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In many parts of the foothills of the Orinoquia region of Colombia, cattle production
takes place on poorly drained soils. The region is dominated by extensive grazing
systems of Brachiaira humidicola cv. Humidicola, a grass with high adaptation potential
under temporal waterlogging conditions. Inadequate management practices and low
soil fertility result in degradation, however, with important negative effects on pasture
productivity and the quality and provision of (soil) ecosystem services—a situation
that is likely to worsen in the near future due to climate change. Against this
background, AGROSAVIA (Corporacion Colombiana de Investigacion Agropecuaria)
selected Arachis pintoi CIAT 22160 cv. Centauro (Centauro) as a promising alternative
for the sustainable intensification of livestock production and rehabilitation of degraded
areas. This study assesses dual-purpose milk production in the foothills of the Colombian
Orinoquia from an economic perspective. We compare two production systems: the
Centauro—Brachiaira humidicola cv. Humidicola association (new system) and Brachiaira
humidicola cv. Humidicola as a monoculture (traditional system). We used cashflow and
risk assessment models to estimate economic indicators. The projections for economic
returns consider changes in forage characteristics under regional climate change
scenarios RCP (2.6, 8.5). The LIFE-SIM model was used to simulate dairy production.
Results show that the inclusion of Centauro has the potential to increase animal
productivity and profitability under different market scenarios. The impact of climatic
variables on forage production is considerable in both climate change scenarios. Both
total area and potential distribution of Centauro could change, and biomass production
could decline. Brachiaira humidicola cv. Humidicola showed better persistence due to
higher nitrogen levels in soil when grown in association with Centauro. The legume
also provides a number of ecosystem services, such as improving soil structure and
composition, and also contributes to reducing greenhouse gas emissions. This helps to
improve the adaptation and mitigation capacity of the system.

Keywords: climate change, forage legumes, adoption, economic evaluation, risk analysis (RA), land-use change
(LUC)
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INTRODUCTION

Context of Improved Forages in the
Orinoquia

In many parts of the foothills of the Orinoquia region of
Colombia, cattle production takes place on poorly drained
soils. Consequently, extensive grazing systems characterize the
region and Brachiaira humidicola cv. Humidicola is the most
common feed option to be found. It was introduced in the
1970s in order to improve the production of the region, due
to its high adaptation potential under temporal waterlogging
conditions and good forage production (ICA, 1987). As a result
of inappropriate management practices and low soil fertility in
the region, however, most of these pastures are, today, in some
state of degradation (Rincon et al,, 2018). This has led to a
significant reduction in pasture productivity, as well as negative
effects on the quality and provision of soil ecosystem services
(Fonte et al., 2014; Galdino et al., 2015), generating important
economic and ecological implications for the region. Cattle and
dairy production are considered to be one of the main sources
of greenhouse gas emissions, derived from the digestion process
of the animals (methane and nitrous oxide emissions), the use
of nitrogen fertilizers, as well as the expansion of productive
areas through deforestation or the invasion of protected areas
(CIAT CORMACARENA, 2018). The cattle sector is therefore
considered one of the key sectors for interventions with great
potential for climate change mitigation. In this sense, achieving
intensive livestock farming in a sustainable way has become one
of the main approaches for sector development in the Orinoquia.

In short, this means more efficient cattle farms which consider,
protect and sustainably use existing water and environmental
resources, allowing for a reduction of greenhouse gas emissions
and deforestation levels. This focus is particularly important
for the Orinoquia, which is recognized for its strategic
environmental importance with ecosystems of high conversation
value, such as natural savannas, flooded forests, humid forests,
foothills, estuaries and wetlands. The need to achieve more
efficient cattle farming without affecting natural ecosystems is
enshrined in the most recent Regional Climate Change Plan for
the Orinoquia (CIAT CORMACARENA, 2018), which is aligned
with the national approaches defined in the Strategic Plan for the
Colombian Cattle Sector from 2019 (FEDEGAN, 2018)1.

This context is likely to aggravate under a climate change
scenario that would accelerate soil degradation processes (Olsson
et al, 2019), especially when combined with unsustainable
land use or poor management practices (Sattler et al., 2018).
According to the climate projections for the Orinoquia to 2100,
annual precipitation will decrease and maximum temperatures
will increase, leading to periods of more extreme heat and heat
stress (IDEAM, 2015). These forecasts would affect livestock
production mainly through (i) changes in biomass production
and quality of forages, which translates into a decrease in milk
and meat production, and (ii) heat stress in animals, which leads
to significant losses in production, growth, development and

IFEDEGAN: Federacién Colombiana de Ganaderos,
Federation.

Colombian Cattle

reproduction (CIAT CORMACARENA, 2018). Furthermore, not
only projected mean changes can have an impact, but also
changes in the variability and strength of extreme weather events,
leading to significant consequences for livestock production (e.g.,
increased frequency of heat stress, drought events and floods;
Thornton et al., 2009). The effect of these climatic phenomena
is also reflected at the macroeconomic level via prices, because
when faced with climatic events, food prices tend to vary,
generating transitory inflationary pressures (Melo et al., 2017). As
aresult of reductions in precipitation levels caused by the El Nifio
phenomenon, for example, a reduction in agricultural supply is
generated, which in turn leads to temporary price increases (Melo
et al., 2017).

Apart from the climatic impacts on local production systems,
the increasing demand for animal source food (OECD/FAO,
2020) creates pressure on livestock producers to extend
production areas. In the case of the Orinoquia, this can cause
increasing rates of deforestation and a penetration of important
local ecosystems (such as native savannas), leading to irreversible
changes within, and losses of, local ecosystems, biodiversity and
cultural heritage, aggravating climate change even further.

In this sense, there is an increasingly pressing need to
implement sustainable production systems with greater capacity
for adaptation and mitigation to climate change, systems that
contribute to maintaining, improving and protecting local
ecosystems. One of the most promising alternatives to achieve the
previous objectives, as well as to restore degraded areas, is the use
of forage legumes in livestock systems (Fisher et al., 1994; Shelton
et al., 2005; Murgueitio et al., 2011; Schultze-Kraft et al., 2018).
Their high protein content improves nutritional values and the
efficiency of animal feed, which in turn reduces enteric methane
emissions (Dickie et al., 2014). Legumes also contribute Nitrogen
(N) to the soil through symbiotic N fixation that improves both
soil fertility and forage persistence (Rao et al., 2014; Villegas et al.,
2020). According to Fisher et al. (1994), the association of deep-
rooted grasses with nitrogen-fixing legumes has three important
effects, namely (i) increased nutrient cycling, (ii) improved
animal production, and (iii) increased soil biological activity, and
thus play a key role in restoration, stabilizing the global carbon
cycle and reducing greenhouse gas emissions. In addition to that,
they provide many other ecosystem services, such as improved
soil structure, water infiltration, increased carbon accumulation,
favored biological activity, and contributions to weed control and
soil conservation (Jensen et al., 2012; Schultze-Kraft et al., 2018).

