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ABSTRACT

The Amazon basin is one of the most extensive, biodiverse, and dynamic tropical forest ecosystems on the earth.
The Colombian Amazon basin occupies an area of approx. 34 million hectares, located in the country’s southeast.
The literature about the economic valuation of ecosystem services (ES) and the spatial information on remnant
natural resources in the Colombian Amazon basin was revised through various information sources to document
the earliest approximation to the state, spatial distribution, and economic value of the remnant natural capital at
the scale of biomes, specific ecosystems, and political-administrative units. Our assessment estimated a natural
capital loss of 18.1 billion $/year (equivalent to 6.7% of Colombian GDP in 2020) and a remnant natural capital
worth 153.9 billion $/year (57% of Colombia’s GDP in 2020) for eight ecosystem services. This research founds
that a potential expansion in extensive and intensive livestock production systems (in a ten-year projection) will
generate an additional loss of remnant natural capital of approximately 9.1 billion $/year. Finally, considering
that 63% of the remnant natural capital is represented in indigenous reservations and 28% in protected areas, it
is essential that the political management of the Amazon Basin concentrate on strengthening these land man-
agement figures. Improving the governability of indigenous lands and incentive sustainable agricultural and
cattle ranching production, are the principal political challenges.

1. Introduction

The importance of natural capital for human well-being has been
widely recognized (Daily and Matson, 2008). The concept of natural
capital refers to the living and non-living components of ecosystems
(ecosystem assets) that provide a continuous flow of goods and services
(Guerry et al., 2015; van den Belt and Blake, 2015). Through this
approach, it is possible to understand that stocks of renewable and
non-renewable natural assets promote direct and indirect benefits to
people in the form of ecosystem services that sustain society (Hinson
et al., 2022). Once this is understood, the time has come to include
natural capital in decision-making, otherwise current and future human
well-being can be drastically affected (Costanza et al., 1997; Daily and
Matson, 2008). Natural capital is fundamental to enabling critical and
irreplaceable functions (Ekins, 2003); however, natural capital and the
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ecosystem services derived from it are often undervalued by Govern-
ments, businesses and the public (Daily et al., 2009). Therefore, natural
capital accounts are an important additional tool to inform sustainable
development (Guerry et al., 2015). In this regard, valuation plays an
important role (Costanza et al., 2014; Daily et al., 2009).

According to Strand and collaborators (2018), the significance of
monetary valuations has encouraged several scientific efforts to
generate total value estimates for the Amazon Forest’s ecosystem ser-
vices (Costanza et al., 1997, 2017). Recent works have highlighted the
importance of calculating marginal ecosystem service values. It means,
the cost (benefit) of conversion (preserving) an additional unit area of
forest (Andersen et al., 2002; Strand, 2017), and estimated spatially
explicit economic values for a range of ecosystem services provided by
the Brazilian Amazon Forest, including a mapping of biodiversity re-
sources and income loss for timber production through fire-induced
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degradation (Strand et al., 2018). What characterizes these studies
carried out in the Amazon is that value levels are amply varying. For
instance, the Brazilian Amazon Forest was assessed as having a total
marginal value of US$1175ha/year in 1993 (Torras, 2000) and between
US$431 and US$3135ha/year in 1995 (Andersen et al., 2002). More
recently, de Groot and collaborators (2012) delivered a total average
value of US$5264ha/year for 22 categories of ecosystem services
throughout all tropical forests. These studies usually present average
values for tropical forests without accounting for differences in land use
and employ value homogenization to account for methodological dif-
ferences across referenced valuation studies. Nevertheless, a synthesis of
economic values has never been developed for the Colombian Amazon
basin-provided ecosystem services (Ruiz-Agudelo et al., 2020).

The Amazon basin is one of the most important bioregions for the
continent and the biosphere due to its biological, social, and cultural
diversity and ecosystem services (Rice et al., 2018). Moreover, multiple
pressures, both present and past, have threatened the region’s sustain-
ability and the provision of critical ecosystem services, adversely
affecting worldwide human wellbeing (Gondim et al., 2017; Ruiz-Agu-
delo et al., 2020). Any attempt to an approximation to the value of the
Amazon’s remnant natural capital (Mora, 2019), the Colombian
Amazon basin, in this case, constitutes a significant contribution to
informed conservation and management of such a critical ecoregion.

Therefore, the literature about the economic valuation of ecosystem
services (ES) and the spatial information about remnant natural re-
sources after human transformation in the Colombian Amazon basin was
revised using various sources of information. The objectives of this
research were: (1) - To provide an account of the current state of
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knowledge about ecosystem services (ES) economic valuation in the
Colombian Amazon Basin. (2) - To develop the first approximation to the
state, spatial distribution, and economic value (in international dollars
of the year 2020 -Int.$2020/year) of the current and future remnant
natural capital of this basin regarding biomes, specific ecosystems, and
political-administrative units.

2. Methods
2.1. Study area

Colombia is in the northwest of the South American continent and
has a land area of 1'141,748 km2, a marine area covering 928,660 km2,
a population of 48258,494 (DANE, 2021), and is the fourth most
populous country in the American continent. Most of its population in-
habits the central (Andean) and north (Caribbean) regions. The country
is divided into 32 geographic regions (departments) and a capital district
(Bogota) of 8879,000 inhabitants. In addition, according to the National
Biodiversity Index provide (NBI) by the Convention on Biological Di-
versity in the Global Biodiversity Outlook 1 (https://www.cbd.int/
gbol/annex.shtml), Colombia is an outstanding mega-diverse country
(NBI= 0.93/1).

