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Abstract

This study evaluates the financial profitability and carbon sequestration in mixed native forests of
the Roble-Rauli-Coigiie and evergreen types in the southern macrozone of Chile, integrating both
ecosystem services into forest management decision-making. The Faustmann model and dynamic
programming were applied to determine the optimal rotation periods and Land Expectation Value
(LEV) under two scenarios: exclusive timber production and combined timber and carbon
production. The results indicate that mixed forests consistently outperform monocultures in terms of
profitability, especially in 25%-75% mix configurations and moderate densities (2000 trees/ha). The
inclusion of the economic value of carbon increased the LEV and extended the optimal rotation
periods, confirming the relevance of integrating ecosystem services into forest planning. These
findings suggest that mixed native forests represent a competitive and sustainable alternative to
monocultures, contributing to climate change mitigation and income diversification for forest
owners.

Keywords: forest management; native forests; carbon sequestration; profitability; Faustmann model

1. Introduction

The increase in the concentration of carbon dioxide (CO2) in the atmosphere in recent decades
and its consequences for the environment are a constant concern worldwide [1]. The high
concentration of CO2 in the atmosphereincreases the greenhouse effect and, consequently,
contributes to global warming [2,3]. In response to concerns about global climate change and its
effects, the vast majority of countries have set targets and signed commitments linking actions that
seek to mitigate and reduce environmental problems [4] . In particular, in 2020 Chile updated
itsNationally Determined Contribution (NDC) commitments, highlighting its commitment to the
sustainable management and recovery of 200,000 hectares of native forests, representing GHG
removals of around 100,000 hectares by 2030, increasing its 2015 commitment by 100,000 hectares. In
this scenario, forests play an important role in mitigating these environmental problems [5,6] . In
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Chile, areas of secondary growth forests, especially those distributed in southern Chile, contribute
significantly to carbon reserves [7,8].

Although forest plantations cover only 3% of the world's forest area [9], they contribute
significantly to global roundwood production, accounting for around 33% [10]. Despite their high
profitability and relatively simple management, most plantations are managed as pure
monocultures, which makes them vulnerable to insect pests and forest fires, resulting in low levels
of biodiversity and a reduction in the diversity of ecosystem services [11,12]. For this reason, the
study of Chilean native forests is crucial to improving forest sustainability. These forests are
estimated to be more productive in terms of wood quality and soil care, better at mitigating natural
risks, promoting biodiversity, and offeringawider range of ecosystemservices compared to
monocultures [13,14]. In addition, mixed forests have emerged as a promising alternative for
improving carbon sequestration rates, surpassing those of monocultures [15,16].

Mixed forests are more heterogeneous than monoculture plantations due to the interdependence
between tree species. In Chile, these woodlands are owned by small forest owners.

Our study focused on the southern zone of Chile, specifically the Araucania and Lake regions,
as these regions have second-growth forests that are suitable for forest management activities. In the
Araucania region, there’s an area of 1,045,619 hectares, representing 33% of the region's total, with
Roble, Rauli and Coigiie being the dominant forest types, and in the Los Lagos region, there is an
area of 2,791,762 hectares, representing 58% of the region's total. Most of the legally harvested timber
production in this area is used for wood energy (firewood), products for construction and high-value
furniture, and a smaller proportion for export [17]. The importance of these forests lies in the quality
of their wood, their tremendous capacity for ecosystem services, and their great potential as carbon
sinks. The area of nativeforest in Chile covers 14.73 million hectares (14,737,486 ha), so the
implementation of research projects that enable scientific advances in estimating and determining
profitability, taking into account timber production and carbon sequestration, allows us to provide
efficient tools for estimating the stock of this type of forest.These tools will provide greater certainty
and clarity regarding the profitability and carbon fixation and sequestration levels of forests, which
is now highly essential [6,18] .

There are different models that allow us to estimate carbon capture in native forests in Chile
[19,20,21,22], based mainly on species growth models (but few have sought to clearly demonstrate
the profitability of harvesting native timber in Chile and the maximum benefit of its ecosystem
services, especially carbon sequestration [7] . In this regard, one approach that allows for the
integration of multiple criteria and constraints is dynamic programming, a tool that has been used in
forest management for several decades for the optimal schedulingof silvicultural treatments at equal
ages, including the definition of intermediate treatments and optimal forest rotations, in addition to
the expected value of the land [23].

The main objective of this research is to determine the optimal rotation cycles and evaluate the
financial profitability expressed through the Land Expectation Value (LEV) of the Roble-Rauli-
Coigiie and Evergreen forest types in the southern macro zone of Chile, integrating timber
production and the ecosystem service of carbon capture. The hypothesis is that the inclusion of
economic benefits derived from the voluntary carbon market, under the Faustmann model, allows
the management of mixed second-growth forests to achieve higher land values than those obtained
through traditional forest management, positioning them as a competitive and sustainable alternative
to other land uses.