As part of the research efforts to identify forage legumes
adapted to the specific conditions of temporary water saturation
in the Orinoquia foothills, AGROSAVIA started evaluating
22 promising legumes in 2013. After 3 years of agronomic
evaluations, Arachis pintoi CIAT 22160 cv. Centauro (Centauro)
was selected as the most promising material for release. It
presents desirable characteristics in both productive terms (e.g.,
good nutritional quality, less weed presence, greater foliar
area, absence of pests and diseases) and environmental terms
(e.g., better soil coverage and, consequently, less susceptibility
to soil erosion) and has high potential for integration in
silvo-pastoral systems (shade tolerance) (Rincon et al., 2020).
These characteristics make Centauro a good alternative for
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the purposes of sustainable intensification and restoration of
degraded pastures in the region. When it comes to new
technologies, however, land-use and adoption decisions by
the livestock producer are mainly based on the profitability
promises that the technology can generate (Pannell et al., 2006).
Profitability is a fundamental attribute to incentivize or generate
adoption, information which, in many cases, is not available
to the livestock producer or the extension agents supporting
decision-making processes. Profitability is not, however, the only
measure since other factors exist that contribute to incentivizing
or discouraging the adoption of new technologies, such as
cultural, behavioral or environmental factors.

Regarding economic studies on the inclusion of Arachis pintoi
in livestock systems, limited advances have been made so far.
Most of them were carried out by the International Center
for Tropical Agriculture (CIAT) in Latin America more than
two decades ago. These studies mainly dealt with measuring
the effects on different economic indicators of the inclusion
of Arachis pintoi CIAT 17434 in grazing systems. Rivas and
Holmann (2000) evaluated changes that occurred between 1986
and 1997 in productive and economic indicators in farms in the
Colombian Caquetd Department that were early adopters of the
Arachis pintoi CIAT 17434 variety. According to their results,
production levels of both meat and milk more than doubled
with the inclusion of the legume, reflected in higher gross yields
per hectare (6%) and animal (20%). Based on these results,
the same authors carried out an ex-ante evaluation estimating
an Internal Rate of Return (IRR) of between 19.3 and 21.1%
resulting from the inclusion of the legume—which equates to
an increase compared to the traditional production system (IRR
= 12%). Evaluations in Costa Rica estimated a 30% reduction
in production costs per kilogram of milk associated with the
inclusion of Arachis pintoi and Cratylia (Peters et al., 2001). Also
in Costa Rica, Jansen et al. (1997) estimated an IRR of 122% in
a well-managed grass-legume association of Brachiaria brizantha
and Arachis pintoi. For the Amazon region of Brazil, Valentim
and Andrade (2005) estimated a gross profit per year of US$
4,000 generated by the adoption of Arachis pintoi by ~1,000
cattle producers. According to our literature review, neither more
recent economic analyses nor any quantitative risk assessments
or climate change impact estimates were found for Arachis pintoi,
nor the new CIAT 22160 Centauro variety. Our study therefore
contributes to closing an important knowledge gap and provides
updated information on the new Centauro variety, released in
2020, in order to facilitate dissemination and adoption processes
for the actors involved (e.g., cattle producers, extension agents,
development agencies or donors).

In this sense, the objective of our study is to evaluate the
economic viability of milk production in a dual-purpose cattle
system in the foothills region of the Colombian Orinoquia
under a grass-legume association with Brachiaria humidicola cv.
Humidicola and Arachis pintoi CIAT 22160 cv. Centauro (grass-
legume association). We compare these results with a traditional
production system under a Brachiaria humidicola cv. Humidicola
monoculture (grass monoculture). In order to estimate economic
indicators, we used a cashflow model and conducted a
risk assessment using a Monte Carlo simulation model. The

projection of economic returns is carried out considering
changes in forage characteristics (dry matter production) for both
production systems as a response to changes in projected climatic
variables, according to the climate change scenarios for the
Representative Concentration Pathways of the region (RCP 2.6
and 8.5; IDEAM, 2015). It also includes potential effects on price
variations as a consequence of recurring climatic events (El Nifio
and La Nina). With this information, profitability indicators for
each system (e.g., Net Present Value, Internal Rate of Return) are
calculated and help in the identification of the treatment with
better adaptability under climate change scenarios.

Research on Arachis pintoi in the

Neotropics

Historical Review: Technical Evaluation Processes of
Arachis pintoi in Colombia

The evaluation of Arachis genotypes in Colombia began in
1978 with the introduction of 45 accessions from germplasm
collections in the U.S. [i.e., from the University of Florida and the
United States Department of Agriculture (USDA)] by CIAT to
its Carimagua Research Center in the Orinoquia region (Rincon
et al.,, 1992). These accessions have been wild-collected since
1981 by USDA, EMBRAPA (Empresa Brasileira de Pesquisa
Agropecudria) and CIAT (Valls and Pizarro, 1995). Arachis
species are present in countries such as Brazil (more than 60 wild
species), Bolivia (15), Paraguay (14), Argentina (6), and Uruguay
(2) (Valls and Pizarro, 1995).

From 1987 to 1990, CIAT (in collaboration with other
institutions) worked on the selection of Arachis pintoi germplasm
with potential for adaptation to acid soils and to restore
large areas of degraded pastures in the Colombian Caquetd
Department. The grass-legume association of Arachis pintoi
with various species of Brachiaria was identified as the most
promising solution (Lascano et al., 2005), and after several years
of research, the variety Arachis pintoi CIAT 17434 (perennial
forage peanut) was released in 1992. The variety is characterized
by its good adaptation to climate and soil conditions in the
Colombia Orinoquia but also has some important limitations
such as slow establishment, low forage production during the
first 2 years and high defoliation rate in the dry season (Rincon,
2001). In an attempt to solve these problems, the evaluation of
new Arachis pintoi accessions was taken up in 1994 in various
South American countries (Colombia, Brazil, Ecuador, Peru and
Bolivia). The accession CIAT 22160 was among the evaluated
materials. This accession is native to Brazil, was found in the
eastern Andes, between the Amazon and La Plata rivers, and
was collected in 1992 by the researcher Wantuil Werneck and
delivered to the CIAT gene bank by EMBRAPA (Brazil).

The first evaluations of this material were made in Brazil in
1994 together with another 49 Arachis pintoi accessions. CIAT
22160 stood out for presenting high persistence during the dry
season (CIAT, 1994). In Colombia, the earliest evaluation records
of CIAT 22160 were documented by Moreno et al. (1999),
Cérdenas et al. (1999), and Peters et al. (2000) as part of a
multilocational trial with several Arachis pintoi accessions. The
objective was to find alternatives to Arachis pintoi CIAT 17434
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(perennial forage peanut) with higher adaptability. The evaluated
accessions were acquired by CIAT between 1993 and 1994 from
EMBRAPA-CENARGEN (Brazil) and the National Institute of
Agricultural Technology (INTA, Argentina) (CIAT, 1994). The
experiments were established between 1994 and 1995 in different
locations: (i) 39 accessions in a tropical dry forest (Moreno et al.,
1999), (ii) 41 accessions in a very humid premontane forest
(Cdrdenas et al., 1999), and (iii) 61 accessions in a very humid
forest ecosystem (Peters et al., 2000). Accession CIAT 22160 was
identified as promising material for very humid tropical forests,
with superior characteristics to the control variety (Arachis
pintoi CIAT 17434), such as greater rooting, faster growth,
higher dry matter production and a more efficient use of
Phosphorus (CIAT, 2002). The first evaluation of CIAT 22160
in the Colombian Orinoquia was conducted by Rincon (2001)
with 11 Arachis pintoi accessions (Arachis pintoi CIAT 17434 as
control variety). Rincon (2001) established two experiments at
the CORPOICA (now AGROSAVTA) research center La Libertad
in the Meta Department on poorly drained soils, leading to a
preselection of the three best performing accessions according to
their agronomic performance: Arachis pintoi 22160, 18748, and
18744. All three accessions stood out for their high dry matter
production (>1 ton/ha) and level of soil cover (>70%) (Rincén,
2001).

