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Abstract: Despite the growing recognition of sustainability in forest management, com-
prehensive multi-criteria evaluations of silvicultural practices remain scarce, particularly
in Patagonia. In this study, we applied a multi-criteria decision analysis to evaluate the
sustainability of different strip-cutting intensities in secondary Nothofagus antarctica forests
in Northern Patagonia, Argentina. The performance of four management alternatives was
assessed: no cutting, low cutting intensity, medium cutting intensity, and high cutting
intensity. These alternatives were evaluated across 11 indicators of nature’s contributions
to people. Indicator values were estimated from previous research across three contrasting
sites, complemented by expert surveys to estimate weights and target values for each
indicator. The results indicate that the key indicators included those associated with fire-
wood harvesting, fire and invasions prevention, and timber species plantation performance.
Medium cutting intensity consistently emerged as the most sustainable option across all
sites, models, and scenarios. In contrast, no cutting performed poorly across most sites,
models, and scenarios. These findings underscore the importance of integrating diverse
ecological and socioeconomic indicators into forest management planning. The promotion
of medium cutting intensity has the potential to enhance sustainability in N. antarctica
forests, thereby contributing to the development of resilient and multifunctional landscapes
in Northern Patagonia.

Keywords: short-stature trees; silviculture; goal programming; ecosystem services

1. Introduction
Sustainability is a fundamental concept in contemporary natural resource manage-

ment. Forestry, specifically, has undergone significant transformation in line with the vision
of sustainable land use [1–3]. For instance, over the past decades, there has been an in-
creasing interest in multi-objective approaches to forest management, given the recognition
that economic returns can be sustainable only if the other nature contributions to people
these ecosystems provide (NCPs) are maintained [4]. Consequently, when evaluating
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management alternatives, non-material contributions (e.g., biodiversity) and regulating
contributions (e.g., carbon, soil protection, etc.) are increasingly recognised as selecting
criteria, thus extending the traditional materials-focused approach (e.g., firewood, wood,
pulp, etc. [5]). The simultaneous pursuit of multiple objectives necessitates multipurpose
planning methods, which, to date, have not been extensively explored in some forestry
settings [6].

Multicriteria Decision Analysis (MCDA) is a formal analytical approach that allows for
the incorporation of various dimensions in decision-making. It has been utilised to address
forest resource management challenges for the past three decades [7,8]. Among MCDA
methods, goal programming (GP) is one of the most extensively studied and frequently
applied in forestry [9,10]. The methodology involves the aggregation of indicators into
a composite index trough the minimisation of topological distances between the values
achieved by the different indicators of each management scenario and a reference vector
of target values. The application of GP has been extensively documented in addressing
various forest resource management issues, both at the stand and country levels [11].

Despite South America possessing over 20% of the world’s forest area, the formal sus-
tainability analysis and evaluation is infrequent in forestry research agendas. In Argentina,
specifically, the forest law (National Law 26.331) demands the sustainable management
of millions of hectares of native forests. However, no formal sustainability analysis has
been developed to compare management strategies, which logically are region-specific.
In some cases, it has been assumed that equal weight is assigned to each indicator of
sustainability [12]. However, this assumption is often unrealistic because the importance
given to indicators can vary significantly across decision makers [11].

In the Northern Patagonian region of Argentina, the Nothofagus antarctica (G. Forst)
Oerst. forests in both pure and mix forms cover more than 180.000 has [13]. These forests
have been subject to various disturbances, predominantly of anthropogenic origin, includ-
ing conversion to pasture and fuelwood extraction (Reque et al. [14]), resulting mostly in a
secondary forest in the present day. Depending on site conditions and disturbance history,
the forests may be co-dominated by other species [14,15]. The main woody species in these
short-tree forests regenerate primarily by sprouting [16], are highly flammable [17], and
facilitate the spread of fire [18]. In the absence of disturbances, these species are typically
replaced over time by tall-tree forests of Austrocedrus chilensis (D. Don) Pic. Serm. & Biz-
zarri. [19]. Despite the existence of considerable scientific knowledge regarding the ecology
of these and other forest types in Northern Patagonia, silviculture in the native forests of
this region remains uncommon, partly due to the failure to translate empirical knowledge
into realistic management proposals [20,21]. Given the particularities of N. antarctica sec-
ondary forests, the integration of data from locally tailored silvicultural experiments is
highly valuable [22].