2. Methodology

Land value (LV) values were calculated for mixed roble-rauli and coigtie forests, as well as for
evergreen forests, considering both timber production alone and the combined production of timber
and carbon sequestration. We applied Faustmann models [22] to determine the optimal forest
management strategies for both forest types.
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2.1. Data on Roble-Rauli-Coihue and Evergreen Forests.

The data were recorded between 2001 and 2020 and correspond firstly to an oak-rauli-coihue
forest in the Malleco National Reserve, located in the Araucania region, and secondly to an evergreen
forest in Tagua Tagua Park, located in the Los Lagos region of Chile (Figure 1).
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Figure 1. Study area.

In both study areas, the data correspond to nine permanent sampling plots (PSPs) per study
area, each measuring 35 x 35 metres, which allow for the measurement of actual growth over time
(dynamic analysis).

The selection of areas for the establishment of permanent plots was based on a stratified
systematic sampling design, covering variations in land productivity (site). This ensures that the
biomass and carbon data obtained are statistically representative of the total area, minimising
sampling error and allowing cash flow projections for the calculation of the LEV with a 95%
confidence level.

The forest growth model was obtained through dynamic programming. This model was defined
as distance-independent, i.e., it does not consider the spacing between individual trees or their
relative positions within a forested area. The programmed model uses individual stands as the basic
projection unit. As they are self-calibrating, they coincide with the growth rates measured for each
species under study, according to the input database. As a result, a model with these characteristics
has the ability to adapt to species and local conditions [21].

The temperate forests of South America (especially in Chile and Argentina) are considered
"sleeping giants" in the fight against climate change. Although they cover a smaller area than the
Amazon, their storage capacity per hectare is, in many cases, higher. Recent studies have revealed
surprising data about these forests in comparison with tropical forests [24].

The Roble, Rauli and Coigiie (Nothofagus) forests, dominated by species of the Nothofagus
genus, are emblematic of south-central Chile and southwestern Argentina. Their ecological and
economic importance lies in their rapid growth (especially the young forests) that produce high-
quality wood and in their ability to provide critical ecosystem services such as water regulation in
mountainous areas and habitat for unique species. As they are relatively fast-growing species in their
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early stages (young forests), they have a very high annual carbon capture rate of between 290 and
480 tonnes/ha.

Evergreen forests are more complex and biodiverse, characteristic of areas with high rainfall
(Valdivian rainforest). They include species such as tepa, olivillo, ulmo and arrayan. Their
importance lies in their multi-layered structure (several layers of vegetation), which allows for a
higher density of biomass per square metre. Unlike deciduous forests, its carbon potential stands out
because it maintains its photosynthetic capacity (and therefore its capture capacity) throughout most
of the year due to lower temperature variations and the persistence of its foliage.

When assessing profitability, the aim is to determine whether the sustainable management of
these two forest types is a financially viable option and potentially more attractive than conventional
practices.

2.2. The Economic Model.

The expected value of land (LEV) was calculated to measure profitability. To model timber
production alone, we expanded the well-known Faustmann model [27] described by Moeller et al
[25], which allows for the inclusion of mixed or native Chilean second-growth forests of the same
age, incorporating the relationships between tree species in the mixed stand. This equation defines
the optimal rotation as the useful life of the forest for which the present value of the underlying
investment achieves a maximum value, taking into account the land rentand subsequent
reforestation. Samuelson [26] proposes that this land rent can be introduced in two different ways:
by assuming the existence of an infinite series of rotation cycles, or by explicitly introducing land rent
into the correspondingequation. Following the first approach, and including thevalue of carbon
sequestration (carbon stored in the stem and above-ground biomass), the optimal rotation is the age
at which the expected value of the land (LEV) reaches a maximum. LEV is calculated as follows:

Therefore:

LEViimper =

Yv,NPV; =¥y, RE; b £ Vb? —4ac 1
1o WlthT=Ztk 1)

where tk is the harvest age in each rotation z, NPV: is the net present value in each silvicultural
management activity and the income generated from the sale of timber and carbon credits (see Eq.
(2)). The number of selective cuts before a new coppice cycle (z) begins can vary between 1 and 2.