The Colombian Amazon basin (Fig. 1) holds an area of approx. 34
million hectares and is located in the country’s southeast. According to
the Colombian hydrographic zoning map (IDEAM, 2010), the basin
comprises the departments of Amazonas, Guaviare, Caquetd, Vaupes,
Guainia, Putumayo, and Meta, Narino, Huila, and Cauca to a lesser
extent. There are heights above 4000 meters above sea level in its
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Fig. 1. Study area. The Colombian Amazon basin.
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watershed. Its population density is low (2.5 inhab/km2); however, it is
regarded as one of the most dynamic regions in terms of internal
migratory activities, mainly as a result of colonization during the early
20th century and forced displacement and violence during the period
between 1985 and 2005 (Armenteras et al., 2019). The region’s share of
the national Gross domestic product (GDP) is 1.1%, explained by its
scarce connectivity whit other regions. An exception is the most north-
western portion of the Amazon, which has a comparatively significant
population that generates around 81% of the regional income (Meisel
et al., 2013; Armenteras et al., 2019). About 11.78% of the Colombian
Amazon area is part of the National Park System, and 45.83% of it is
indigenous reservations; most of these territories are categorized as
forest reserves (Murcia et al., 2007).

The most serious environmental threat to the Colombian Amazon
basin is deforestation due to land grabbing for pasture lands, illicit crops
to a minor extent, and gold illegal mining (Armenteras et al., 2006;
Davalos et al., 2011, 2016; Armenteras et al., 2019; Gonzalez-Gonzalez
et al.,, 2021). Deforested areas are generally converted to pastures
(Rodrigues et al., 2009; Lavelle et al., 2016). Biodiversity and ecosystem
services loss become relevant as deforestation continues (Decaéns et al.,
2018). Climate regulation, water cycling, and soil erosion are the
ecosystem services most affected by the proliferation of pastures (Gri-
maldi et al., 2014). On the other hand, climate change will also signif-
icantly impact the distribution and biodiversity of Amazonian forests
(Phillips et al., 2008). The latest generation of land-use models suggests
that changes in rainfall due to deforestation may even be sufficient to
cause ecological "tipping points" in some regions of the Amazon and
transform tropical forests into deciduous forests or even savannahs
(Malhado et al., 2010; Pires and Costa, 2013; Lovejoy and Nobre, 2018).

2.2. Methodological process

The paper is focused on vegetation natural capital stocks; using bi-
omes and ecosystem types. For the estimation of the Remnant Natural
Capital (RNC) in the Colombian Amazon basin, three phases were pro-
posed (Fig. 2).

2.2.1. Phase 1: data standardization
Review and standardization of ecosystem services economic values. Several

sources of information were examined in this paper to collect informa-
tion on the Colombian Amazon Basin’s ecosystem services economic
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valuation:

1 National and international peer-reviewed journals: A systematic
literature search was conducted using journals whose papers con-
tained the following search terms (in English and Spanish):
Ecosystem services, economic valuation, valuation, Colombian eco-
systems, biodiversity, ecosystem services valuation, ecosystem
valuation, human wellbeing valuation, Amazon region, Colombian
Amazon basin. Each search term was combined with Colombian
municipality’s and department’s official names. Papers were sourced
from the following science databases: Science Direct, SCOPUS,
SCIELO, ISI Web of Knowledge, web of science, DIALNET, EBSCO,
REDALYC, and Google Scholar.

2 Technical reports of Government environmental institutions: Docu-
ment databases of the following Colombian Government institutions
were reviewed: Ministry of Environment and Sustainable Develop-
ment (MADS. https://www.minambiente.gov.co/), Regional Envi-
ronmental Authorities (Regional Autonomous Corporations. https
://www.asocars.org/), National natural parks of Colombia (http
s://www.parquesnacionales.gov.co/portal/es/),  Biological Re-
sources Research, Institute Alexander von Humboldt (IAvH Institute.
http://www.humboldt.org.co/es), Amazon Institute of Scientific
Research (SINCHI Institute. https://sinchi.org.co/), and Institute of
environmental studies (IDEAM. http://www.ideam.gov.co/).

3 The web and several university (domestic or foreign) collections of
books, theses, and working papers, in both Spanish and English.

4 Databases of Ecosystem services valuation. EVRI (Environmental
Valuation Reference Inventory, https://www.evri.ca/en). EVRI is a
searchable online database of studies on the economic valuation of
environmental assets. Other valuation literature databases that were
consulted included ESValues (https://esvalues.org/) and the
Ecosystem Services Valuation. Database (ESVD. https://www.es-pa
rtnership.org/esvd/) (De Groot et al., 2020. The last version of
December 2020).

As for the choice of studies concerning the economic valuation of the
Colombian Amazon basin’s ecosystem services, we defined a series of
selection criteria based on the works of Ruiz-Agudelo et al. (2011),
Ruiz-Agudelo and Bello (2014), and Ruiz-Agudelo et al. (2022). Our
selection criteria included: (a) must have been conducted in the
Colombian Amazon basin; (b) be an original case study; (c) provide
information about the valuation method employed; (d) provide a
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Fig. 2. Proposed phases to estimate the RNC in the Colombian Amazonian basin.
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monetary value for any given ecosystem service and (e) provide a
detailed location of the case study.

