with around 10% of

total biomass, considering that roots typically contribute 20–29% of

biomass in coniferous forests (Eggleston et al., 2006). We therefore

assume that the utilized biomass function is underestimating

root biomass in this species. Our knowledge about the carbon

concentration in the different biomass compartments of the studied

species should also be improved, as we have used the default

Frontiers in Forests and Global Change 10 frontiersin.org

https://doi.org/10.3389/ffgc.2024.1373187
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


Loguercio et al. 10.3389/ffgc.2024.1373187

FIGURE 5

Carbon density in downed aboveground deadwood mass (ddAGB; means ± SE) in dependence on aboveground biomass (lAGB) in the six forest

types. Left figure: fine debris fraction; center figure: medium-sized debris fraction; right figure: coarse debris fraction.

TABLE 4 Means (± SE) of soil organic carbon (SOC) concentrations (%), carbon density [Mg.ha−1], and of soil bulk density (δ) [g.cm−3] in the organic

layer and the mineral soil layers at 0–10 cm and 10–20 cm depth.

Soil layers N. antarctica/
mixed scrub

A. chilensis N. dombeyi–
A.

chilensis

N. dombeyi N. pumilio N. pumilio/
N. antarc.
dwarf

N of plots 8 10 4 15 25 7

SOC Organic layer % SOC 35.0 (2.95) ab 27.6 (3.15) b 38.5 (3.06) a 42.1 (1.91) a 37.0 (4.19) a 36.1 (4.19) ab

C

density

8.9 b (1.56) b 11.1 (2.06) b 20.1 (2.41) a 12.5 (1.29) b 9.5 (1.16) b 8.4 (2.06) b

Min. soil (0–10 cm) δ 0.57 (0.10) ab 0.76 (0.09) a 0.58 (0.15) ab 0.52 (0.05) a 0.47 (0.04) b 0.57 (0.08) a

% SOC 12.0 (1.50) a 11.0 (2.13) a 15.4 (1.97) a 12.5 (5.14) a 9.1 (0.99) a 11.7 (1.44) a

C

density

61.2 (5.15) a 69.7 (8.62) a 59.8 (4.02) a 51.9 (10.47) a 47.3 (3.96) a 57.0 a (6.21) a

Min. soil (10–20 cm) δ 0.77 (0.11) a 0.77 (0.05) a 0.70 (0.06) ab 0.66 (0.06) a 0.58 (0.03) b 0.68 (0.06) a

% SOC 7.8 (1.11) a 6.8 (0.75) a 9.4 (1.23) a 5.2 (0.70) a 6.4 (0.72) a 6.9 (0.72) a

C

density

54.6 (4.35) a 50.23 (3.76) a 48.6 (3.36) a 36.4 a (5.3) a 42.2 (3.78) a 41.6 (2.69) a

Total profile C

density

124.7 (11.06) 131.0 (14.44) 108.4 (18.18) 111.1 (10.19) 117.9 (8.54) 98.0 (9.8)

Significantly different means (p > 0.05) are indicated by different small letters.

value of 50% carbon in the dry mass (Eggleston et al., 2006)

in several species. Finally, we consider the estimates of average

carbon sequestration rate to be preliminary, as they are based

on simple individual functions derived for each species from the

limited available data (Table 1 and Supplementary Figure 2). The

functions should be improved by considering the effects of site

quality, tree age and stem density of the stands, the latter factor

considering the impact of competition.

As mentioned earlier, most of the forests studied here

established after massive anthropogenic fires at the beginning of

the 20th century (Willis, 1914; Veblen and Lorenz, 1987; Kitzberger

and Veblen, 1999; Veblen et al., 2003; Gowda et al., 2012, 2023;

Kitzberger, 2012) and thus represent post-fire secondary forests.

This is confirmed by the recorded age of the dominant trees

(determined at 1.3 m height) in the naturally developed age-

cohorts, which ranged below 100 years. With QMD values ranging

from 18 to 44 cm, many of these stands likely are still in a late

stage of the stem exclusion phase (Oliver and Larson, 1996), where

intraspecific competition is intense. In contrast, the N. pumilio

forests on the cooler upper slopes, and some patches of N. dombeyi

forest in the humid section of the transects, had ages of the

dominant trees exceeding 200 to 300 years. This suggests that they

have not been reached by the fires that happened about 120 years

ago.