The possible rotation ages considered (fx ) are different for the Ro-Ra-Co forest type (40-60 years)
and the evergreen forest type (35-70 years). RE: is the sum of r discounted carbon sequestered in
biomass and released afterwards. Finally, T is the optimal forest cycle (sum of the different rotations
until the removal of old trees via selective cutting and cutting of standing dead trees). The following
expressions detail the elements of the equation:

. e~il(e=itk — 1) »
NPVZ=I(tk)€ —K—GW—Z}IJB ] (2)
vj

j=k
+Z Ie(t)e™
=1

with  Ic = (t;) = P.AVb; AVb; = pC.fAV(t))

where I(x ) corresponds to the total income obtained in year fx as a result of the timber harvested
in each selective cut, K represents the cutting costs, G represents the annual general management
costs, and Yj is the sum of the silvicultural treatments. The last term, I(t), reflects the income
discounted for carbon sequestration. This income is the sum of the annual growth of above-ground
biomass (A V bj) multiplied by the price of carbon (Pc). Biomass is calculated as the product of annual
production. The growth in wood volume (A V(tj)) and three parameters: wood density (r), carbon
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content (Cc), and biomass expansion factor (f). The discount rate is represented by i and is expressed
in the equation to obtain wood and carbon benefits. Finally, modifications to some terms in equation
(2) were introduced depending on the growth period.
The carbon released during harvesting is calculated (Eq. (3)) for each year after harvesting (RE:
): biomass carbon (BCr) is multiplied by the carbon price (Pc) and by a parameter p, which varies
according to the amount of carbon released and is a function of three possibilities (x): carbon stored
in products, carbon re-emitted when biomass is burned, and carbon re-emitted in the 50 years
following harvest. Finally, RE: is the present value of the annual carbon released and discounted in
the future.
=50
RE; = ) RE e 'tk*D with RE, = Pcz pBCr (3)
=1 Vx
The expected value of the land was determined using the Van Kooten et al. [28] model,which
includes carbon benefits. This model determines the impact of carbon prices on optimal forest
management, assuming that the owner receives a subsidy for the amount of carbon sequestered by
trees as the forest mass continues to grow,in addition to considering taxes collected at the time of
harvest and due to the decomposition of forest products, which represent the cost of releasing carbon
into the atmosphere. Therefore:

Z?=1(Pc A Qc - taxc)eT_t (4)
e’ —1

LEVearpon = X

tax, = p.aQ(t)(1 - B)

Here, Pds the price of carbon and AQ.ds the change in the amount of carbon at a given moment
between two periods; taxds a penalty for carbon released into the atmosphere due to the
decomposition of forest products; a is a conversion factor that converts m? of wood volume into
milligrams of stored carbon; f is a factor representing the proportion of wood that does not
decompose but sequesters carbon in the long term in long-lasting wood products [28]. Since our
analysis included both net timber revenues and payments for carbon sequestration, the final model
used in this study is represented by equation (5), an extension of Hartman's model [29].

While price fluctuations within the EU Emissions Trading Scheme are not new, the current 31-
month low of just over €50 per tonne was used as the average value for this study. Since January
2024, prices have experienced a sharp decline, from approximately €84 per tonne to as low as €52
[30].

According to Hillier and Libiermann [31],dynamic programming problems can be solved using
a backward recursive method, a procedure that starts at the penultimate stage and searches for the
best decision, the one that leads to the best value of the objective function at the last stage. Next,
through an iterative procedure, the process can be repeated from the current stage once more until
the initial state is reached with all the partial solutions chained together pointing to the best overall
solution. Using the notation introduced above, for a stage z, the expected value of the terrain
c LEV7an be represented as:

LEV; = max(LEV, + (LEVj,,) e(7itk) (5)

where LE V'Z is the expected value of the land corresponding to stage z, while LEV'refers to the
optimal expected value of the land at stage z + 1, i is the discount rate, and fxrepresents the length of
time between stages.

2.3. Simulation Scenarios, Economic Data and Carbon Management Specifications

This study was based on two Chilean forest types with characteristics typical of native South
American forests, namely roble, rauli and coigiie (RoRaCo) forests and evergreen forests.
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Simulations were carried out using three different planting densities: 1600, 2000 and 3000 trees
per hectare. This approach allowed us to facilitate a comprehensive comparison covering low,
medium and high planting density scenarios. It should be noted that these chosen planting densities
coincide with those documented in the literature [32].

In order to ensure natural regeneration dynamics and represent all possible scenarios for this
type of forest using this model, three planting mix ratios were proposed according to the dominant
species of each forest type under study, based on the methodology proposed by Moeller et al
[25].Thus, for the RoRaCo (roble-rauli-coigiie)forest type,the proportions were:100% roble,75% roble
(Ro) — 25% others (0),50% roble (Ro) — 50% (others).Thus, in the case ofthe Evergreen forest type,
wehave:100% Tepa (Te);75% Tepa (Te)—25% Others (0);50% Tepa (Te)- 50% Others (O).