This research identified 26 cases studies (88 economic valuations of
environmental goods or services - EVESs) dealing with the Colombian
Amazon basin. Values are reported in the literature in a wide variety of
currencies, price level per year, spatial units, temporal units, and ben-
eficiary units. Following de Groot et al. (2020), the standard unit we
used was Int.$2020 (USD adjusted for differences in purchasing power
across countries), per hectare, and per year for the total number of
beneficiaries. We applied a five-step standardization process: price level,
currency, spatial unit, temporal unit, beneficiary unit, suggested by De
Groot et al. (2020) and Ruiz-Agudelo et al. (2022). Finally, essential
information was recorded from each study, including publication de-
scriptors and geographic information (Supplementary material 1). The
Amazon ecosystems/biomes were identified following the Colombian
continental, coastal, and marine ecosystems map (IDEAM, 2017).
Ecosystem names were homologated, according to the IUCN Global
Ecosystem Typology 2.0 (Keith et al., 2020). This research applied the
CICES V5.1 ecosystem services classification (Young and Potschin,
2018). The specific economic valuation method employed was docu-
mented for each value observed, following the categorization of eco-
nomic valuation methods built by Brander et al. (2018) and De Groot
et al. (2020).

Review and standardization of geographic information sources. The
following sources of cartographic information were employed to esti-
mate, and map lost and remnant natural capital in the Colombian
Amazon basin:

1 To define the official limits of the Colombian Amazon Basin, we
resorted to the Colombian Hydrographic Zoning map (IDEAM, 2013)
on a scale of 1: 100000.

2 The information about political-administrative divisions (de-
partments, municipalities, and villages) was retrieved from the
official base cartography of the Agustin Codazzi Geographical Insti-
tute (IGAC, 2022) on a scale of 1:100000.

3 To define and map the biomes, original, transformed and natural
(remnants), of the Colombian Amazon Basin, we turned to the in-
formation from the 2017 Colombian continental, coastal, and marine
ecosystems map (V.2.1) (IDEAM; 2017) at 1:100000 scale. This map
offers spatial information on the ecosystems and original, natural
and transformed biomes and is the tool that the Colombian envi-
ronmental authorities use to monitor the state of ecosystem trans-
formation in the country.

4 To identify future threats to the RNC of the Colombian Amazon
Basin, we referred to two specific sources:

a SIPRA (Information System for Rural Agricultural Planning of
Colombia) (UPRA, 2022a). Spatial information on the zoning of
suitability was used at a scale of 1:100000 specifically for the
following production systems: Angleton grass (Dichantium arista-
tum, Dichantium anulatum; UPRA, 2022b), beef production (UPRA,
2022c), Brachiaria grass (Brachiaria decumbens; UPRA, 2022d),
Guinea grass (Megathyrsus maximus, UPRA, 2022e), Kikuyo grass
(Cenchrus clandestinus; UPRA, 2022f), Bovine milk production
(UPRA, 2022g), and Rice (Oryza sativa; UPRA, 2022h), considering
that these productive systems entail the biggest threats to the
ecosystems and biomes of the Colombian Amazon Basin.

b GLOBIO4 Scenario data (https://www.globio.info/what-is-
globio). The GLOBIO4 model (Schipper et al., 2020) produces
spatial datasets with scenario outcomes for land use/cover. Here,
we evaluated the changes in Colombian Amazon basin terrestrial
biodiversity, expressed by the mean species abundance (MSA)
metric, resulting from three of the shared socio-economic path-
ways (SSPs) combined with different levels of climate change
(according to representative concentration pathways [RCPs]): a
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future oriented towards sustainability (SSP1xRCP2.6), a future
determined by a politically divided world (SSP3xRCP6.0) and a
future with continued global dependency on fossil fuels
(SSP5xRCP8.5). All global model output datasets are in GeoTif
raster format and use the WGS84 coordinate system on a 10-arc-
second spatial resolution, this roughly equals 300x300 meters at
the equator (Schipper et al., 2020).

2.2.2. Phase 2: estimation of the current RNC

Mapping the economic values of ecosystem services and first estimation of
lost and remnant natural capital. According to the information sources
detailed in the preceding sections, 92 specific biomes are reported (and
39 general ecosystems. Supplementary material 2) for the Colombian
Amazon Basin. The following spatial analysis was applied to identify the
transformation rates of biomes.

BIOMEREMNANT; = BIOMEORIGINAL; — BIOMETRANS; (217 (€8]
Where:

BIOMEREMNANT;, is the area in hectares of remnant biome i.
Vector spatial information layer.

BIOMEORIGINAL;, is the prediction of the past (original) area in
hectares of the Biome i, according to IDEAM (2017). This is a vector
information layer.

BIOMETRANS; (2017), is the current transformed area in hectares (for
conventional and extensive agricultural, livestock, mining, infra-
structure, and other human interventions) of biome i, according to
the information from the IDEAM (2017). This is a vector information
layer.

i is correspondent with each of the 92 biomes reported in the Colombian
Amazon Basin.

The economic values of the lost and RNC in the Colombian Amazon
basin (Int.$2020/hectare/year) were obtained through the revision and
standardization values process. The first approach to total economic
value (EVgromeremnant,) of eachBIOMEREMNANT;, was estimated ac-
cording to equation two (2):

EV giomeremnant; = TEVESgiomeremnant,* BIOMEREMNANT; 2)

Where:

EVgiomeremnant; is the total economic value (Int.$2020/year)
ofBIOMEREMNANT ;.

TEVESgiomeremnant,; are the total economic values (Int.$2020/
hectare/year) of all ecosystem  service documented
forBIOMEREMNANT ;.

BIOMEREMNANT;, is the extension in hectares of remnant biome i.
Vector spatial information layer.

The total economic values (Int.$2020/hectare/year) of ecosystem
services forBIOMEREMNANT; was estimated as:

TEVESgiomrevmant, = Y ESV; ()

i=1

Where:

TEVESgpiomeremnant; are the total economic values (Int.$2020/
hectare/year) of all ecosystem  service = documented
forBIOMEREMNANT ;.