The measured stand structural variables (dominant height,

basal area, wood volume, biomass and annual biomass increment)

clearly reflect higher values in tall forest types than in shrublands,

which were achieved on the lower and mid-elevation slope in the

course of succession processes. The values of all variables are lowest

in the shrublands formed by resprouting species, increase toward

the A. chilensis stands, and are highest in stands dominated by

N. dombeyi (Veblen et al., 1996; Loguercio, 1997; Gowda et al.,

2012; Kitzberger, 2012). However, the successional development

varies locally in its direction and velocity, as tree species turnover

Frontiers in Forests and Global Change 11 frontiersin.org

https://doi.org/10.3389/ffgc.2024.1373187
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


Loguercio et al. 10.3389/ffgc.2024.1373187

FIGURE 6

Soil organic carbon (SOC) density (means + SE, vertical bars) in the soil organic layer (left figure), and in the mineral soil at 0–10 cm (center figure)

and 10–20 cm depth (right figure) in relation to aboveground biomass (lAGB; means + SE, horizontal bars) in the six forest types. None of the

SOC-lAGB relationships is significant at p < 0.05.

is influenced by soil and topo-climatic conditions, seed availability,

and fire return intervals (Mermoz et al., 2005; Landesmann et al.,

2016; Tiribelli et al., 2018). Nevertheless, our results support our

first hypothesis, as the carbon density in the biomass and the C

sequestration with increment increase in postfire forest types from

mixed shrubland to the tall forest types (pure andmixedA. chilensis

andN. dombeyi stands), while they reach intermediate values in the

N. pumilio stands.

Our mean total biomass C density values of mixed N. dombeyi-

A. chilensis forests (ca. 125 Mg.C ha−1) are comparable to

those obtained by Perez-Quezada et al. (2023) in Chilean

mixed N. dombeyi forests (although with admixture of other

Nothofagus species). In the same study, the authors reported

for A. chilensis forests higher C densities than we did (108

vs. 76 Mg.C ha−1); this may be due to the fact that our

plots of this forest type had only moderate stem densities.

Our high living and dead biomass C density values of the

N. dombeyi forests (228 Mg.C ha−1) were even smaller than

values measured in Chilean Nothofagus-dominated old-growth

forests (Schlegel and Donoso, 2008), probably reflecting higher

precipitation and greater stand age. Similarly, evergreen broad-

leaved forest on perhumid Chiloe Island reached high biomass C

densities between 286 and 384 Mg C ha−1 (Battles et al., 2002;

Perez-Quezada et al., 2015). Total ecosystem carbon (which

includes dead mass and SOC) of broadleaved evergreen old-growth

forests in Central Chile (Valdivia) reached even 607 Mg.ha−1

(Gayoso, 2001).