Volume estimates for regrowth rotations in both forest types were based on the production of
native Chilean species and considering fixed percentage discounts, regardless of site quality. These
discounts are 15% less for both regenerations.

Three scenarios were simulated with the FVS for both forest types. All scenarios involved stands
established on soil with second-growth forests, i.e. areas available after fires and natural regeneration,
and areas with scrub susceptible to manual clearing, and were modelled over a period of 100 years.
All simulated scenarios generated results that included timber production (sawlogs and pulpwood)
and carbon sequestration at the forest stand level.

The prices of native wood of the roble-rauli and coigiie forest types used in the calculations were
€239/m? () for sawlogs, €480/m? for sawn wood and €422/m? for dimensioned wood, while the prices
for evergreen forest types were €197/m? for logs for sawing, €461/m? for sawn timber and €396/m? for
dimensioned timber [33].

The costs of establishing stands were €970/ha for land preparation and €0.61/seedling for
planting [34]. Given that sequestered carbon can be sold through various programmes, each with
different prices, this study used the average price ranging from €48 to €87 per metric tonne [35]. It is
assumed that carbon prices are net of certificationor other costs associated with carbon management.

For the calculation of carbon taxes presented in equation (3), the amount of carbon in 1 m? of
wood, denoted as a, is 0.2865 (tonnes/m?3). It is also assumed that the percentages of carbon released
back into the atmosphere through the decomposition of forest products, denoted as 3, are 20% in logs
for sawing, 90% in sawn timber and 100% in dimension timber [36]. Furthermore, we assume that
carbon is not permanently stored in other carbon sinks, such as soil or undergrowth vegetation.

The total carbon captured annually was calculated considering a basic wood density of 0.52%
for the RoRaCo forest type (roble-rauli-coigiie) [37]. The density varies between 0.55 and 12% for
nativeforests in southern Chile [38], and for the Evergreen forest type, an averageof 0.44% was used.
To calculate the carbon content of each species, models adjusted by Moreno et al [22] were used. Only
above-ground carbon (carbon at the trunk or stem level and above-ground biomass) was calculated.
To calculate the carbonassociated with the biomass surface area, the volume of the trunk or stem is
first estimated and then this value is multiplied by a biomass expansion factor. The biomass factors
are set at 1.37 for RoRaCo forest types and 1.27 for evergreen forest types [39].

3. Results

3.1. Wood Production

Pure stands of Nothofagus obliqua (Roble) and Laureliopsis philippiana (Tepa) had a
significantly lower wood volume compared to mixed stands (p < 0.05; Figure 2). This behaviour was
observed in both the Roble-Rauli-Coigiie and Evergreen forest types during the initial evaluation
period. However, after 60 years, growth stabilised in all stand types, maintaining a constant increase
with no statistically significant differences between the different species compositions.

The highest growth and volume productivity rates were recorded in mixtures with 25% of the
main species (N. obliqua for the Roble-Rauli-Coigiie type and L. philippiana for the Evergreen type).
In comparative terms, the Roble-Rauli-Coigtie forest type exhibited slightly higher productivity than
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the Evergreen type. In terms of stand density, stands with 2000 trees per hectare had the highest
growth rates. At densities of 3000 trees per hectare, optimal growth was achieved between 40 and 45
years, while stands with lower densities (1600 trees per hectare) required a longer period, between
50 and 55 years, to match the timber volume of denser plantations.
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Figure 2. Volume of wood in forests of the RoRaCo (Ro) forest type - Others (O) and evergreen forest type (Te)
- Others (O).

3.2. Carbon Sequestration

The quantification of carbon sequestered for both forest types and their respective planting
densities is presented in Figure 3. When comparing the values derived from species-specific functions
against the universal standard function [7], it was observed that the productivity of mixed stands was
lower than the projections of the adjusted models. This difference indicates that species substitution
and the densities evaluated had a negative effect on the actual carbon capture capacity of the forest
stand, which did not reach the initially estimated potential productivity levels.

Mixed stands outperformed monocultures in carbon sequestration rates in all scenarios
evaluated, suggesting a complementary interaction between species. Specifically, the 25%-75%
mixture configuration recorded the highest carbon capture levels per hectare in both forest types,
despite having a lower total wood volume compared to other structures. In terms of density, a direct
relationship with carbon capture was observed: stands with 1600 trees per hectare showed a
significantly lower sequestration capacity than those with higher densities. Finally, the Roble-Rauli-
Coigiie forest type demonstrated a higher carbon capture capacity than the Evergreen type under the
same simulation conditions.
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Figure 3. Analysis of carbon capture capacity among the mixtures and densities proposed for the RoRaCo forest
type and the evergreen forest type.