In the context of silvicultural studies conducted in Northern Patagonia, one of the
emerging proposals entails the management of forests through the implementation of
cutting strips [16,23]. However, it is vital to assess the impact of diverse silvicultural
alternatives on the NCPs these ecosystems provide. The objective of this paper is to derive
a sustainability ranking of four strip-cutting intensities (SCIs) in N. antarctica secondary
forests of Northern Patagonia. To this end, 11 indicators and a GP-MCDA framework
were used to select the best alternative in terms of sustainability [24]. While the effect
of management on some of these indicators has been discussed [25], a formal analysis
measuring the sustainability of different management alternatives has yet to be conducted.
To the best of the researcher’s knowledge, this is the first application of an MCDA in native
forest management in Northern Patagonia, Argentina
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2. Materials and Methods
2.1. Experiment and Data

The present research is based on an experiment that was conducted at three sites
located approximately 80 km south of San Carlos de Bariloche, El Foyel with northern (FN)
and southern (FS) face orientation, and Los Repollos (LR) (Figure 1). LR is situated in an
upland valley bottom. Consequently, these three sites embody contrasting conditions: the
first two represent medium- to high-productivity stands, while the last is a low-productivity
stand [16]. The local vegetation is characterised by mixed forests, predominantly short-
statured trees of N. antarctica in LR, while in FN and FS, it is co-dominated by several
species, including Lomatia hirsuta (Lam.) Diels., Diostea juncea (Gillies & Hook.) Miers., and
Schinus patagonicus (Phil.) I.M. Johnst. among others [26] (Figure A1). The climate is typical
of the deciduous forests of the sub-Antarctic region, with an average annual temperature
of 9.7 ◦C (frost is possible throughout the year) and average annual precipitation ranging
from 920 mm to 1300 mm [14].
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the distribution of N. antarctica secondary forests along the province.

The experiment was initiated in 2013 and 2014, when eight permanent plots were
established at each site (totalling 24 plots of 31.5 × 45.0 m, with altitudes ranging from 790
to 873 m a.s.l.), with varying cutting intensities applied. The plots exhibited characteristics
of fire secondary forests, and all were treated with six longitudinal strips with stems cut at
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ground level with chainsaw. The intensity of strip cutting (SCI) was determined by modify-
ing the width of the six strips of each plot between 0, 1.5, 2.5, and 3.5 m, corresponding
in this paper to no cutting (NO), low cutting intensity (LOW), medium cutting intensity
(MID), and high cutting intensity (HI).

These plots were monitored after cuttings as part of a permanent research project that
analysed the interventions based on a range of environmental and productive indicators.
Consequently, a substantial body of research papers was published reporting on the effects
of management across multiple variables. These variables included, for example: soil
properties and microorganisms [27], plant community [25], ecological functions [28], biotic
interactions [15,29], invasions [30], and silviculture [16,31]), including the establishment
of native timber species [23]. The measurement of all variables generally took place
between 2015 and 2017. As a result, these previous studies provided key information on
multiple environmental and productive variables, which served as the basis for selecting
the indicators and their values incorporated in the present MCDA.