Our data for aboveground biomass C in the taller Nothofagus

and Austrocedrus forests (ca. 60–170 Mg.ha−1) fit well to data from

northern hemispheric temperate forests, which are predominantly

frommanaged stands. Klein and Schulz (2011) reported an average

carbon density in the living biomass of 130 Mg.ha−1 for managed

European beech (Fagus sylvatica L.) forests in S Germany. Röhrig

(1991) gives a range of 108 – 210 Mg. ha−1 for managed mature

beech forests. Lal (2005) reports a range of 60 –130 Mg.ha−1 for

temperate forests more generally. True virgin forests can store up

to 20% more C in the biomass than mature managed forests of

the same species. For example, virgin beech forests have carbon

densities in the aboveground biomass of ca. 195 Mg.ha−1, while

nearby managed beech forests at maturity stored ca. 160 Mg.ha−1

(Glatthorn et al., 2018). Especially the tall N. dombeyi forests in

Patagonia are not only as rich in biomass C as structurally similar

European beech forests, but also compare well to tropical moist

forests (mean: 143Mg.ha−1, Luyssaert et al., 2007). Given that most

of our N. dombeyi forests were less than 100 years old, even higher

carbon densities must occur in true old-growth N. dombeyi stands

than recorded here. Particularly high biomass C densities can be

found in some highly productive temperate coniferous forests in

North America: Janisch and Harmon (2002) measured biomass C

densities of 100 and 200 Mg.ha−1 in secondary Pseudotsuga-Tsuga

forests at ages of 50 and 100 years, respectively, while old-growth

stands (age of 300–500 years) stored up to 300 Mg.ha−1. This

is far higher than in the Patagonian A. chilensis forests (ca. 70

Mg.ha−1) and also exceeds the most biomass-rich old N. dombeyi

forests in our study. Our low estimates of biomass C for the

N. antarctica/mixed scrub (ca. 35 Mg.ha−1) are similar to values

reported by Peri et al. (2010) for low-quality sites (site class V) in

southern Patagonia.

A characteristic of the studied forests is that the carbon density

in deadwood is typically high, with most of it referring to lying

trunks and branches (21 to 70 Mg.ha−1, 70–78% of deadwood C

contained in the lying fraction). Our results of C in lying deadwood

of N. pumilio forests (35.5 Mg.ha−1) were slightly higher than

values reported from natural forests of the species in Chilean Tierra

del Fuego (30 Mg.ha−1, Klein et al., 2008), but similar to data from

Argentinean Tierra del Fuego by Weber (1999) (34.4 Mg.ha−1).

While the proportion of deadwood in total woodmass varies across

northern hemispheric forest types (including boreal and various

temperate forest types) between 9 and 15% (EPA, 2010), we found

a higher proportion of 20–30% in the northern Patagonian forests

types (excluding N. pumilio/N. antarctica dwarf forests). Across

the studied forest types (again excluding N. pumilio/N. antarctica

dwarf forests), an average deadwood C stock of 29 Mg.ha−1 was

recorded, which is almost double the average of 15 Mg.ha−1 given

for forests in the Pacific Northwest of the USA (Woodall et al., 2008,

2013). For tropical moist forests, Pregitzer and Euskirchen (2004)

give a maximum median value of 25 Mg.ha−1, which indicates

that coarse woody debris amounts are typically much lower than

found in Patagonia. Our values are also higher than numbers

reported by Harmon et al. (1986) for North American deciduous
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forests (23 Mg.ha−1 at early- to mid-successional stages and 36

Mg.ha−1 in old-growth forests). However, they are lower than

deadwood C stocks determined in oceanic broad-leaved evergreen

forests in Chiloe (Central Chile) [89 Mg.ha−1 in early- to mid-

successional stages (33% downed) and even 173 Mg.ha−1 in old-

growth forests (73% downed)] (Carmona et al., 2002). Our values

are also smaller than measured in Slovak beech virgin forests (ca.

40 Mg.ha−1; Glatthorn et al., 2018). The Chilean forests experience

a very high precipitation (> 5,000 mm.yr−1) and thus are more

productive than forests in our region. Time since the last major

fire (or large-scale logging event) is another important deadwood-

influencing factor. If fires were absent or rare in future times, it is

likely that the deadwood amounts will still increase in our forest

types.

In the Patagonian forests, the carbon density of deadwood

was mainly contained in downed logs (i.e., in the coarse woody

debris category with diameters ≥ 7.5 cm); the only exception was

the N. pumilio/N. antarctica dwarf forest with only 27% in this

category. The proportion of coarse woody debris increased from

the A. chilensis and N. antarctica/mixed scrub (42 and 48%) to

the N. dombeyi and N. pumilio forests (84 and 86%, respectively).

The latter percentage values are even higher than those found

by Woodall et al. (2013) in the productive forests of the Pacific

Northwest of the USA (73%), where deadwood C stocks were only

half the size of the Patagonian values.