The Land Expectation Value (LEV) analysis based exclusively on timber production revealed
significant differences between forest types and stand configurations. In general terms, the Roble-
Rauli-Coigiie (RoRaCo) forest type showed consistent economic superiority over the Evergreen type
at all discount rates evaluated.

For both forest types, the configuration that maximised capital yield, was a mixture of 25% main
species and 75% secondary species, associated with a density of 2000 trees per hectare. In the RoRaCo
type, this configuration allowed financial maturity to be reached in shorter rotation periods (between
44 and 57 years) compared to monocultures, which required periods of more than 50 years to
maximise their individual volume.

3.3. Profitability of Timber Production

The inclusion of the carbon capture ecosystem service using the Hartman model generated a
generalised increase in maximum LEV values (Table 1). Under this combined production scheme:

Table 1. Maximum LEV ($/ha) and optimal rotation duration (years) for different mixtures of RoRaCo forest

type and evergreen forest type at interest rates of 4%, 8% and 12% (wood production only).
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Forest Type Roble-Rauli-Coigiie (RoRaCo)
Rate 4%
1600 trees/ha 2000 trees/ha 3000 trees/ha
. gy Optimal pgy  Optimal pgy  Optimal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4563 67 1600 (Ro) 4632 67 1600 (Ro) 4788 68
400 (Ro); 1200 (O) 4378 52 400 (Ro); 1200 (O) 5012 53 400 (Ro); 1200 (O) 5136 57
800 (Ro); 800 (O) 5149 56 800 (Ro); 800 (O) 5179 61 800 (Ro); 800 (O) 5201 61
Rate 8%
1600 trees/ha 2000 trees/ha 3000 trees/ha
’ LEV Optlr.nal . LEV Optlt}qal ’ LEV Optlt}qal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 5789 57 1600 (Ro) 7445 58 1600 (Ro) 6488 48
400 (Ro); 1200 (O) 5379 53 400 (Ro); 1200 (O) 9857 55 400 (Ro); 1200 (O) 8203 47
800 (Ro); 800 (O) 4678 57 800 (Ro); 800 (O) 7895 58 800 (Ro); 800 (O) 6721 48
Rate 12%
1600 trees/ha 2000 trees/ha 3000 trees/ha
' LEV Optu.nal . LEV Optlmal ' LEV Optlmal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4352 41 1600 (Ro) 5612 48 1600 (Ro) 4974 44
400 (Ro); 1200 (O) 4974 44 400 (Ro); 1200 (O) 6488 48 400 (Ro); 1200 (O) 5947 47
800 (Ro); 800 (O) 5947 47 800 (Ro); 800 (O) 7902 51 800 (Ro); 800 (O) 6721 48
Evergreen Forest Type
Rate 4%
1600 trees/ha 2000 trees/ha 3000 trees/ha
’ LEV Optlr.nal . LEV Optlt}qal ’ LEV Optlt}qal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4785 44 1600 (Ro) 5547 61 1600 (Ro) 5721 46
400 (Ro); 1200 (O) 4996 45 400 (Ro); 1200 (O) 5964 56 400 (Ro); 1200 (O) 5941 45
800 (Ro); 800 (O) 5474 48 800 (Ro); 800 (O) 6643 56 800 (Ro); 800 (O) 6582 46
Rate 8%
1600 trees/ha 2000 trees/ha 3000 trees/ha
. gy Optimal pgy  Optimal pgy  Optimal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4632 52 1600 (Ro) 7892 51 1600 (Ro) 5941 54
400 (Ro); 1200 (O) 4378 52 400 (Ro); 1200 (O) 8634 54 400 (Ro); 1200 (O) 6582 56
800 (Ro); 800 (O) 5149 50 800 (Ro); 800 (O) 7012 51 800 (Ro); 800 (O) 7441 57
Rate 12%
1600 trees/ha 2000 trees/ha 3000 trees/ha
’ LEV Optlr.nal . LEV Optlt}qal ’ LEV Optlt}qal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 5947 47 1600 (Ro) 6154 45 1600 (Ro) 5612 43
400 (Ro); 1200 (O) 6721 48 400 (Ro); 1200 (O) 6658 46 400 (Ro); 1200 (O) 6488 48
800 (Ro); 800 (O) 5567 44 800 (Ro); 800 (O) 6201 48 800 (Ro); 800 (O) 7203 47

A shift in financial maturity was observed, extending the optimal harvest cycles compared to
the timber-only scenario.
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Although timber income remains the main determinant of total economic value, the increase in
the price of carbon had a more pronounced impact on the LEV of roble and tepa monocultures than
on mixed stands. However, mixed stands remained more profitable at all interest rate levels.