Evaluation of Arachis pintoi CIAT 22160 Under
Temporary Flooding Conditions

In 2013, CORPOICA (now AGROSAVTIA) started the evaluation
of Arachis pintoi under temporary flooding conditions in the
Orinoquia (Rincén and Pesca, 2017). Trials were established
at the research center La Libertad in the Meta Department
under medium drainage conditions and included 22 Arachis
pintoi accessions. Each accession was established in plots with
an area of 6 m?, in a complete random block design with three
repetitions. From 2013 to 2014, a series of agronomic evaluations
were carried out that led to the preselection of four accessions
(22160, 18748, 18744, and 17434) which were then evaluated
at the agronomic level during both the dry and rainy seasons.
After another year of evaluation, the Arachis pintoi CIAT 22160
was selected for grazing trials as a result of its outstanding
attributes of soil cover, persistence, competition with weeds,
forage production and nutritional quality.

The grazing trials were carried out from February 2016 to
April 2017 at the farm Los Arrayanes, and from October 2019
to February 2020 at the farm EI Recreo, both located in the
Orinoquia region and presenting temporary flooding conditions.
The accession CIAT 22160 was established in August 2015 in both
locations with vegetative material, in an area of 2000 m? and in
association with the grass Brachiaria humidicola cv. Humidicola
(grass-legume association). Productivity results were compared
with data obtained from a monoculture grazing trial with the
grass Brachiaria humidicola cv. Humidicola (grass monoculture).
Animal productivity was measured in lactating cows under a
dual-purpose system. The animals were supplemented, in both
treatments (grass monoculture and grass-legume association)
with 8% mineralized salt at an amount of 80g AU~! d~!
throughout the year. Cut grass silage was supplied during the

TABLE 1 | Animal response data for the grass-legume association and grass
monoculture.

Variable Grass-legume association Grass monoculture
(Mean =+ SD) (Mean =+ SD)

Biomass production (kg 919 808

DM~ ha='y~T)

Crude protein (%) 9.2 6.6

Neutral Detergent Fiber 65 75

(NDF, %)

Acid Detergent Fiber 30 38

(ADF, %)

Degradability (%) 67 64

Stocking rate (AU? ha=") 2 1.5

Milk production (| AU~ 6.5 +1.34 5.7 +1.28

d-)

Milk production (I ha=" 13+2.68 8.5+ 1.92

d-

DM, Dry Matter; AU, Animal Unit.

Source: Own elaboration based on the study carried out by Rincoén et al. from 2016 to
2020 (Rincon et al., 2020). The technical parameters obtained by Rincén et al. were used
for the economic evaluation presented in this article.

daily milking time at an amount of 2 kg/animal/d for ~180
days a year. In order to maintain pasture productivity levels,
maintenance fertilization and weed control were performed once
a year for both treatments. Diammonium Phosphate (DAP)
(100kg ha=!) and Sulgamac (100kg ha=!) were applied for
the grass-legume association. For the grass monoculture urea
(100kg ha~!) was added to DAP and Sulgamac. The results
of these measurements (biomass production, nutritional quality
and animal response) for each treatment are presented in
Table 1, since our economic analysis is based on these technical
parameters obtained in the study by Rincén et al. (2020),
previously described.

General Characteristics of Arachis pintoi CIAT 22160
cv. Centauro

Arachis pintoi CIAT 22160 was identified by AGROSAVIA as
a promising material to improve the quality of cattle feed in
the Colombian Orinoquia, especially under poorly drained soil
conditions (Rincon et al.,, 2020). It was released in 2020 under
the common name Centauro (Arachis pintoi CIAT 22160 cv.
Centauro), but its commercialization will only begin in 2022
in accordance with private sector seed production schedules.
Centauro is a perennial herbaceous forage legume with prostrate
growth. It has an average height of 20 cm and a leaf-stem ratio
of 1.4 (60% leaves and 40% stems) (Rincén et al., 2020). Its
flower is generally self-pollinated but can also be cross-pollinated
by bees. The first flowers appear at a plant age of 14-55 days
(Simpson et al., 1995). Centauro has a wide range of adaptation,
from low acid soils to high fertility soils, with a soil texture
ranging from sandy loam to clay loam and with good or poor
drainage. In addition, it grows well in tropical regions from 0
to 1,800 m elevation and with an annual rainfall between 1,200
and 4,000 mm. It is characterized by a high biomass production
and forage quality (Table 1), and its leaf crude protein levels vary
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between 15 and 18%. It adapts well in association with invasive
Gramineae or in silvo-pastoral systems (good shade tolerance),
has strong persistence, competes with weeds, and is tolerant
to several pests and diseases. Its prostrate and invasive growth
results in soil cover levels of >90%, favoring the reduction of soil
compaction and erosion (Rincon et al., 2020).