2.2. Dimensions and Indicators

The three groups of dimensions, material, non-material, and regulating (criteria in
the MCDA context) were employed in this study to distinguish within the generalising
perspective of NCPs [4]. The selection of indicators within the dimensions was guided by
their relevance to the main ecological and management goals of the study. These objectives
included the assessment of forest productivity and biodiversity while ensuring ecosystem
functions and mitigating risks related to fire, invasions, and folivory. The indicators that
were identified in the previous studies as being influenced by management were incorpo-
rated in the present study (see Table A1). The values of each indicator for each management
alternative and site used in this study were exclusively derived from the models estimated
in these previous studies. Given the acknowledged challenges of evaluating sustainability
through the use of multiple indicators [32], particularly in contexts where conflicting linear
aggregation methods arise [24], this study chose a methodological approach that involved
performing a Pearson’s correlation analysis. This analytical procedure was undertaken
with the objective of identifying and eliminating indicators that exhibited a high degree of
correlation. This process subsequently facilitated the identification of the final set of indica-
tors to be aggregated. With regard to the specific context of fire prevention (Regulation of
hazards (NCP 9)), two indicators that showed contrasting responses to SCI were used: live
fuel continuity and live fuel moisture content [25].

2.3. MCDA Approach—Extended Goal Programming Model

As a preliminary step, given that the final indicators differed in units, it was neces-
sary to normalise them. In this study, a normalisation system proposed by Diaz-Balteiro
and Romero [33] was employed. This method transforms indicator values so that they
are dimensionless and bounded between 0 and 1, expressed in a “more is better” sense.
Accordingly, the values 0 and 1 represent the worst and best achievable value, respectively
(see the cited paper for more details). The normalisation process was carried out separately
for each site.

For the purpose of aggregating all normalised indicators, the Extended Goal Program-
ming (EGP) structure was used. The EGP structure encompasses both the Archimedean
and Chebyshev GP variants in a unified format [34] and has been successfully applied
for ranking forest management alternatives (for example, [33,35–37]). Specifically, the
following equation was used, taken from the previously cited papers:

Min(1 − λ)D+λ
n

∑
j=1

(
αjnj + β j pj

)
(1)
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Goals and constraints are subject to the following:(
αjnj + β j pj

)
− D ≤ 0

l

∑
i=1

RijXi + nj − pj = tj

l

∑
i=1

Xik = 1 , k ∈ {NO, LOW, MID, HI}

Xi ∈ {0, 1}

nj ≥ 0, j ∈ {1, . . . , n}

pj ≥ 0, j ∈ {1, . . . , n}

In this equation, nj denotes the underachievement of j indicator relative to the target
value tj, whereas αj represents the specific weight of the j-th indicator. The possible
overachievement pj was not incorporated into the optimisation process, since the objective
was to include solely the negative deviations in accordance with the normalisation, which
adopted the “more is better” approach [35]. In Equation (1), D represents the maximum
negative deviation achieved by an indicator and its target tj; Rij is the normalised value
reached by the j indicator in the i-management alternative (NO, LOW, MID, HI); and λ

represents a control parameter. For λ = 1, the solution obtained is optimising the “average”
achievement, whereas for λ = 0, the most “balanced” solution is determined. A compromise
between these two solutions is achieved for λ = 0.5 [33,34], and this value for the control
parameter was also evaluated. Finally, the binary Xi variables are equal to 1 if the i-th forest
management alternative is chosen and are equal to 0 otherwise. The “sustainable ranking”
of the SCI was established interactively for each site by solving for the three values for the
control parameter (λ = 1, λ = 0, λ = 0.5). The optimisations were carried out in Lingo 21.0
software [38].

Weights, Target Values, and Scenarios

In order to solve Equation (1), it was necessary to estimate target (tj) and weight (αj)
values for each indicator. These values were obtained through surveys conducted via
email, with 18 surveys being sent to members of the public administration and researchers
with experience working in this forest type in the Northern Patagonia region. Of these,
12 surveys were completed, yielding consistent responses that defined these experts as
decision makers (DMs). For the purpose of determining weight, the relative importance
of each NCP dimension was first evaluated, followed by an evaluation of the significance
of the indicators within each dimension. The forms were conducted using a pairwise
comparison approach with Saaty’s verbale scale [39,40], a format recommended for local
assessment as in this study [35] and extensively validated in practice (see, for example, [41]).
For target setting, respondents were asked to specify a satisfying level for each indicator on
a scale from 10% to 100%.