The results show that rotation time is a determining factor in final profitability. At higher
discount rates (8% and 12%), the productive advantage of certain monocultures—which generate
higher total volumes but require an additional 8 to 12 years of growth—was offset by the financial
cost of time.

In contrast, mixed stands proved to be more resilient to interest rate variations, maintaining
positive and competitive NPV values. The higher carbon fixation rates observed at densities of 2000
trees/ha allowed for earlier generation of marketable income compared to lower population density
stands.

The results indicate that the roble component outperformed tepa in terms of carbon
sequestration capacity, a difference that was more pronounced than that observed in wood volume
(Figure 2).

3.4. Profitability of Combined Timber Production and Carbon Sequestration

The integration of carbon sequestration into the economic valuation increased the maximum
LEV values and extended the optimal rotation periods compared to the scenario of exclusive timber
production (Table 2).

Table 2. Maximum LEV (€/ha) and optimal rotation length (years) for different mixtures of roble, rauli and

coigiie forest types and evergreen forest types with interest rates of 4%, 8% and 12% (wood and carbon).

Forest Type Roble-Rauli-Coigiie (RoRaCo)

Rate 4%
1600 trees/ha 2000 trees/ha 3000 trees/ha
. LEV Optlr.nal . LEV Optn.nal . LEV Optn.nal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4632 65 1600 (Ro) 4387 65 1600 (Ro) 5102 66
400 (Ro); 1200 (O) 4753 50 400 (Ro); 1200 (O) 5211 55 400 (Ro); 1200 (O) 5301 52
800 (Ro); 800 (O) 5345 50 800 (Ro); 800 (O) 5362 57 800 (Ro); 800 (O) 5500 58
Rate 8%
1600 trees/ha 2000 trees/ha 3000 trees/ha
' LEV Optu.nal . LEV Optlmal ' LEV Optlmal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 5122 56 1600 (Ro) 7652 54 1600 (Ro) 6647 45
400 (Ro); 1200 (O) 5741 55 400 (Ro); 1200 (O) 10069 60 400 (Ro); 1200 (O) 8424 44
800 (Ro); 800 (O) 4963 55 800 (Ro); 800 (O) 8259 58 800 (Ro); 800 (O) 6922 45
Rate 12%
1600 trees/ha 2000 trees/ha 3000 trees/ha
. gy Optimal pgy  Optimal pgy  Optimal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4587 40 1600 (Ro) 5887 46 1600 (Ro) 5196 43
400 (Ro); 1200 (O) 5129 42 400 (Ro); 1200 (O) 6659 47 400 (Ro); 1200 (O) 6247 45
800 (Ro); 800 (O) 5233 40 800 (Ro); 800 (O) 8124 47 800 (Ro); 800 (O) 7024 45
Evergreen Forest Type
Rate 4%
1600 trees/ha 2000 trees/ha 3000 trees/ha
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’ LEV Optlr.nal . LEV Optlt}qal ’ LEV Optlt}qal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 5002 42 1600 (Ro) 5749 40 1600 (Ro) 5923 44
400 (Ro); 1200 (O) 5269 41 400 (Ro); 1200 (O) 6189 57 400 (Ro); 1200 (O) 6185 42
800 (Ro); 800 (O) 5642 43 800 (Ro); 800 (O) 6897 47 800 (Ro); 800 (O) 6842 43
Rate 8%
1600 trees/ha 2000 trees/ha 3000 trees/ha
' LEV Optu.nal . LEV Optlmal ' LEV Optlmal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 4830 50 1600 (Ro) 8078 51 1600 (Ro) 6128 52
400 (Ro); 1200 (O) 4758 48 400 (Ro); 1200 (O) 8863 53 400 (Ro); 1200 (O) 6774 54
800 (Ro); 800 (O) 5362 52 800 (Ro); 800 (O) 7204 56 800 (Ro); 800 (O) 7856 53
Rate 12%
1600 trees/ha 2000 trees/ha 3000 trees/ha
. LEV Optlr.nal . LEV Optn.nal . LEV Optn.nal
Mixture (trees/ha) rotation Mixture (trees/ha) rotation Mixture (trees/ha) rotation
(€/ha) (€/ha) (€/ha)
(years) (years) (years)
1600 (Ro) 6187 45 1600 (Ro) 6178 43 1600 (Ro) 5843 41
400 (Ro); 1200 (O) 6952 42 400 (Ro); 1200 (O) 6852 47 400 (Ro); 1200 (O) 6687 45
800 (Ro); 800 (O) 5763 41 800 (Ro); 800 (O) 7859 46 800 (Ro); 800 (O) 7514 45

The integration of ecosystem services using the Hartman model [40] resulted in an overall
increase in economic and operational indicators compared to the exclusive timber production
scenario. Specifically, the maximum LEV values, the duration of the optimal rotation periods and the
optimal planting densities were higher under the combined production scheme of timber and carbon.