Potential Ecosystem Services of Arachis pintoi CIAT
22160 cv. Centauro

The inclusion of Centauro in forage-based livestock systems has
high potential regarding the provision of ecosystem services. In
grazing systems, different studies have shown a high persistence
of Arachis pintoi with positive effects on soil conservation
and improving soil conditions (Rincén, 1999; CIAT, 2004;
Castillo-Gallegos et al., 2005; Robertson, 2005; Valentim and
Andrade, 2005). These positive effects are mainly associated
with high production of seed below ground, a prostrate growth
habit that invades bare soil, as well as tolerance to trampling
and defoliation, protecting the arable soil layer and, therefore,
avoiding degradation and erosion processes (Rincon, 1999;
Rincon et al., 2020). Under animal grazing trials, grass-legume
associations with Arachis pintoi have not shown signs of
degradation after several years of grazing (e.g., Lascano, 1994;
Rincon, 1999; Valentim and Andrade, 2005). Arachis pintoi has
positive effects on the soil organic matter content and soil
biodiversity (Rincon, 2001), improving the physical, chemical
and biological soil conditions and avoiding erosion associated
with overgrazing, but may reduce above ground biodiversity.
Arachis pintoi can also improve the persistence of the associated
grasses resulting from a symbiotic nitrogen fixation to the
soil, which is then used by the grass (Villegas et al., 2020).
For example, Dubeux et al. (2017) estimated a range of 123
to 280kg ha™! yr~! of fixed nitrogen in six Arachis pintoi
accessions, and Pereira et al. (2019) evaluated beef production in
an associated system of Brachiaria brizhanta and Arachis pintoi
(cv. Belomonte), estimating a minimum nitrogen fixation of
120kg ha™! yr~!. The higher contribution of nitrogen not only
represents a strategy for the restoration of degraded pastures,
but also contributes to reducing the use of nitrogen fertilizers
and, therefore, to reducing nitrous oxide emissions. Other studies
focused on estimating the effect of Arachis pintoi accessions on
carbon levels and other elements in the soil. Nutrient uptake
in Brachiaria humidicola monoculture pastures and in grass-
legume associations of Brachiaria humidicola and Arachis pintoi
in acid soils with low fertility was, for example, measured in
the Orinoquia, showing that the inclusion of Arachis pintoi
increased the nitrogen, calcium, potassium and phosphorus
availability in the soil by 130, 133, 19, and 13%, respectively
(CIAT, 1994). In evaluations in the Atlantic coast of Costa
Rica and the humid forest of the Colombian Amazon, different
grass-legume associations with Arachis pintoi showed statistically
higher levels of carbon reserves in the soil than in the native
forest (Amézquita et al., 2004). In the Orinoquia, the inclusion
of Arachis pintoi in a Brachiaria humidicola pasture notably
increased the amount of carbon in the soil (CIAT, 1994). Arachis
pintoi also helps in reducing greenhouse gas emissions associated

with ruminal fermentation processes (higher nutritional quality
of the forage) and the application of nitrogen fertilizers, while
contributing to the intensification of cattle systems through
productivity and increases in animal carrying capacity (Rincon
et al., 2020).

MATERIALS AND METHODS

Discounted Cash Flow Model

The present study’s economic analysis is based on a discounted
cash flow model and the estimation of profitability indicators,
such as Net Present Value (NPV) and Internal Rate of Return
(IRR). These indicators are obtained assuming the most probable
values of the model variables (associated with benefits and
costs). The analysis is carried out by comparing the profitability
indicators for the grass-legume association and the grass
monoculture. The cash flow allows ordering and synthesizing
the sequence of income, costs and investments associated with
the evaluated technologies. The following cost categories were
considered: total costs of establishment and maintenance of
each treatment, opportunity costs of capital and operating costs
(animal health, supplementation, permanent and occasional
labor). The benefits are derived from milk production in a dual-
purpose system, according to the animal response indicators
obtained for each treatment (Table 1).

Model Assumptions

For the construction of the cash flow it is necessary to
establish different economic and technical assumptions. The
following sections provide detailed explanations for each
of them.

Technical Assumptions

Given that productivity was measured only for daily milk
production (see section Research on Arachis pintoi in the
Neotropics), the other technical indicators are assumed to be
the same for both treatments and were described by consulting
average values reported for the study region: (i) 550 days calving
interval; (ii) calf age of 9 months and weight of 150 kg at weaning;
and (iii) lactation time of 8.5 months. AGROSAVIA researchers
verified these indicators for the region.

Evaluation Horizon

The evaluation horizon is established according to the expected
lifespan of a technology under evaluation. For the evaluation of
the grass-legume association and the grass monoculture, a period
of 10 years (2020-2029) was defined, which is in accordance
with the productive lifespan for improved pastures (Riesco and
Seré, 1985). It is, however, worthwhile mentioning that improved
pastures can have a much longer productive lifespan if managed
adequately (e.g., in terms of grazing and fertilization).

Discount Rate

The cost of financing is chosen as the discount rate according
to the rural credit lines of FINAGRO (the Colombian Fund for
the Financing of the Agricultural Sector). This financing cost
is considered the opportunity cost of capital and is associated
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with a risk factor present in the activities of the rural sector. The
following discount rate was therefore established: DTF (fixed-
term deposit rate) + 5% effective annual interest rate. The
projection of the discount rate in the corresponding periods was
made following the DTF projections according to the Annual
Report on Economic Projections Colombia 2020 (Bancolombia—
Direccién de Investigaciones Econdmicas, 2020).

Permanent Labor

The required permanent labor is defined according to the
weighting factors for labor established by FEDEGAN (2003). In
a dual-purpose cattle system, 4.8 permanent jobs are needed
for every 100 animals. The minimum salary for 2019 was
used, including transportation assistance, contributions to social
security, and social and parafiscal benefits, adding up to US$
422 per month. For salary projections during the period of
analysis (2020-2029), the following was assumed: Variation of the
minimum salary (in %) = expected inflation (in %) + observed
variation of workforce productivity (WP, in %). A WP of 1% is
assumed, according to historical estimates from national statistics
(DANE, 2020a).

Currency at Current Prices

Inflation is considered for estimating revenue and cost streams
during the evaluation period. For revenues, the projection of
the Consumer Price Index (CPI) estimated by Bancolombia—
Direccion de Investigaciones Economicas (2020) for the period
2020-2023 was considered. For production costs, the Producer
Price Index (PPI) estimated by DANE (2020b) was used.

Milk Price. Price information was obtained from the Milk
Price Monitoring Unit (USP) for the predefined Region 2, where
dual-purpose production systems predominate (MADR/USP,
2020). The prices were projected according to the CPI
projections. Additionally, we included projections for the effect
of extreme climatic events (El Nifio and La Nifia phenomena)
on milk price variations. Abril et al. (2017) quantified climate
impacts on food inflation in Colombia. According to their results,
after the occurrence of an El Nifo or La Nifa phenomenon,
food inflation increases significantly between four and 5 months
later (increasingly when the intensity of the phenomenon is
strong), and its response is asymmetric depending on the impacts
and size of the shock. This directly affects the income received
by producers and household purchasing power in Colombia.
Regarding milk prices, variations have been >7% in the years
with such climatic events, compared to variations of <1% in years
without (DANE, 2020a,b). The variation margin of the CPI was
assumed for the occurrence climatic phenomena as follows: (i)
the spread of the CPI vs. the CPI of milk in 2018 was assumed as
the spread that the price of milk would have against the national
CPI for a scenario where no climatic phenomenon occurs; (ii) the
spread of the CPI vs. the milk CPI of 2015-2016 was assumed as
the spread that the price of milk would have against the national
CPI for a scenario where a climatic phenomenon occurs; (iii)
variations in the CPI of 7% with a climatic phenomenon and
<1% without are considered (Figure 1); and (iv) both the CPI
and CPI for milk were obtained from DANE (DANE, 2020b,c¢).

Quantitative Risk Analysis

Risk is defined as the possibility that the real return on
an investment is less than the expected return (Park, 2007).
Profitability is therefore associated with the variability of
revenue and cost streams, and these in turn depend on the
randomness of the main variables of the investment project
(e.g., yields, market prices). Rural investment projects involve
particular risks, and their results depend on a broad set
of variables which, in many cases, cannot be controlled by
the investor/producer (e.g., climatic factors). In this sense,
it is necessary to incorporate risk levels associated with the
profitability indicators for each of the evaluated investment
alternatives. For this purpose, we apply a Monte Carlo simulation
model. The accuracy of simulation models depends on the
quality of the input data. In this study, for example, the milk
production data under each treatment was derived from on-
farm measurements carried out during representative periods
(i.e, rainy and dry seasons; section Evaluation of Arachis
pintoi CIAT 22160 Under Temporary Flooding Conditions). We
consider this data reliable, reflecting the distribution and real
behavior of the variable observed by the technical team. Cost
data and possible variations of its values were constructed with
experts from AGROSAVIA according to the real conditions
of cattle producers in the region in terms of prices and
quantities used.