ESV; is the economic value (Int.$2020/hectare/year) of each
ecosystem service (ES) recorded for eachBIOMEREMNANT; .

The economic value of each ecosystem service (ESV;) was estimated
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using equation four (4), derived from the model proposed by Costanza
et al. (1997) and modified by Zhao and He (2018).

ESV; = ZAk * Vi 4
Where:

ESV; is the economic value (Int.$2020/hectare/year) of each
ecosystem service (ESi), recorded on eachBIOMEREMNANT ;.

A, refers to the area (in hectares) of land use k within
theBIOMEREMNANT;.

V. refers to the economic value of SEi for each type of land use k
withinBIOMEREMNANT ;.

Based on the above estimates, a database was built with the eco-
nomic values of the remnant and lost natural capital of the 92 biomes of
the Colombian Amazon basin (Supplementary material 3). Finally, those
estimated economic values were mapped at the 1:100000 scale in the
MAGNA-SIRGAS / Colombia Bogota - Zone coordinate system. All
spatial analyses were completed under the Spatial Analysis function of
the R program, and all the maps were edited in QGIS (Version 3.16.15).

2.2.3. Phase 3: projection for future scenarios

Economic valuation of RNC in future agricultural development scenarios.
Government spatial information on the projection of new areas with
potential for agricultural growth was used (UPRA, 2022). These maps
represent future scenarios for the expansion of crops and pastures for
livestock (native and improved). The purpose of this spatial analysis was
to identify potential losses of natural capital under these scenarios of
conventional (intensive and extensive) agricultural expansion, simu-
lating that such changes would be materialized in the period 2017 to
2027 (ten years).

The changes in the economic values (Int.$2020/hectare/year) of
each ES (ESVi) for each remnant biome was calculated using equation
five (5) according to Song and Deng (2017).

Eend - Extart

Ci = """ x 100% ®
Estarr ‘

Where:

C; is the change in the estimated value (Int.$2020/hectare/year) of
each ES (ESVi), for theBIOMEREMNANT;.

Estart is the estimated economic value (Int.$2020/hectare/year) of
each ES in 2017.

Eend is the estimated economic value (Int.$2020/hectare/year) of
each ES in 2027 when the agricultural growth projections are
materialized.

Following the elasticity concept of economics, which refers to the
measurement of a variable’s sensitivity to a change in another variable,
elasticity ESVi is due to the percentage change in land use (by projected
agricultural expansion) for eachBIOMEREMNANT;. The elasticity for-
mula of Song and Deng (2017) was applied, thusly.

(Eemi - Estart ) / Estart x 100

EEL =
LCP

(6)

Where:

EEL is the elasticity of the change in the value (Int.$2020/hectare/
year) of each ES, forBIOMEREMNANT;. regarding changes in land
use projected for agricultural expansion.

Estart is the economic value (Int.$2020/hectare/year) of each ES in
2017.
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Eend is the economic value (Int.$2020/hectare/year) of each ES in
2027 when the agricultural growth projections are materialized.
LCP is the percentage of land conversion from a remnant biome
(2017) to an area for conventional agricultural production (2027).

The LCP is estimated as follows:

" LUT; 1
2izo x= x 100% )]

Lep = ZiE i
S ALUT, ™ T

Where:

LCP is the percentage of land conversion from a remnant biome
(2017) to an area of conventional agricultural production (2027).
LUTi is the estimated area in hectares of type i land use for a BIO-
MEREMNANTi in 2017.

ALUTiis the estimated area converted from type i land use (for a
BIOMEREMNANTi in 2017) to new lands for conventional agricul-
tural (in 2027).

T is the time interval (in years) of the period of change (in this case,
ten years).

Economic valuation of RNC in future global change scenarios. We use the
maps derived from the GLOBIO4 model (Schipper et al., 2020) down-
scaling to the Colombian Amazon basin. The models used were: 1. A
future-oriented toward sustainability (SSP1xRCP2.6). 2. A future
determined by a politically divided world (SSP3xRCP6.0). 3. A future
with continued global dependency on fossil fuels (SSP5xRCP8.5). The
models are expressed by the mean species abundance (MSA) metric and
result from three shared socioeconomic pathways (SSPs) combined with
different levels of climate change for the 2050 year. The changes in the
economic values (Int.$2020/hectare/year) of each ES for each remnant
biome were calculated using equations five (5), six (6), and seven (7).
We define that Estart = 2017 and Eend = 2050. Additionally, we suppose
that the land cover change to non-natural cover in 2050.

3. Results

3.1. General overview of the Colombian Amazon basin’s biomes and
general ecosystems

According to this research, 92 biomes and 39 general ecosystems
exist in the Colombian Amazon basin, which adds up to 34 million
hectares. Approximate four million hectares have been transformed (for
multiple anthropic activities), preserving a little more than 30 million
hectares in their natural state. Fig. 3 show that three biomes have been
100% transformed (Helobioma Picachos, Zonobioma Alternohidrico Trop-
ical Huila- Caqueta, and Zonobioma Alternohidrico Tropical Picachos; 5844
hectares), and 17 biomes have been transformed between 30% and 98%
(3.4 million hectares). On the other hand, 35 biomes display no human
intervention (Fig. 3A, Table 1S-Supplementary material 4). At an
ecosystem scale (Fig. 3B, Table 2S-Supplementary material 4), the
Livestock Agroecosystem (Approx. 2 million hectares), Mosaic agro-
ecosystems of pastures and natural spaces (Approx. 639,748 ha), Tran-
sitionally transformed (Approx. 535,525 ha), and Secondary vegetation
(Approx. 513,868 ha) are the most extensive in the Colombian Amazon
Basin.