Finally, mean values of preferential weights and target values of all expert responses
were calculated. In order to evaluate the sensitivity of the SCI ranking to weights estab-
lished by DMs, two arbitrary scenarios were established: a “productive” scenario, where
indicators associated with material NCP were multiplied by three, and a “conservative”
scenario, where the same weight increase was applied to non-material and regulating NCP
indicators. The weights were standardised to ensure that ∑ ∝j= 1 for each scenario. It
should be noted that the scenarios were performed exclusively with λ = 0.5, in order to
simplify the analysis.
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3. Results
Significant correlations were identified exclusively within the non-material dimen-

sion, specifically between taxonomic plant diversity and functional diversity (Figure A2).
Consequently, the latter indicator was excluded from the final set of indicators (Table 1).
Taxonomic diversity was selected, as it was considered a more comprehensible concept for
DMs. The final set of indicators (n = 11) represented a balanced selection, considering the
three NCP dimensions (Table 1).

Table 1. Final indicators considered in the analysis. Type indicates whether the indicators follow
a “more is better” basis (+) or a “more is worse” basis (−) prior to the process of normalisation.
NCP categories and the associated numeration are in accordance with the standards set out by Diaz
et al. [4].

Indicator Type NCP Category NCP Dimension

(I1) Firewood harvesting (m3 ha−1) (+) Energy (NCP 11)
Material

(I2) Wood production (% survival of afforestation) (+) Provision of materials (NCP 13)

(I3) Pollinators diversity (Chao 1) (+) Maintenance of options (NCP 18)
(I4) Folivorous arthropods diversity (H’) (+) Non-material

(I5) Plant taxonomic diversity (H’) (+)

(I6) Litter production (m2 ha−1) (+) Formation and protection of soils (NCP 8)

Regulating

(I7) Litter decomposition (% o.m.r.) (+)

(I8) Fire prevention Regulation of hazards (NCP 9)
(I8a) Live fuel continuity (m2 ha−1) (−)
(I8b) Live fuel moisture content (%) (+)

(I9) Invasibility (% exotic pines germination) (−) Regulation of detrimental organisms and
biological processes (NCP 10)(I10) Folivory (% leaf damage) (−)

As illustrated in Table 2, extreme values (0s and 1s) were frequently observed at
the limits of the SCI range (Table 2), thereby reflecting the prevailing linear response of
the studied indicators to cutting intensity. It is noteworthy that some indicators show
the same response to SCI across the three sites, implying that the same relative values
are maintained along the SCI range. For example, among the most important indicators
(Figure 2), firewood harvesting (I1), fuel continuity (I8a), and invasibility (I9) exhibit the
same relative values. In LR, I2 was excluded from further analysis due to its unsatisfactory
performance across the SCI range.

Table 2. Normalised indicators according to a “more is better” basis. I2 was subsequently excluded
from LR due to the low performance of planted trees across the SCI range.

Site SCI I1 I2 I3 I4 I5 I6 I7 I8a I8b I9 I10

FS

NO 0.000 0.192 0.000 0.000 0.000 1.000 0.000 0.000 1.000 1.000 1.000
LOW 0.429 1.000 0.048 1.000 0.413 0.735 0.834 0.429 0.571 0.745 0.032
MID 0.714 0.797 0.397 0.900 0.638 0.422 1.000 0.714 0.286 0.427 0.000
HI 1.000 0.000 1.000 0.100 1.000 0.000 0.857 1.000 0.000 0.000 0.458

FN

NO 0.000 0.763 0.000 0.000 0.000 1.000 1.000 0.000 1.000 1.000 1.000
LOW 0.429 1.000 0.048 1.000 0.875 0.735 0.000 0.429 0.571 0.745 0.032
MID 0.714 0.688 0.397 0.889 1.000 0.422 0.139 0.714 0.286 0.427 0.000
HI 1.000 0.000 1.000 0.111 0.625 0.000 0.923 1.000 0.000 0.000 0.458