Monte Carlo Simulation Model

Monte Carlo simulation is a method in which a random
sample of results is generated for a specific probability
distribution (Park, 2007). This method allows potential investors
or decision makers to see all the possible results and to
evaluate the impact of risk on profitability indicators in
investment projects. To perform the simulation, it is necessary
to determine the random input variables (those that can
have more than one possible value) and the possible range
values for each. These variables are assigned a probability
distribution, to later calculate the determined profitability
indicators. Monte Carlo simulation was performed with the
software @Risk (Paladise Corporation). For the evaluated
treatments, 5,000 iterations were performed with a confidence
level of 95%.

Decision Criteria

As decision criteria, the mean values and the variance
of the profitability indicators resulting from the simulation
are used: Net Present Value (NPV) and Internal Rate of
Return (IRR) [Equations (1, 2)]. The use of the mean
value criterion is based on the law of large numbers, which
establishes that, if many repetitions of an experiment are
carried out, the average result will tend toward the expected
value (Park, 2007). The variance of the indicators determines
the degree of spread or dispersion on both sides of the
mean value (Park, 2007). That is, the lower the variance,
the lower the wvariability (loss potential) associated with
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FIGURE 1 | Consumer Price Index (CPI) and Producer Price Index (PPI) behavior of milk in the face of climatic events. Source: Own elaboration based on DANE
(2020Db,0).

the indicators.

n
E(FCy)
NPV(Mean) = 1Lt (1)
poard 1+7)
n
E(FCy)
IRR (Mean) = Z g = 0 (2)
= (1+ 1)

Where,

E (ECt): Expected value of the net profit flow for period t

Var (FCt): Net profit flow variance for period t.

r: Real discount rate

r+: Internal rate of return

t: Evaluation horizon of the project

The NPV at risk indicator (VaR) is also estimated and the
probability of success of the evaluated investments is estimated
(Prob NPV (mean) > 0). The VaR is defined as the maximum
expected loss that the project could suffer from investment in
a time interval and with a certain level of confidence (Park,
2007). The probability of success is defined as the proportion
of positive results of all interactions (NPV > 0, the project
is economically viable). A sensitivity analysis was performed
using a tornado graph, which sensitizes each variable in order to
measure its impact on the profitability indicators and to identify
within the critical variables those with the greatest effects on the
profitability indicators.

Simulated Variables

The study considers how sensitive the economic results are to
changes in the main variables of the model. Table 1 shows the
variables identified as risk variables and the distributions and
parameters used for modeling them. For modeling the milk
production variable for the grass-legume association and the
grass monoculture, a distribution adjustment of the data was
performed with @Risk.

Economic Evaluation Under Climate
Change Scenarios RCP 2.6 and 8.5

Forage Production Under Climate Change Scenarios

The effect of climate change on livestock productivity was
determined by comparing forage biomass production under a
baseline (current) scenario with estimated levels under climate
change scenarios. We used two climate change scenarios for the
region: RCP 2.6 and RCP 8.5 (Armenta et al., 2015). To identify
the main environmental factors that affect the productivity of
the evaluated treatments, as well as the magnitude of the effect,
an analysis of variance (ANOVA) was performed. The delta
identified in both climate change scenarios was applied to each
of these environmental factors, to estimate the monthly biomass
production per hectare. This delta refers to the change in climatic
variables between one scenario and another. It is important to
note that the model is only considering changes in the climatic
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TABLE 2 | Variables simulated with the Monte Carlo model.

# Variable Distribution Most likely value Lower limit Upper limit
1 Milk price (US$ I-1) Triangular 0.35 0.33 0.36
2 Productivity milk GLA? (1 d~T) Pert 6.5 5.16 7.84
3 Productivity milk GM® (I d=") Pert 5.7 4.42 6.98
4 Establishment costs GLA (US$‘ha~") Triangular 642 578 706
5 Establishment costs GM (US$ ha~") Triangular 450 405 495
6 Periodicity of El Nino phenomenon (y) Discrete uniform n/a 2 7
7 Variation of the discount rate (%) Triangular 0 1 2
8 Variation IPC (%) Triangular -0.5 0 0.5
aGLA, grass-legume association; ®?GM, grass monoculture.
variables of the RCP, keeping constant the assumptions of pasture , ,
. . . TABLE 3 | LIFE-SIM model inputs for the animal component.

and soil management, level of technology, investment in labor
and animal characteristics. Variable Value

In addition to possible changes at the productive level of the
forage species, the change in environmental conditions under  (A) Existing information
climate change scenarios can alter the potential distribution of  Caling interval (days) 550
plant species. In other words, the species would tend to modify ~ Calf weaning age (months) 9
their distribution toward latitudes and altitudes different to those ~ Calf weaning weight (kg) 150
where they are currently found (Walther et al., 2005). To identify  Lactation time (months) 8.5
this possible effect, the maximum entropy model Maxent (version =~ Number of lactations 9-10
3.4.1; Phillips et al., 2021) was used. The model makes it possible ~ Weight (kg AU™") 400
to estimate the extent of future environments and to determine,  (B) Estimated information
in the case of the legume Arachis, if and where conditions similar ~ Age of animals (years) 3
to the current environments exist. Weight after delivery (kg) 380

The Maxent model requires two input streams: (i) points  Duration of gestation (days) 282
of presence (distribution) of the species throughout the world  Birth weight (kg) 28
and, (ii) bioclimatic variables. The current distribution points of  weight loss during lactation (%) 8
Arachis were downloaded from Global Biodiversity Information  Expected weight at next delivery (kg 412.2
Facility (GBIF.org, 2020) with more than 600 points of presence  Fat content of milk (%) 3
which, after cleaning outliers and anomalous data, reached  protein content of (%) 3.1
just over 300 total points. The second input of the Maxent  Non-fat solids content of milk (%) 8.7
model were the bioclimatic variables for RCP 2.6 and 8.5  animal fur thickness (mm) 5

obtained from Navarro-Racines et al. (2020). These variables
represent annual trends (e.g., mean annual temperature and
precipitation), seasonality (e.g., annual ranges of temperature
and precipitation) and extreme or limiting environmental
factors (e.g., temperature of the coldest and warmest month,
precipitation of humidity).

Milk Production Under Climate Change Scenarios
Based on the forage production estimates under climate change
scenarios (section Potential Ecosystem Services of Arachis
pintoi CIAT 22160 cv. Centauro), milk production estimations
were performed in the LIFE-SIM model (version Dairy 15.1),
developed by the International Potato Center (CIP; Ledn-
Velarde et al., 2006). In this model, milk production estimations
are based on the characteristics of the animals, forages and
climatic conditions (temperature, humidity and wind speed)
(Leén-Velarde et al., 2006). Tables2, 3 and 4 present the
information used in the model. The analysis did not consider
episodes of heat stress in the animals, which could also affect
milk production.