Since downed logs are so important in the deadwood amount of

northern Patagonian forests, we found a positive relation between

the C density in coarse woody debris and the corresponding

standing biomass across the forest types (Figure 5, right), in

support of our second hypothesis. One reason for this outcome

is that our forests are mostly cohort-like, mature, post-disturbance

stands, that are fully stocked and subject to intensive self-thinning

(Veblen et al., 2003). An exception are the A. chilensis stands,

in which the number of downed logs was lower than expected,

probably due to a more intensive extraction of dead wood by

the local population, when located in proximity to roads. In all

studied forest types, we found the size of C stocks in downed

coarse woody debris to be higher in the highest decomposition

classes. This may be seen as a consequence of fires in the past, that

left many burnt logs which are nowadays in a stage of advanced

decomposition. The effect of forest management on the abundance

of downed logs is exemplified by European beech forests in Bavaria

(Germany), where stands without management since 45 to 110

years had deadwood carbon densities of 12 to 32 Mg.ha−1, while

nearby managed forests contained only 4.2 to 5.6 Mg.ha−1 (Krüger

et al., 2012).

In rejection of our third hypothesis, we found no significant

differences in the C density of fine woody debris between the

N. antarctica/mixed scrub and the high forest types. On the

contrary, in the diameter class <0.5 cm, which corresponds to

the fuel class with a lag-time of 1 h (Woodall and Monleon,

2008), N. dombeyi forests reached the highest C density value of

0.7 Mg.ha−1 (Supplementary Figure 3). This could result from

the fact that, in the self-thinning phase, the death of shrubs and

trees with intermediate and suppressed social position will also

contribute considerable amounts of fine dead material. This may

have the consequence that these dense and tall forests in the self-

thinning phase could be as fire-prone as are shrublands (Veblen

et al., 2003; Mermoz et al., 2005; Tiribelli et al., 2018, 2019), if

the synoptic meteorological conditions are favoring the outbreak

of fires (Kitzberger et al., 2022).

Our soil analyses gave with 100 to 130 Mg.ha−1 relatively high

SOC amounts, given that we investigated only the soil organic layer

and the upper 20 cm of mineral soil. These C densities are slightly

lower than values reported for Patagonian native forests (144

Mg.ha−1 up to 30 cm depth) in a recent country-wide assessment

(Peri et al., 2024). Our results are similar to values reported by Lal

and Lorenz (2012) for temperate forests, where 50–128 Mg C ha−1

were measured to a depth of 30 cm in forests with a cool humid

climate, with particularly high contents (128 ± 55 Mg.ha−1) found

in volcanic soils. Our SOC densities from the N. antarctica/mixed

scrub are even higher than measured in the same depths at the best

sites in pure N. antarctica forests in Southern Patagonia (Peri et al.,

2010). Typically, SOC constitutes up to 60% of the total carbon

stored in temperate forests (Lal, 2005; Scharlemann et al., 2014).

With our measurements to 20 cm depth, we found highly variable

SOC percental fractions in total ecosystem carbon, ranging from

33% in the N. dombeyi forests to 67% in the N. antarctica/mixed

scrub, and finally to 91% in the N. pumilio/N. antarctica dwarf

forests, where standing biomass is low.

In our study, the topsoil SOC pool was not significantly

different between the studied forest types, and, therefore, our

hypothesis that topsoil carbon density increases with advancing

secondary forest succession is not confirmed. Several factors likely

have contributed to this outcome. The high carbon density found in

the mineral soil of the A. chilensis stands is mainly due to the higher

soil bulk density (0.75 g.cm−3) at these sites, while elevated SOC

values in the N. pumilio forests mirror higher C concentrations

(12.5%), whichmight reflect higher productivity. While tree species

effects on SOC stocks have been addressed in several studies (e.g.,

Augusto and Boèa, 2022), such effects are in our study largely

superimposed by the disturbance regime. Fire commonly leads to

SOC losses, because it burns both plant biomass and organic soil

layers, promotes erosion and increases leaching of dissolved C,

which subsequently reduces plant productivity and thus C inputs,

while triggering C losses that can persist for several years to decades

(Pellegrini et al., 2022). How much of the SOC in organic layers

and mineral soil is lost, depends on fire intensity (Brown et al.,

2003; Lal, 2005; Lorenz and Lal, 2009; Pellegrini and Jackson, 2020,

Pellegrini et al., 2022). Various studies in temperate and boreal

forests have shown that between 15 and, at the maximum, nearly

100% of the SOC pool can be lost in intense fires (Neff et al., 2005;