LR

NO 0.000 0.000 0.000 0.000 0.960 1.000 1.000 0.000 1.000 1.000 1.000
LOW 0.429 0.000 0.048 1.000 1.000 0.735 0.000 0.429 0.571 0.745 0.032
MID 0.714 0.000 0.397 0.889 0.657 0.422 0.030 0.714 0.286 0.427 0.000
HI 1.000 0.000 1.000 0.000 0.000 0.000 0.617 1.000 0.000 0.000 0.458
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When analysing NCPs dimensions, the most significant dimension was found to
be the regulating dimension (I6–I10), followed by material dimension (I1–I2) and non-
material dimension (I3–I5). The main indicators for DMs, based on the relative weights
calculated from the surveys (Figure 2), were firewood harvesting (I1), fuel continuity (I8a),
timber species plantation performance (I2), and invasion prevention (I9). The sum of these
indicators was 0.548 of the relative weights in FS and FN. However, in LR, this value was
slightly different due to the exclusion of I2 and the ∑ ∝j= 1 constrain. In the context of fire
prevention, DMs considered fuel continuity to be more important than fuel moisture (I8b)
in terms of preventing fire. With regard to targets, fuel continuity exhibited the highest
value, therefore reinforcing its relevance for global scoring (Figure 2).

FS and FN showed the equivalent rank across all models. MID intensity was identified
as the best alternative for all three sites when the model optimised for the “average solution”
λ = 1, as well as when solving the most “balanced solution” λ = 0 and the compromise
between both solutions (Table 3). The only differences detected were in the worst site
conditions (LR), in which, under the productive scenario, HI emerged as the second best
alternative and in the conservative scenario where LOW ranked second and HI performed
the worst. The same ranking was achieved under both scenarios for FS and FN.

Table 3. Sustainability ranking of the management alternatives evaluated across the three sites for all
models. λ = 1: average achievement, λ = 0: balanced solution, λ = 0.5: compromise between both
solutions. P: productive scenario, C: conservative scenario.

FS and FN LR
Rank λ = 1 λ = 0 λ = 0.5 λ = 0.5P λ = 0.5C λ = 1 λ = 0 λ = 0.5 λ = 0.5P λ

1 MID MID MID MID MID MID MID MID MID MID
2 LOW LOW LOW LOW LOW LOW LOW LOW HI LOW
3 HI HI HI HI HI HI HI HI LOW NO
4 NO NO NO NO NO NO NO NO NO HI
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4. Discussion
A multidimensional analysis quantifying the sustainability of forest management is

lacking in Northern Patagonia. Given the necessity of integrating multiple indicators to
optimise sustainable management, this paper examines the short-term sustainability of
cutting intensities in secondary forests of N. antarctica. A multi-criteria analysis combining
published models with decision-maker surveys was applied to evaluate the different
intensity levels. The finding of this study indicates that, irrespective of the site, medium
cutting intensity (MID SCI, defined as 2.5 m harvest strips × 2.5 m non-harvest strips)
emerged as the “best alternative” when optimising the 11 indicators associated with six
categories of NCPs in all three NCPs dimensions under all assessed models.

In the present study, regulating NCPs was identified as the most important dimension
for decision makers. This finding is consistent with the results of previous studies that
found regulating ecosystem services as more important than others across Europe [42].
Specifically, two of the main categories among regulating NCPs were consistently the
most important: fire prevention and invasion prevention. Indeed, these two contributions
embrace two of the most important environmental impacts associated with this forest
type. The first of these is the inherent vulnerability of this forest type to fire, which is a
key driver of regional forest dynamics [18]. The slow regeneration of the fire-sensitive
conifer, A. chilensis, combined with the abundance of fine fuels and the summer drought
that characterises this region, drives fire occurrence. Furthermore, there is an expectation
that summer droughts will increase during the 21st century [43], which is likely to have
influenced the importance given by DMs to fire prevention. This finding is consistent with
other studies that identify protection against natural hazards as the most valued ecosystem
service among stakeholders (including public administration, associations representatives,
forest wood chain actors, and tourism sector actors) in conifer forests in the Italian Alps [44].
Forests experiencing catastrophic events that have a direct impact on human health and
infrastructure, such as fire, likely increase societal awareness of prevention through man-
agement efforts. In the case of pine invasions, they are common in this region [45] and
create a positive feedback loop with fire [46]. Beyond this situation, a high proportion
of pine afforestation are unmanaged in Patagonia, increasing fire risk and encroachment
into native forests, affecting biodiversity [47]. The surveys indicate that the DMs of the
forest sectors determined the weight performed by this NCP. Finally, our analysis showed
a trade-off between both indicators, fire and invasions. High strip harvesting intensities
led to increased invasion rates but also reduced fuel continuity which has been shown to
decrease fire risk by limiting lateral fire spread [25]. This trade-off was consistent across the
three sites, supporting medium harvesting intensity as the “best” solution.