Economic Evaluation Under Climate Change
Scenarios

Based on the results of milk production under the climate change
scenarios (Table 7) and according to the methodology presented
in sections Evaluation of Arachis pintoi CIAT 22160 Under
Temporary Flooding Conditions and General Characteristics
of Arachis pintoi CIAT 22160 cv. Centauro, the profitability
indicators were estimated for both treatments. Figure 2 shows
how the different models used in this study are interlinked
(Maxent, LIFE-SIM and economic models).

RESULTS

Discounted Cash Flow Model

Table 5 shows the average costs and revenues for the grass-
legume association and the grass monoculture, respectively. The
models include the variable costs and revenues associated with
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TABLE 4 | LIFE-SIM model inputs—climatic variables.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Average temperature (°C)
c.sa 26.1 26.6 26.7 25.7 25.4 24.8 24.6 25 255 25.5 25.7 25.6
RCP 2.6 28.3 28.7 28.6 27.6 27.3 26.5 26.4 27 27.3 27.6 27.7 27.5
RCP 8.5 28.6 29.2 29 27.9 27.6 26.9 26.7 27.3 27.7 27.9 28 27.9
Wind speed (km/h)
C.S. 6 6.3 5.6 5 4.6 4.8 4.9 4.5 4.9 4.5 4.5 5.4
RCP 2.6 6.4 6.8 6.0 5.4 4.9 5.2 5.3 4.8 5.3 4.8 4.8 5.8
RCP 8.5 6.5 6.9 6.1 5.4 5.0 5.2 5.3 4.9 5.3 4.9 4.9 5.9
Humidity (%)
C.S. 68.5 62.3 74.7 81.5 84.1 85.5 81.9 82.8 78.5 79.6 80.5 78.6
RCP 2.6 74.0 67.3 80.7 88.1 90.8 92.3 88.5 89.4 84.7 86.0 86.9 84.9
RCP 8.5 74.8 68.1 81.6 89.1 91.9 93.4 89.4 90.4 85.7 87.0 87.9 85.9
aC.S., Current Scenario.
MAXENT LIFE - SIM Economic Evaluation
1.RCP 2.6
& RCF 85(1(2050 1. Future suitability of
projectec. : Maximun forages (RCP 2.6
precipitation an entropy model. and 8.5 scenarios to I
temperature). 2050,
Z.fCurrent presence of Probabilistic 1. Simula'ged milk | Discounted cash
orages. 2.2050 projected ekl production. flow model.
humidity, wind speed, —— Estimation of
temperature under RCP. 2. Costs (Investment, { viability indicators
3.6.and 8.5. —> maintenance, distribution (NPV).

4.Forage variables (crude
protein, digestibility, dry
matter production).

5. Animal characteristics
(breed, age, weight,
thickness of the coat).

FIGURE 2 | Interdependence of the models used in this study (Maxent, Life-Sim, and economic models).

Definition of random
=P variables (yelds, prices
and establisment costs).

operational).
3.Input and sales

prices.

4.Technical and l
economical Montecarlo
assumptions. - simulation,

the establishment of each technology under a dual-purpose
production system. The revenue results from the sale of raw
milk and the sale of weaned calves (150kg) every 550 days
(calving interval). According to average daily milk production,
the inclusion of Centauro in the system (grass-legume) allowed
an increase in milk production per hectare by, on average, 52%
when compared to grass in monoculture. Particularly during the
months of minimal rainfall (dry season from January to March),
grass-legume showed greater persistence and, consequently, a
more stable milk production. The average production was
2,3731 ha=! yr=! for the grass-legume association and 1,5601
ha=! yr=! for the grass monoculture, respectively. This is
equivalent to a gross income from raw milk sales of US$ 822
and US$ 518, respectively, representing a 58% increase for the
grass-legume association.

Regarding production costs, labor (63%) makes up the largest
share, followed by inputs for pastures (21%), supplements (8.5%),
drugs (1.2%), and other costs (5%). The unit production cost

of milk is US$ 0.23 for the grass-legume association and US$
0.31 for the grass monoculture, respectively, representing 35%
lower costs for the grass-legume association. The average net
profit for the year is US$ 212 for the grass-legume association and
US$ —6.95 for the grass monoculture. Under these assumptions,
production under the grass monoculture is unprofitable, a
consequence of the low productive indicators associated with
this alternative. It is important, however, to highlight the social
connotation of dual-purpose systems in the country: given the
cash flow provided by the sale of raw milk, its high nutritional
value and the relatively low barriers for getting involved in the
business, it is still an attractive alternative for many producers,
from which they derive the subsistence for their family. This
exercise includes the required labor costs (permanent and
occasional), valued at the minimum salary (plus benefits). These
costs could, however, reflect the opportunity cost of family
labor that, in many cases, is not accounted for within the cost
structures, but rather represents part of the household income.
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TABLE 5 | Summary of main costs and revenues for the grass-legume association and the grass monoculture.

Economic indicators

Grass-legume association

Grass monoculture

Milk production (I ha=" y=T)

Gross income from milk sales (US$ ha=1 y~)

Gross income from weaned calf sales (US$ ha=' y~)
Pasture establishment costs (US$ ha=1)2

Production costs (US$ ha=' y=T)

Net income system (US$ ha=' y—)

Unit cost of milk production (US$ =)

Milk income (US$ I-1)

Milk profit margin (US$ I-")

Unit cost of calf production (US$ kg—")

2,373 1,660
834.2 548.6
489.5 257.0
642 450
787.9 699.7
212.0 -7.0
0.2 0.3
0.3 0.3
0.1 0.0
1.2 1.5

aIncludes the costs associated with soil analysis, machinery rental, inputs and labor required for soil preparation, fertilization, weed control, and planting of the material for both treatments.
Vegetative material and labor costs for planting the legume are added to the items required for the establishment of a grass in monoculture.

TABLE 6 | Profitability indicators of the simulation model for the grass-legume
association and the grass monoculture.

Decision criterion  Indicator Grass-legume Grass
association monoculture

NPV (US$) Mean? 121 (941)
SDP 391 276
cv 3.24 0.29
VaR (902) (1,637)
Prob < 0 (%) 60.9 100

IRR (%) Mean 12.2 -

aMean value of the NPV obtained in the simulation (5,000 iterations).
bSD, Standard deviation of the NPV with respect to the mean value. "Prices in US$-
US$/COP XRT: Average 2019.

Profitability Indicators and Risk Analysis
The summary of the main financial indicators obtained from
the Monte Carlo simulation is presented in Table 6 Under the
assumptions used in the model and according to the indicator
coeflicient of variation (CV) and VaR, the inclusion of Centauro
in the grass-legume association allows better economic and lower
risk indicators to be obtained when compared with Brachiaria
humidicola cv. Humidicola as a monoculture. The results indicate
that the investment in the establishment of the grass-legume
association is profitable, with an average NPV of US$ 121 and
an IRR of 12.2%.