Under this combined production scheme, mixed stands maintained higher profitability than
monocultures at all interest rate levels evaluated. For both forest types, the inclusion of carbon credits
shifted the optimal harvest time to later ages, maximising total economic value. As in the simple
production analysis, the most economically efficient configuration was a 25%-75% mix with a density
of 2000 trees per hectare.

In this scenario, mixed stands remained more profitable than monocultures. The application of
incentives for carbon sequestration and taxes on carbon release shifted financial maturity, extending
rotation cycles to maximise the total economic benefit derived from both products.

4. Discussion

4.1. Profitability of Timber Production

The economic superiority of mixed stands over monocultures observed in this study suggests
that niche complementarity and facilitation between species optimise resource use, resulting in
greater financial profitability (LEV). This finding is consistent for both forest types (Nothofagus and
Evergreen), where the 25%-75% mixture configuration demonstrated greater economic resilience to
variations in discount rates (4%, 8% and 12%).

From a forest management perspective, these results challenge the traditional preference for
forest simplification schemes. The higher productivity of mixtures not only favours marketable
volume, but also mitigates the impact of high interest rates, offering higher returns than those of
monocultures of dominant species. This reinforces the hypothesis that structural and specific
diversity in the forests of southern Chile act as a driver of productive and financial efficiency.

Pinnschmidt et al. [41] argue that mixed species plantations, specifically in Costa Rica, offer a
competitive alternative to monocultures, outperforming them incosts from as much as €3036 to
€14573 when considering both wood and carbon.
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Contrary to the findings of Manuschevich [42], who attributes the low profitability of native
forests to logistical constraints, deficiencies in wood quality and land fragmentation, the results of
this study show that, under optimal mixing schemes, native forests have competitive economic
potential. However, when compared to fast-growing plantations, a significant gap remains: while
rotation periods of more than 50 years were estimated for the Roble-Rauli-Coigtie type, simulations
of Pinus radiata and Eucalyptus spp. monocultures achieve higher LEV values in significantly shorter
cycles (30 years) at a rate of 8% [43].

A fundamental explanation for the disparity in LEV values lies in the chronological lag in the
production of high-value wood. Unlike fast-growing exotic species plantations, which reach sawlog
dimensions in rotations of approximately 30 years, the mixed stands of native species evaluated in
this study require longer periods to produce wood of similar commercial quality. This difference in
productive precocity gives traditional monocultures a comparative economic advantage under short-
term financial valuation criteria [44].

However, this time gap suggests that the competitiveness of mixed stands of roble or tepa should
not be measured under the same rotation standards as pioneer or introduced species. The profitability
observed in the 50- to 60-year scenarios indicates that, although the return is delayed, the mixed
structure optimises biomass accumulation and long-term stem quality, which could compensate for
the lower initial growth rate by providing higher value-added products or additional ecosystem
services.

The results obtained only confirm that Chile's mixed native forests are more profitable than
establishing monocultures with native species appropriate to each forest site. For example, if we
compare our results, we see that the simulation of monocultures for the RoRaCo forest type has lower
profitability values than the simulations of monocultures for the evergreen forest type.

It can be seen that at an interest rate of 4%, the maximum LEV for an evergreen forest
monoculture plantation with a density of 2,000 plants/ha was €5,547/ha, with an optimal rotation of
61 years. In contrast, the maximum LEV for a monoculture plantation of the RoRaCo forest type with
2000 plants/ha was €4632/ha, with an optimal rotation of 67 years. However, the maximum LEV
optimum is achieved for a mixed plantation simulation of the RoRaCo forest type, with a density of
2000 plants/ha, a 25%-75% mix, which was €9857/ha, with an optimal rotation of 53 years.

Conversely, the transition to a mixed scheme (500 plants per hectare of roble and 1,500 of other
species) optimises economic performance, raising the LEV from €4,387/ha to €5,211/ha. This
improvement suggests that a lower density of the target species, complemented by accompanying
species, reduces direct competition and favours the production of larger individuals.

In this sense, mass diversification not only meets ecological objectives but also functions as a
management strategy to maximise the volume of high-value sawn timber, overcoming the
production limitations observed in dense monocultures.