The material NCP was also considered important by the DMs, and the fact that material
NCP received slightly less weight than regulating NCP suggests that DM responses may
be environmentally biassed. As DMs become more production-oriented, higher harvest
intensities would be expected to perform better, given that these intensities provide more
fuelwood and promote regrowth [16]. However, the planting of timber species, which
performs better under lower harvest intensities, was also considered an important indicator.
In the context of a productivity-focused scenario, medium cutting intensity remains as
the most favourable alternative due this last indicator. The predominant utilisation of this
forest type throughout history has been for firewood harvesting [21], a practice that is
reflected in the weight assigned to this activity. The region is distinguished by the presence
of small ranches, characterised by limited financial resources, yet with a significant demand
for firewood.
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It is important to note that the analysis was conducted on indicators that responded to
harvesting. Consequently, the results of this study may assist in decision making regarding
the explored management alternatives. However, it is not possible to draw general conclu-
sions about the sustainability of this forest type. Although the incorporation of additional
indicators, such as forage production, which is of particular relevance to ranchers given
its significance in this forest type [48], could offer further insights, previous studies have
hypothesised that medium cutting intensity could promote grass development [31], thereby
supporting the MID alternative. However, further research is necessary to elucidate the
impact of SCI on forage production in diverse site conditions and to understand how cattle
presence influences other indicators.

Despite incorporating 11 indicators to provide a more comprehensive understanding
of the consequences of different management strategies, this study is limited by the char-
acteristics of the available information. These include unexplored ecological, economic,
and social aspects, as well as the lack of long-term data beyond the post-cutting period
considered in this study. A long-term perspective is particularly relevant as secondary
forests of N. antarctica mature into late-successional stages, evolving into tall forests. In
contrast, disturbances have been shown to promote early successional stages [49]. Appro-
priate management strategies, such as cutting to reduce stand density, have been suggested
to facilitate forest succession. This successional characteristic of these forests implies that,
while the present analysis provides an initial framework for understanding the impacts of
certain scenarios, only long-term monitoring can determine their actual effects.

For instance, forest ecosystems play a key role in the carbon cycle, storing substantial
quantities of both aboveground biomass carbon and soil organic carbon [50]. The impact of
partial cutting on the enhancement of carbon sequestration has been demonstrated, but
this effect depends on cutting intensity [51]. As forests mature, they have been shown
to sequester more carbon. Furthermore, a reduction in forest density has been shown to
increase the resistance and resilience of these ecosystems to wildfires, thereby mitigating
potential CO2 emissions [52]. Given the critical role of forests in the carbon cycle and the
ongoing challenges posed by climate change, it is essential to empirically assess how cutting
intensity influences carbon storage and sequestration to refine future multi-criteria analyses.
The present study incorporates information related to firewood production but does not
include other products such as fruits, leaves, stems, and roots, which have economic and
social value as they are linked to many cultural practices [53] that should be represented in
future studies.