Regarding the probability of not obtaining financial feasibility,
the results of the NPV probability distribution are presented
in Figure 3 and reflect the amplitude of the variation for the
NPV indicator. For the grass-legume association, in 60.9% of
the scenarios generated during the simulation, an NPV > 0 was
obtained, whereas for the grass monoculture, the investment was
not profitable under any of the generated scenarios.

Sensitivity Analysis

Figure 4 shows the contribution of different input variables to the
NPV variance as result of the simulation. These graphs represent
the correlation that each input variable simulated in the model

TABLE 7 | Changes in milk production under climate change scenarios.

Treatment Scenario Milk production, Milk production,
dry season rainy season
(average liters per (average liters per
AU~ d 1) AU d 1)
Grass-legume C.S.2 5.49 5.59
association
2050 RCP 2.6 4.2 5.4
2050 RCP 8.5 3.66 4.53
Grass C.S. 4.97 5.1
monoculture
2050 RCP 2.6 1.83 2.93
2050 RCP 8.5 1.63 2.35

aC.S., Current Scenario.

has with the NPV profitability indicator. As can be seen, the
profitability of the treatments measured by the NPV indicator
is highly sensitive to changes in the milk production variable
for both treatments. The correlation between the NPV indicator
and the milk production variable is positive, which means that
changes in daily production affect the indicator by more than 90%
for both treatments. This results from the high dependence on
the income generated from milk production and the productivity
levels in this system.

Economic Evaluation Under Climate

Change Scenarios RCP 2.6 and 8.5

Forage Production Under Climate Change Scenarios
The estimates for dry matter production for the evaluated climate
change scenarios are presented in Figure 5. According to the
results, changes in the climatic variables in the RCP scenarios
have notable impacts on the productivity of both treatments. For
the grass-legume association, biomass production was reduced,
on average, by 7.74 and 16.62% under RCP 2.5 and 8.5,
respectively. For the grass monoculture, the reductions were
14.95 and 35.27% under RCP 2.5 and 8.5, respectively. The most
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FIGURE 3 | Probability density distributions for NPV for the grass-legume association and the grass monoculture. GLA, Grass-legume association; GM, Grass
monoculture.

influential environmental factors on productivity were average
temperature and bio3? for the grass-legume association and
precipitation7’ and bio3 for the grass monoculture.

In addition to the possible changes at the productive level of
Arachis, projected changes in environmental conditions under
climate change scenarios can alter its potential distribution.
According to the results of the Maxent model, under RCP 2.6
(until 2050) a shift of suitable areas for Arachis toward higher
altitudes would occur (Figure 6), meaning a decrease in their
suitability for lower altitudes like the foothills or savannas. Under
RCP 8.5, in addition to the described shift of suitable areas, a
total reduction of the potential area for Arachis would occur
(Figure 6).

Milk Production Under Climate Change Scenarios

The effects of the climate change scenarios on forage biomass
production translate into a strongly marked decrease in milk
production for both treatments (Table 6). For the grass-legume
association, during the first 3 months of the year (dry season)
and compared to the current scenario, a decrease of close to 23%
would occur under RCP 2.6 and 33% under RCP 8.5, respectively.
These reductions are less marked during the rainy season but are
still relevant for the low production volumes under this system.

2bio3 is a percentage indicator that shows the variability of the diurnal temperature
range with respect to the annual temperature range. Bio3 = (Bio2/Bio7)*100;
Where: Bio2 = Mean Diurnal Range [Mean of monthly (max temp - min temp)]
and Bio7 = Temperature Annual Range (Max Temperature of Warmest Month -
Min Temperature of Coldest Month).

3precipitation 7 is a continuous variable representing the amount of rainfall per
m? at a geographic point during the seventh month of the year (July).

In the case of the grass monoculture, the change in climatic
variables would cause a reduction of milk production during dry
season of 63 and 67% for RCP 2.6 and RCP 8.5, respectively.
During rainy season, the effect on productivity would be above
40% for both RCP scenarios.

Profitability Indicators Under Climate Change
Scenarios

The reduced milk production under both climate change
scenarios leads to a leftward shift of the distribution curves for
the NPV indicator in both treatments, when compared to the
current scenario (Figure 7). The net income is reduced by 60
and 90% for the grass-legume association, and 113 and 131%
for the grass monoculture under the scenarios RCP 2.6 and RCP
8.5, respectively. Although including Centauro in the system has
highly positive effects at the productive level and therefore on
the economic performance, both climate change scenarios would
affect the system in such a strong way that the investment in any
of the treatments would not be profitable.

DISCUSSION

The inclusion of the legume Arachis pintoi CIAT 22160
cv. Centauro in a monoculture of Brachiaria humidicola cv.
Humidicola allows an improvement in the technical parameters
of the production system and results in better economic
indicators. At the productive level, this association increased
daily milk production by 14% on average and the animal stocking
rate by 33% compared to the monoculture. This results from
the higher crude protein content of the diet (39%), the higher
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FIGURE 4 | Contribution to the NPV variance for the grass-legume association and the grass monoculture. GLA, Grass-legume association; GM, Grass monoculture.

dry matter production (14%) and the lower proportion of Acid ~ (mainly CIAT 17434) in integrated grass-legume systems for
Detergent Fiber that favors digestibility and, therefore, a better  livestock production in the tropics. These studies highlight,
use of the available forage (Rincon et al., 2020). The higher milk  in comparison with monoculture pastures, improvements in
production level in turn helps to improve the financial indicators ~ both forage quantity and quality, a strong compatibility with
of the association compared to the monoculture base scenario. aggressive Brachiaria species, as well as higher meat and milk

These results (i.e., the increased milk productivity by 52%  production levels and stocking rate (Peters et al., 2011; Crestani
and the related increased income from milk sales by 58%) are  etal,, 2013; Pereira et al., 2019; Boddey et al., 2020; Villegas et al.,
consistent with (and even surpass the results of) different studies ~ 2020). Other studies show average increases in milk production
that have evaluated the potential of Arachis pintoi accessions  of 31% in Colombia (Rivas and Holmann, 2000), 7 and 11.4%
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FIGURE 5 | Dry Matter (DM) production under climate change scenarios (RCP 2.6 y 8.5) and Current Scenario (C.S). GLA, Grass-legume association; GM, Grass
monoculture.

in Costa Rica (Peters et al., 2001; Romero and Gonzdlez, 2004),
and 20% in Peru (Lara and Reategui, 2004). In addition to milk
yield increases, Romero and Gonzélez (2004) found differences
regarding the milk composition: both the milk protein (3.66
vs. 3.54%) and total solid contents (13.89 vs. 13.73%) were
higher in a grass-legume association with Arachis pintoi than
in a grass monoculture with Brachiaria. Regarding the animal
stocking rate, the reported increases are between 33 and 50% in
Colombia (1.5-2 AU ha™! vs. 1 AU ha~!; Holmann, 2004), 29%
in Brazil (2.26 vs. 1.6; Vasques et al., 2019), 50% in the Peruvian
Amazon (4.13 vs. 2.07; Lara and Reategui, 2004), and 25% in
Costa Rica (4.6 vs. 3.7; Romero and Gonzdlez, 2004). Other
studies highlight successful cases of early adoption of Arachis
accessions in livestock systems, e.g., in western Brazil (Valentim
and Andrade, 2005), in the Colombian Caquetd Department
(Lascano et al., 2005) and in northern Costa Rica (Wunscher
et al, 2004), suggesting the relevance of, and the potential
for dissemination, across different regions, for the technology
evaluated in our study.