3.2. Economic values of the ecosystem services (EVES) identified in the
Colombian Amazon basin

Based on the review and standardization of the EVES, monetary
values were identified for eight (8) ecosystem services: habitat conser-
vation (Maintenance of species’ life cycles; incl. nursery service), op-
portunities for recreation and tourism, food, erosion prevention, water,
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Fig. 3. 3A. Location of biomes with a human transformation between 30% and 100%. 3B. Location of transformed ecosystems.
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ical control.
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climate regulation, fishing, and biological control (Fig. 4, Supplemen-
tary material 5).

3.3. The first approach to the natural capital of Colombian Amazon basin
original biomes

The natural capital of the Colombian Amazon basin’s original biomes
amounted to approx. 172 billion Int.$2020/year (Table 1S - Supple-
mentary material 6). It is crucial to stress that this research documented
no monetary values for 19 biomes, which add up to 205,000 ha (0.6% of
the Colombian Amazon basin total extension). In Fig. 5A, the monetary
values vary between 0.80 and 10,319 Int.$2020/ha/year (standard de-
viation of 2110). The lowest values appear in the original biomes:
Zonobioma Alternohidrico Tropical Picachos, Hidrobioma Alto Guayabero,
Peinobioma Yari-Chiribiquete, Hidrobioma Huila-Caquetd, and the Oro-
bioma de Paramo de Caqueta Influencia Cordillera Central. On the other
hand, the highest values (Int.$2020/ha/year) occur in the original bi-
omes: Orobioma Andino Cordillera Central, Hidrobioma Cordillera Central,
Orobioma Subandino Cordillera Central. The original Amazon biomes
with the highest total economic values worth of natural capital (Sup-
plementary material 6, Fig. 5B) are the Zonobioma Hiimedo Tropical
Huitoto-Cahuinari (25 billion Int.$2020/year), followed by the Zono-
bioma Hiimedo Tropical Yari-Chiribiquete (23 billion Int.$2020/year) and
the Zonobioma Hiimedo Tropical Apaporis (21billion Int.$2020/year).

3.4. The first approach to natural capital loss in the Colombian Amazon
basin biomes

There is an 18.099 billion Int.$2020/year loss of natural capital in 58
biomes (Table 2S -Supplementary material 6) and 11 general ecosystems
(Table 3S - Supplementary Material 6). Natural capital losses, in Int.
$2020/ha/year, vary between 0.82 (Zonobioma Alternohidrico Tropical
Picachos) and 10,346.56 (Orobioma Subandino Cordillera Central), with a
standard deviation of 1,766.80 (Fig. 6A). The biomes with the most
relevant total losses of natural capital (due to anthropic transformation)
are the Zonobioma Hiimedo Tropical Yari-Chiribiquete (5.6 billion Int.
$2020/year), followed by Zonobioma Hiimedo Tropical Alto Putumayo
(1.8 billion Int.$2020/year), Zonobioma Hiimedo Tropical Alto Caqueta
(1.7 billion), and Zonobioma Hiimedo Tropical Piedemonte Amazonas (1.1
billion) (Table 2S - Supplementary material 6, Fig. 6B). At the scale of
political-administrative divisions (Fig. 6C), Caqueta (9.7 billion Int.
$2020/year), Putumayo (3.6 billion), and Guaviare (1.8 billion) are the
Amazon basin departments with the most significant total losses of
natural capital.

On the other hand, natural capital loss values vary between 3183 and
5931 Int.$2020/ha/year at the General Ecosystems level (Fig. 1S -
Supplementary Material 6). The ecosystems with the highest total loss of
natural capital (Int.$2020/year) in the Colombian Amazon basin are
Livestock agroecosystem (7.4 billion), Mosaic agroecosystem of pastures
and natural spaces (3 billion), Secondary vegetation (2.6 billion),
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Transitional transformed (2.5 billion), and Fragmented Forest with
secondary vegetation (1 billion) (Table 3S and Fig. 2S - Supplementary
Material 6).

3.5. The first approach to the remnant natural capital of Colombian
Amazon basin biomes

The Colombian Amazon basin remnant natural capital amounts to
153.9 billion Int.$2020/year. The values of the remnant natural capital
in Int.$2020/ha/year range between 975.33 and 10,290 with a standard
deviation of 2,000.28 (Fig. 7A and Table 4S - Supplementary material 6).
The total values of remnant natural capital in Int.$2020/year vary be-
tween 16,416 (Hidrobioma Alto Guayabero) and 24.6 billion (Zonobioma
Hiimedo Tropical Huitoto-Cahuinari) (Fig. 7B and Table 4S -Supplemen-
tary material 6). The Amazonian departments with the highest total
values of remnant natural capital (Int.$2020/year) are Amazonas (48.6
billion), Caqueta (30.6 billion), and Vaupes (23.3 billion) (Fig. 7C).

At a General Ecosystems level, remnant natural capital values (Int.
$2020/ha/year) vary between 1346 and 11,852 (Table 5S, Fig. 3S -
Supplementary Material 6). The ecosystems with the highest total
remnant natural capital (Int.$2020/year) in the Colombian Amazon
basin are Humid basal forest (119.6 billion), Basal flooding forest (13.1
billion), Humid Andean Forest (5.2 billion), and Humid Sub- Andean
Forest (3.9 billion) (Table 5S, Fig. 4S -Supplementary Material 6).