In neither scenarios, models, nor sites was the NO alternative identified as the best
management strategy. It is interesting to note that, even under the extreme conservative
scenario, harvesting is necessary to achieve sustainability according to the models that
have been developed. The less productive site (LR) was the most sensible to weight
changes from those analysed. Here, the productive scenario favoured more intense cutting
because the planted tree species do not survive under any management alternative [23].
Consequently, since firewood provision (the only material NCP for this site) increases
with cutting intensity, more intense cutting regimens tend to be selected. However, as
demonstrated by the optimisation procedure showed, MID remains the best option in a
productive scenario. Conversely, under the conservative scenario, HI is penalised due to its
impact on regulating and non-material NCP.
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5. Conclusions
Following the evaluation of the effects of varying levels of strip-cutting intensity

on various NCPs in N. antarctica secondary forests using a MCDA, the results indicate
that medium cutting intensity (2.5 m harvest strips × 2.5 m non-harvest strips) consis-
tently emerges as the most sustainable management option. This result remained stable
across all study sites, decision models, and both productive and conservative scenarios,
demonstrating the robustness and reliability of the findings.

This study emphasises the significance of balancing multiple objectives in the man-
agement of these forests, particularly in ecosystems where ecological and socio-economic
factors exert a strong influence on sustainability. Decision makers placed a higher priority
on the regulating NCPs, such as fire prevention and invasion control, than on purely pro-
ductive aspects, reflecting the substantial environmental challenges of the region and the
mounting societal concerns about natural hazards.

A significant contribution of this work is the integration of various site-specific indica-
tors derived from a number of permanent research efforts previously conducted on these
experimental plots. This approach has enabled the synthesis of diverse environmental and
production data into a coherent decision-making framework. While acknowledging the
inherent limitations of relying on short-term monitoring data. The indicators selected were
those most responsive to cutting intensity, rendering them suitable for assessing immediate
management impacts. The incorporation of additional indicators, such as forage production
or socio-cultural factors, the utilisation of longer-term datasets, different scenarios, and a
larger number of decision makers, would serve to further enhance the robustness of the
sustainability assessment.

The methodology presented here has been demonstrated to offer a replicable frame-
work for evaluating sustainable forest management in other ecosystems facing similar
trade-offs between conservation and production. The set of indicators can be adapted, and
stakeholder preferences can be adjusted, thus enabling the multi-criteria approach to be
tailored to different socio-ecological contexts. The flexibility of the methodology allows it to
incorporate local priorities and diverse NCPs, making it a valuable tool for decision-makers
seeking to operationalise sustainability in forest landscapes globally.

The findings of this study suggest that the implementation of medium disturbances
intensities could serve as a viable strategy to reconcile conservation goals with local liveli-
hoods, particularly in regions such as Northern Patagonia where firewood provision and
ecosystem integrity are both central to sustainable forest use. It is recommended that forest
policies and management plans prioritise interventions that maintain this balance, ensuring
the long-term resilience and sustainability of N. antarctica secondary forests.
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Abbreviations
The following abbreviations are used in this manuscript:

NCP Nature’s contributions to people
MCDA Multi criteria decision analysis
GP Goal Programming
EGP Extended Goal Programming
DM Decision makers
NO No cutting
LOW Low cutting intensity
MID Medium cutting intensity
HI High cutting intensity

Appendix A

Table A1. Indicators considered in the analysis that have shown a response to management.

Indicator Type NCP Category References

Firewood harvesting (m3 ha−1) + Energy (NCP 11) [16]

Wood production (% survival of afforestation) + Provision of materials (NCP 13) [23]

Pollinators diversity (Chao 1) +

Maintenance of options (NCP 18)

[15]
Folivorous arthropods diversity (H’) + [29]

Plant taxonomic diversity (H’) + [29]
Plant functional diversity (Rao Q) + [28]

Litter production (m2 ha−1) + Formation, protection of soils (NCP 8) [25]
Litter decomposition (% o.m.r.) + [27]

Fire prevention
Live fuel continuity (m2 ha−1)

(−)
Regulation of hazards (NCP 9) [25]

Live fuel moisture content (%) (+)

Invasibility (% exotic pines germination) − Regulation of detrimental organisms and biological
processes (NCP 10)

[30]
Folivory (% leaf damage) − [29]
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