Similar results regarding the higher productivity levels of tropical mixed plantations compared
to monocultures were also reported in studies by Ameray et al. [45], Nolte et al. [46] and Pinnschmidt
et al. [41]. This finding is consistent with that documented by Deegen et al. [47], who observed that
the integration of Betula pendula did not affect the productivity of medium-density Picea abies
monocultures but, on the contrary, increased their potential land use value (LEV).

4.2. Profitability of Combined Timber Production and Carbon Sequestration

The influence of ecosystem services on forest planning is evident when observing the
lengthening of harvest cycles. Our results coincide with those proposed by Moreno et al. [7],
reaffirming that the inclusion of economic values for carbon capture acts as an incentive to postpone
final felling, allowing the stand to continue to function as a reservoir for longer.

It was observed that the optimal rotation length increased more frequently in mixed stands when
carbon was valued at €50/t, with an average increase of 5 years. This phenomenon is explained by
the ability of mixed stands (especially those of the Roble-Rauli-Coigiie type) to maintain sustained
growth rates over time, where the marginal income from carbon sequestration offsets the opportunity
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cost of not harvesting the wood. In the case of monocultures intended for log wood, sensitivity to
high carbon prices was even more pronounced. In various scenarios, the value of carbon increased
optimal rotation lengths by more than 5 years.

Price and Willis [48] observed an apparent difference between lower and higher carbon values,
as the upper limit of their carbon pricing led to rotation extensions of more than 30 years. It is
important to note that Price and Willis adopted much higher carbon prices than ours. They used a
range of £80-200 per tonne (€91-113 per tonne). This comparison indicated that the inclusion of
carbon values only lengthens rotations when these are sufficiently high.

We should note that the model by van Kooten et al. [28], used in our analysis, is a theoretical
framework that seeks to assess the impact of carbon markets on the optimal forest management of
forest lands. Consequently, it may not be perfectly compatible with existing carbon market
mechanisms, such as the voluntary carbon market programme. Our model starts from the
assumption of unexploited land and attempts to mimic the concept of additionality. However, it does
not consider certain assumptions, such as certification costs (e.g., management, monitoring, and
compliance), which are essential for improving the effectiveness of environmental policies [49]. These
costs can hinder the development of carbon projects [50]. Integrating these costs into our analysis
would likely produce variations in profitability and optimal harvestage.

In our study, we simulated selective cutting or thinning operations. Thinning can mitigate
density-related effects on forest stand development by reducing density and competition.

Although Willis et al. [51] empirically investigated the impacts of thinning on mixed forest
stands in the southeastern United States, their findings did not allow for a generalisable statement.
In mixed forest stands, the complexity of forest management is further intensified. In these cases,
forest managers must decide not only on the basic aspects ofplanting, but also on the optimal mix
and composition of tree species, which can vary depending on combinations of trees, rows, or groups.
In addition, the greater heterogeneity of mixed stands leads to more ambiguous qualitative analytical
results [52]. Ourapproach allowed us to isolate the effect of mixture proportions and rotation lengths.
Furthermore, our main objective was to provide information on the impact of mixture proportions
on the profitability of forest stands.

5. Conclusions

This study demonstrates that the management of
secondary forests of the Roble-Rauli-Coigiie and Evergreen
forest types is an economically viable and competitive

alternative in southern Chile.

The simulations show that mixed plantations of native species (Roble-Rauli-Coigiie and
Evergreen) have significantly higher land expectancy values (LEV) than monocultures, especially
under 25%-75% mixture schemes and moderate densities (2000 trees/ha). This confirms that
structural diversity optimises resource use and improves economic efficiency.

The integration of payments for carbon ecosystem services acts as a financial catalyst, not only
increasing final profitability but also extending optimal rotation periods. This allows forest owners
to produce higher quality and larger timber without sacrificing economic viability.

The heterogeneity in the results obtained through the various scenarios analysed underscores
the urgency of adopting a comprehensive forest management paradigm. The data suggests that the
economic viability of native forests should not be limited to conventional timber yields; on the
contrary, it requires a diversified income matrix that incorporates non-timber forest products
(NTEFPs), ecosystem services through carbon credits, and restoration subsidies. In this context, land
use planning and the formation of productive clusters emerge as critical mechanisms for mitigating
the competitiveness gap observed in relation to monocultures of exotic species.
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We conclude that dynamic programming is an effective tool for decision-making in complex
ecosystems, allowing the identification of management strategies that simultaneously maximise
economic benefit and climate change mitigation.

Our findings validate the potential of young forests to meet Chile's NDC 2030 targets. Providing
estimation tools that integrate carbon and timber provides the legal and financial security necessary
for small and medium-sized landowners to transition from degraded forest use (mainly wood
energy) to high-value forest management.
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