Finally, per our analyses, 63% of the remnant natural capital of the
Colombian Amazon basin (96.5 billion Int.$2020/year) is represented in
156 Indigenous Reservations. On the other hand, 28% of remnant nat-
ural capital (43 billion Int.$2020/year) is contained in the 40 Natural
Protected Areas (national, regional, and local) identified.

3.6. Probable loss of remnant natural capital during future socioeconomic
development scenarios

3.6.1. RNC losses in future agricultural development scenarios

Our results suggest that if Angleton grass production systems were
allowed to expand (in a 10-year scenario 2017-2027), about 1.6 billion
Int.$2020/year would be lost (Table 1S - Supplementary material 7).
The biomes most affected in their remnant natural capital would be
Zonobioma Hiimedo Tropical Yari-Chiribiquete (407 million Int.$2020/
year), Helobioma Alto Putumayo (357 million), Helobioma Yari-Chir-
ibiquete (165 million), and Zonobioma Hiimedo Tropical Piedemonte
Amazonas (102 million). In the case of beef production systems being
allowed to expand (in a 10-year scenario 2017-2027), around 9.1 billion
Int.$2020/year would be lost mainly in the Zonobioma Hiimedo Tropical
Yari-Chiribiquete (3.7 billion) and the Zonobioma Hitimedo Tropical del
Alto Caqueta (1.3 billion) (Table 2S - Supplementary material 7). The
situation would be similar if the Brachiaria grass, Guinea grass, and
bovine milk production systems were allowed to expand it would
represent losses of approximately 9 billion, 9.1 billion, and 9.1 billion
Int.$2020/year, respectively (Tables 3S, 4S, and 5S - Supplementary
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Fig. 6. Maps of monetary values of natural capital loss: 6A. Natural capital loss in Amazon biomes (Int.$2020/ha/year). 6B. Amazon biomes’ total natural capital
loss (Int.$2020/year). 6C. Amazon departments’ total natural capital loss (Int.$2020/year).
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Fig. 7. Maps of remnant natural capital monetary value: 7A. Remnant natural capital of Amazon biomes (Int.$2020/ha/year). 7B. Remnant natural capital of
Amazon biomes (Int.$2020/year). 7C. Total remnant natural capital of Amazon departments (Int.$2020/year).

material 7). Now, if an expansion in rice crops is encouraged, losses of
4.7 billion Int.$2020/year of remnant natural capital are expected,
mainly in the Zonobioma Hiimedo Tropical Yari-Chiribiquete (1.3 billion)
and the Zonobioma Hiimedo Tropical del Alto Caqueta (938 million)
(Tables 6S - Supplementary material 7). Finally, losses in remnant nat-
ural capital are projected at 848 million Int.$2020/year under a Kikuyo
grass expansion.

3.6.2. RNC losses in future global change scenarios

Our results on the downscaling of the GLOBIO4 models to the
Colombian Amazon basin indicate that under a scenario of continued
global dependency on fossil fuels (SSP5XxRCP8.5), they wait for addi-
tional losses of the remnant natural capital of 24 billion Int.$2020/year,
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Fig. 8. 8A. Global dependency on fossil fuels (SSP5XxRCP8.5): 8B. Future determined by a politically divided world (SSP3xRCP6.0).

sustainability (SSP1xRCP2.6).

by 2050 (Fig. 8A). Under the scenario of a future determined by a
politically divided world (SSP3xRCP6.0), additional losses of 17 billion
Int.$2020/year are estimated (Fig. 8B). Finally, the scene where they
estimate the minor losses (by 2050), is a future-oriented toward sus-
tainability (SSP1xRCP2.6), with a value of 12 billion Int.$2020/year
(Fig. 8C).

4. Discussion

4.1. Economic values of Colombian Amazon basin ecosystem services and
restrictions on available information

This approximation for the Colombian Amazon basin aligns with
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Strand and collaborators (2018), pointing out that existing assessments
vary widely and those values have increased dramatically in recent
years, at least in the Amazon region. In this vein, broad variability
patterns are reported by Andersen and collaborators (2002): between US
$431 and US$3135 ha/year in 1995 for the Brazilian Amazon Forest (11
Ecosystem services). De Groot et al. (2012) reached a total average value
of US$5264 ha/year for 22 ecosystem services in all tropical forests in
synthesizing 665 value estimates in 2007; Costanza et al. (2014) reached
similar conclusions (US$5382 ha/year). A more recent study Strand
et al. (2018), also on the Brazilian Amazon, reported much lower values
for four ecosystem services: between US$56.72 and US$737 ha/year,
which stem from adopting a singular methodological approach (income
losses from additional deforestation). The foregoing shows that the
methodological approach is responsible, to a reasonable extent, for the
variability reported regarding the monetary values of the ecosystem
services assessed concerning their different contributions. It is also
evident that there is little knowledge about the economic values of the
ecosystem services provided by the Amazon rainforest; for the Colombia
case, this research represents the first approximation in that vein.

This research shows that estimates of monetary valuation of indi-
vidual ecosystem services vary significantly; for this reason, these results
should be interpreted as a first approximation that can be complemented
further research. Future research on some ESs is necessary, such as waste
treatment, pollination, moderation of extreme events, medicinal re-
sources, soil fertility, cultural and spiritual, and maintenance of genetic
diversity, which have been poorly studied, in order to have a better
understanding of these processes and ecosystem services and their
contribution to the natural capital of the Colombian Amazon basin.

In the context of the Colombian Amazon basin, there are many
benefits to valuing ecosystem services, such as the informed imple-
mentation of economic instruments, including paying for ecosystem
services, but its importance is further reaching. Monetary valuation of
ecosystem services can assist policymakers in managing different human
wellbeing elements, providing grounds for economic and environmental
sustainability. In a spatially explicit context, it can complement biodi-
versity assessments to more accurately identify areas that are key for
sustaining provision of critical ecosystem services and therefore priority
for protection (Potapov et al., 2017; Armenteras et al., 2019).