Bormann et al., 2008). With respect to forest ecosystem health, it

is important that not only large amounts of greenhouse gases are

emitted, but the ecosystem C pool, future forest productivity and

the associated C sequestration potential are reduced as well (Lal

and Lorenz, 2012). From the fairly uniform SOC densities in the

topsoil across the six forest types from shrubland to high forest, one

may assume that historic fire intensity has been low to moderate

across the study region and must have affected the sites in a rather

homogeneous way. On the other hand, it is possible that fire-

induced reductions in SOC are not lasting for long, since at least the

SOC in the organic layer has been found to recover relatively fast

with secondary succession over several decades, when litter input

is sufficient. SOC recovery may be supported by the typically high

carbon storage capacity of volcanic soils (Lal, 2005; Pellegrini and

Jackson, 2020), which prevail in the study region.
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5 Conclusion and implications for
forest management, fire adaptation
and climate change mitigation

According to our carbon density data, secondary forest

succession from mixed shrubland to tall forests at low and mid

elevations would lead over decades to an increase in the carbon

storage and sequestration potential of the forest ecosystems. On the

other hand, the occurrence of large-scale disturbances such as fires

that revert the forest sequence to early-successional stages, would

result in considerable net CO2 emissions to the atmosphere and

were associated with a reduction in C sequestration capacity. Thus,

in a pure or mixed mature forest of N. dombeyi and A. chilensis,

which is converted to N. antarctica/mixed scrub by a wildfire, net

emissions and a reduction in the C sequestration capacity may

range from 100 to 150 Mg.ha−1, and 0.3 to 1.2 Mg.ha−1.yr−1,

respectively. If massive fires can be excluded, and seed sources

of surviving N. dombeyi and/or A. chilensis trees are available in

the first decades after the fire, carbon stocks and sequestration

rate could increase by the same extent in the course of secondary

forest succession.

Most forest stands have developed fairly high stem densities

due to the prevalence of cohort-like community structures after

fire at many sites and low extraction of timber until final

harvest at maturity. Without large-scale disturbance and/or forest

management policy initiatives, we expect the current trends of

increasing stand density to continue, if not counteracted by

increasing self-thinning. Forest management activities to increase

the resistance and resilience of these forest ecosystems to

disturbances such wildfires and drought may need to explicitly

address tree density reduction at strategic scales.

In northern Patagonia, N. antarctica/mixed scrub is more

fire-prone than other forest types, as it reacts to fire with

rapid clonal spread and thus an accumulation of fine debris

which acts as fuel. Due to its low stature and smaller leaf

area, the species also favors the development of a microclimate

with higher vapor pressure deficits than in taller forests (Simon

et al., 2024), thereby triggering an increasing displacement

of the latter by shrubland (Mermoz et al., 2005). This may

also be exacerbated by the warming and drying of climate

(Kitzberger et al., 2022).

Given this scenario, forest management measures in the

N. antarctica/mixed scrub that accelerate progressive succession

toward high forest and reduce stand density through thinning

in the growing forest appear to be appropriate climate change

adaptation and mitigation strategies at sites where tall-forest

species can develop (Tognetti et al., 2022). This also implies

that if there is no regeneration of A. chilensis and/or N. dombeyi

in the shrub stands, their establishment should be promoted

through reforestation. Their subsequent release through

selective thinning may accelerate their growth to reduce the

time needed for forest conversion. These measures of stand

conversion and density regulation could also increase the system’s

carbon storage and sequestration capacity. On the other hand,

maintaining the presence of early-successional species in the

tall late-successional forests could increase the resilience of

these forests by allowing for faster recovery after a devastating

fire.

Finally, we emphasize that supporting the conversion of

early- to late-successional forest types in suitable sites and with

appropriate silvicultural measures could also increase the amount

and quality of sawn wood produced. This includes a shift

from species primarily used for firewood (N. antarctica/mixed

scrub) to species suitable for producing good-quality sawn

wood (A. chilensis and/or N. dombeyi). However, there is no

sufficient information on the site conditions and the time frame

needed for the proposed conversions to take place, either by

natural development without disturbance, or supported by well-

designed management. The silvicultural schemes that promote

these conversions and the necessary time scales must be subject of

future research.
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