4.2. The present and future of the Colombian Amazon basin’s RNC.
Implications of this first approximation

4.2.1. Natural capital losses in the Colombia Amazon basin

The increasing pressure for energy, water resources, and fertilizers,
and the worldwide expansion of areas for construction, farming, and
livestock (Solomon et al., 2019), may exacerbate the tension over
limited natural resources and may also damage the ability to sustain the
supply of ecosystem services (Foley et al., 2005). This situation is also
underway in the Colombian Amazon Basin. According to Armenteras
and collaborators (2019), Colombia has a high rate of intact forests and
several fronts of dynamic colonization and deforestation. Unfortunately,
NW Amazonia has become one of the newest hotspots for forest loss in
the Amazon basin. Saatchi et al. (2021) developed a tropical forest
vulnerability index to detect and evaluate the vulnerability of global
tropical forests to threats across space and time and showed the Forests
in the Americas as extensively vulnerable to anthropic stressors.

Our results are comparable to those reported by Franklin and Pin-
dyck (2018), who estimated the present value of lost economic benefits
per hectare of deforestation at 3789 US$ per hectare for seven ESs in the
great Amazon basin across nine countries. Higher colonization pressures
may explain the remarkably high deforestation rates in the departments
of Caquetd and Putumayo, together with the expansion of the frontiers
of agriculture and intensified illegal coca growing (Correa-Ayram et al.,
2020; Gutiérrez-Sanin, 2021).

The repercussions of the losses in natural capital in the Colombian
Amazon Basin can be analyzed from two approaches: 1. The impacts of
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deforestation in the Amazon and the degradation on biodiversity and
ecosystem services, and 2. The socioeconomic effects from the natural
capital perspective:

1 According to Matricardi et al. (2020), deforestation, along with
forest degradation and climate change, are the most critical threats
to tropical forest ecosystems. The average annual rate of forest loss in
the tropics raised about 30% in the 2010s regarding the 2000s,
reaching 3.7 M ha (Butler, 2019; Hansen et al., 2019). Tropical forest
ecosystems often host biodiversity hotspots, particularly threatened
by habitat loss and degradation (Myers et al., 2000; Negret et al.,
2021). Such an accelerated forest loss in the tropics is putting
biodiversity (Martins et al., 2021) and ecosystem services at stake
(Navarrete et al., 2016; UICN, 2017; Carvalho et al., 2020; Ruiz-A-
gudelo et al., 2020).

2 Different economics studies suggest that this is one of the least
prosperous areas in Colombia, which is reflected in the population’s
comparatively poor welfare conditions. Among the explanatory
factors associated with this backwardness, Meisel-Roca and collab-
orators (2013) argue that the region’s geographic and economic
isolation has constrained the conformation of regional economies
and, thereby, economic growth. The gross domestic product (GDP)
expressed in current international dollars, translated through the
purchasing power parity (PPP) conversion factor of Colombia for
2020, was 270.3 billion (World Bank, 2022). This implies that the
natural capital lost in the Amazon is equivalent to 6.7% of the
Colombian 2020 GDP, a significant percentage when considering
that the contribution of the Amazonian departments to the Colom-
bian GDP (for 2020) amounts to approximately 0.23% (DANE,
2022).

4.2.2. The current RNC in the Colombian Amazon basin

Other studies have advanced global and national estimates of
ecosystem services’ economic value. At a global assessment level, de
Groot and collaborators (2012) estimated the value of one hectare of
tropical forest at 5264 (Int.$/ha/year, 2007), while Costanza et al.
(2014) estimated the same value at 5382 (2007$/ha/year), these eval-
uations involve 20 ESs and are close to our estimates in the Colombian
Amazon Basin’s biomes and ecosystems which is, on average, 4855 (Int.
$2020/ha/year). Now, at a national assessment level, the contributions
of Kubiszewski et al. (2017) and Hernandez-Blanco et al. (2020) become
relevant as they estimated the total value of ecosystem services in
Colombia (under different scenarios) at 717 billion USD/year in 2011.
More recently, Jiang et al. (20221), in their mapping of the global value
of terrestrial ecosystem services by country, estimates the value of seven
ES (by calculating the Gross Ecosystem Product- GEP) for Colombia at
2.2 trillion dollars.

Reduction in annual production of ecosystem services would be on
the order of 57% of the reported GDP for the country in 2020, a sig-
nificant percentage that welcomes rethinking the ecoregion’s impor-
tance. It also invites new management strategies to enhance the multiple
socioeconomic benefits of sustainably using the remnant natural capital
of the Colombian Amazon}. According to Fedele and collaborators
(2021), the proportion of people highly dependent on nature in the
Amazon basin ranges between 40% and 60%. This high dependency
represents a new challenge for remnant natural capital management,
which must ensure a sustainable flow of vital benefits (natural housing
materials, energy from biomass, water from natural sources, among
others) for a human population highly dependent on these.

At the scale of biomes and political-administrative divisions, the
remnant natural capital is concentrated in Colombian Amazon basin-
specific sectors (Fig. 7). This situation is explained (partly) by the land
management schemes implemented in these territories. De Los Rios
(2022) points out that the evidence suggests that the creation of Pro-
tected Areas and indigenous Reserves has helped reduce deforestation in
the Colombian Amazon. Furthermore, he proved that the overlap of
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Protected Areas and indigenous Reserves significantly reduces defores-
tation. Therefore, indigenous Peoples have shaped and managed vast
tracts of the Amazon rainforest for millennia, and their role is funda-
mental in conserving biodiversity (Fernandez-Llamazares et al., 2021),
ecosystem services, and natural capital.

4.2.3. The future of Colombian Amazon basin remnant natural capital

This contribution focused on the possible losses of remnant natural
capital due to the expansion of seven agricultural production systems,
under the assumption that these productive systems (intensives and
extensive) represent the major threats to the remnant biomes of the
Colombian Amazon Basin. Our results show that an expansion of beef
production systems (in a 10-year scenario) have a negative impact
generated new losses of remnant natural capital.

According to Polania-Hincapie and collaborators (2021), cattle
ranching accounts for the most significant land use in the Amazon region
of Colombia. Those poorly managed pasture systems typically entail soil
compaction, acidification, losses in organic matter, and soil erosion,
leading to soil health impairments and ecosystem services losses. Live-
stock production in the tropics has been widely questioned because of
the adopted production system, which involves establishing grass
monocultures with fewer animals per hectare (stocking rate) after cut-
ting and burning the native vegetation (Tapasco et al., 2019). Currently,
cattle ranching in the Colombian Amazon Basin is a significant concern;
Colombia has become the second hotspot for Amazon Basin deforesta-
tion after the Brazil deforestation arc (Coca-Castro et al., 2013; IDEAM,
2017). The possibility of expanding livestock production activities poses
an unmistakable threat to the conservation and sustainable use of the
remnant natural capital in the short- and medium-term. This future loss
of remnant natural capital could be mitigated if practices such as sil-
vopastoral systems were implemented. For example, Polania-Hincapie
et al. (2021) showed that introducing silvopastoral systems was an
efficient strategy to heal the physical quality of the soil, the systems’
biomass, and the capture soil carbon capacity for different areas of the
Colombian Amazon. The massive implementation of these silvopastoral
systems and more precise environmental zoning of these economic ac-
tivities constitute an important policy challenge for Amazon manage-
ment in Colombia.

On the other hand, Schipper and collaborators (2020) found
considerable variation in projected biodiversity change among different
world regions for the GLOBIO4 scenarios. For the Colombian Amazon
basin case, the minor losses of RNC are in the sustainability scenario
(SSP1xRCP2.6) scenario. According to this contribution, effective mea-
sures to halt or reverse the decline of terrestrial biodiversity and natural
capital should not only reduce land demand but also focus on reducing
or mitigating the impacts of other pressures (e.g., the climate change
impacts). In this way, another policy challenge is to identify the scenario
that configures the smallest losses and that allows for maintaining the
Amazon ecoregion resilience (Ruiz et al., 2020).

4.3. Uncertainties

According to Sumarga et al. (2015), regarding the spatial analysis of
ES values, a key issue in mapping ecosystem values is the generalization
error when a benefit transfer approach is used (Plummer, 2009; Liu
et al., 2010). This first approximation shows how three aspects of our
mapping approaches can reduce generalization error. Firstly, by only
using empirical data from specific cases within the Colombian Amazon
basin (Sumarga and Hein, 2014); this way, the potential error from
transferring values can be minimized. Secondly, by presenting the
spatial variation of ecosystem services inside a land cover type by
applying interpolation. Thirdly, by detailing the mapping units by
breaking down cover types in the Colombian Amazon Basin. In syn-
thesis, our results build on a far more refined approach to ecosystem
services valuation than those adopted by most studies.

This spatially explicit first approach to some critical natural capital
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components significantly enhances our ability to plan land use where
protection or sustainable use in different natural regions must be
prioritized. Decision-makers need to remain prudent about two aspects
of our work: First, our maps represent values for different groups at
different levels of society, for deforestation may incur economic losses to
individual production activities or miss opportunities to capture societal
benefits; second, our maps do not provide sufficient guidance where
value components that may contradict each other overlap. For instance,
regions with high timber values may overlap with highly biodiverse
areas, which benefit different social groups.

Future research should focus, in greater detail, on the potential
future impacts of the expansion of other economic activities such as legal
and illegal mining (Rodriguez- Zapata and Ruiz-Agudelo, 2021), oil and
gas exploitation (Codato et al., 2019), palm oil (Ocampo-Penuela et al.,
2018), and the expansion of other types of agricultural systems
(Rodriguez et al., 2021). In addition, to estimate the tradeoffs between
conservation and livestock and agriculture sustainable practices
implementation.

5. Conclusions

Our research estimated a natural capital loss worth 18.1 billion Int.
$2020/year (equivalent to 6.7% of Colombian GDP in 2020) and a
remnant natural capital for eight ecosystem services worth 153.9 billion
Int.$2020/year (57% of Colombia’s GDP in 2020). Multiple challenges
arise from this first approximation. First, a broader assessment and
valuation of the multiple ecosystem services of the Colombian Amazon is
necessary; this is an urgent endeavor to measure with more certainty its
remnant natural capital and the social benefits derived from this. Sec-
ond, these results invite new management strategies to enhance the
multiple socioeconomic benefits derived from sustainably using the
remnant natural capital of the Colombian Amazon (e.g., promote the use
of economic instruments such as Payments for Ecosystems Services
focusing on the most valuable areas). Third, given that 63% of the
remnant natural capital is located in Indigenous Reservations and 28%
in Protected Areas, strengthening indigenous land sustainable manage-
ment and efficiency of the protected areas is essential; this last challenge
directly involves the Colombian Government. Finally, future planning
and zoning for productive activities in the Colombian Amazon Basin
must be more careful to avoid further loss of natural capital.
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