The improvements in the economic indicators resulting from
the inclusion of Centauro are also associated with improvements
in the risk indicators. The probability of obtaining economic loss
was reduced from 100 to 39.1%, for example. The sensitivity

analysis shows that the daily milk production variable has the
highest impact on the economic performance indicators. The
monoculture is more sensitive to small reductions in milk
production as when associated with Centauro. Changes of just
1% in milk production lead, however, to changes in profitability
indicators of more than 90% in both systems. Since different
empirical studies have shown that risk factors (perception of risk
about future returns from implementing a new technology, and
level of risk aversion of the producer) are determining factors in
technology adoption (e.g., Marra et al., 2003; van Winsen et al.,
2014; Trujillo-Barrera et al., 2016), there is reason to believe that
the lower risk levels resulting from the inclusion of Centauro in
the cattle production system will enhance technology adoption.
The inclusion of different climate change scenarios (RCP 2.6
and RCP 8.5) in our models revealed the substantial impact
that climatic variables have on forage production, both in terms
of geographic distribution and available forage biomass. Until
2050, the available forage biomass would reduce in both systems,
the grass monoculture and the grass-legume association. For
the latter, however, reductions would be of a lower magnitude
(maximum reduction of 16.6 vs. 35.3% for the monoculture).
The highest losses are to be expected during dry season from
January to March. These effects on forage productivity are the
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FIGURE 6 | Estimated change in suitable areas for Centauro by 2050 under RCP 2.6 (left) and RCP 8.5 (right).

result of a combination of increased temperatures, variations
in precipitation levels and atmospheric CO; concentrations
caused by climate change (Thornton et al., 2009; Rojas-Downing
et al., 2017). Not only would forage productivity be affected if
the favorable environmental conditions changed but also the
potential distribution of Centauro and other Arachis varieties.
Centauro would migrate to higher altitudes more favorable for its
development and the overall potential area for distribution would
decrease. This could pave the way for the arrival of new (invasive)
species or native grasses with a better adaptation capacity to the
conditions projected for 2050. Although in our model we only
made projections for Centauro, the impacts of climate change
in the Orinoquia would also affect the distribution, quantity
and quality of other forage species by up to 60% according to

estimates provided by CIAT CORMACARENA (2018), putting
livestock production in a difficult position.

Although the modeled impacts from the climate change
scenarios were relevant for both alternatives, the grass
monoculture and the grass-legume association, the latter
shows a better adaptation capacity. This can be attributed to the
symbiotic effect between the legume and the grass associated
with the contribution of nitrogen-fixing (Dubeux et al., 2017;
Pereira et al., 2019; Villegas et al., 2020). The higher availability
of N improves both the yields and persistence of the grass,
and comes with the co-benefit of mitigating GHG emissions
through reducing (i) methane emissions (as a result of an
improved diet), and (ii) synthetic fertilizer use (resulting in
lower N,O emissions). Simultaneously, Arachis has positive
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association; GM, Grass monoculture.

FIGURE 7 | NPV probability distribution for the grass-legume association and the grass monoculture under climate change scenarios. GLA, Grass-legume

impacts on the physical and chemical properties of the soil,
and contributes to increasing both soil microfauna and organic
matter (Schultze-Kraft et al., 2018). Arachis accessions in
particular, offer dense soil cover and, therefore, prevent soil
erosion problems (Schultze-Kraft et al., 2018).

The effects of climate change on forage biomass production
would lead to a strong decrease in milk production in both
systems. The grass-legume would, however, be less affected
(-19%) than the grass monoculture (—56%). This in turn
would lead to significant economic losses in the dual-purpose
production systems in the region. Given the low productivity
levels and values of technical indicators in dual-purpose livestock
systems, profitability margins are inherently sensitive to small
changes in production levels. The effects of climatic variations
on livestock production have been identified in the literature as
one of the main impacts (e.g., Garnett, 2009; Thornton et al.,
2009; Nardone et al., 2010; Henry et al., 2012). The severity or
level of the impact varies significantly between regions, however
(Rojas-Downing et al., 2017). For the Orinoquia region, CIAT
CORMACARENA, 2018 predict that the impact of climate
change would lead to significant losses in cattle live weight
gains and dairy production, and lower birth and increased
mortality rates. As mentioned in the methodology, our study
only considers changes in dairy production as a result of the
impacts of climate change on pasture productivity. Production

could also be affected, however, by other possible effects not
considered in our study, such as effects on health, growth and
reproduction, water availability, and the distribution of pests and
diseases (Garnett, 2009; Thornton et al., 2009; Rojas-Downing
et al,, 2017). In particular, periods of heat stress could become
the main source of loss at the productive level in the livestock
sector (Garnett, 2009; Nardone et al., 2010). This scenario does
not, however, consider potential technological changes nor the
inclusion of other (new) species better adapted to the predicted
regional climate change scenarios. Likewise, our study does not
include any potential benefits that might be derived from culled
cows on the beef market.

Despite the benefits of including Arachis pintoi and other
legumes in cattle systems, adoption levels remain low. Several
studies have identified some of the factors that limit the
adoption of Arachis accessions in countries such as Colombia
and Costa Rica, including a lack of commercial seed availability,
high establishment costs of planting material, limited technical
information on the establishment and management of the
material in pastures, a lack of promotion and little knowledge
about its benefits (CIAT, 2004; Wunscher et al., 2004; Lascano
et al, 2005). A particularly important issue is seed supply,
which also continues to be a restriction in the dissemination
and adoption processes for the new Centauro accession. In this
sense, it is necessary to develop focused strategies, for example,
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artisanal seed production by cattle producers, as this could not
only contribute to generating higher technology adoption levels.
Focused strategies could also play an important role in providing
additional income, assuring income diversification, and opening
new business alternatives for young people and women. In the
long run, this would strongly contribute to supporting both
the rural economy and sustainable intensification processes in
the region. In addition, the increased demand and adoption of
the legume could generate interest from the private sector for
seed production.

In addition to the above-mentioned limiting factors, there
are structural conditions that could slow down or discourage
sustainable intensification. The prevailing tradition of extensive
production systems and low land prices, for example, make it
more efficient to acquire more (new) land than to intensify
existing land (White et al., 2001). In particular, in regions such as
the Orinoquia, where land is relatively abundant and are prices
low, producers continue to favor more extensive systems at the
cost of deforestation processes. Even if the costs of implementing
new technologies are below land prices, cattle producers may
not reduce the area, since one of the main reasons for land
expansion is to secure land ownership rights (Kaimowitz and
Angelsen, 2008). This may be favored by speculation processes
in land prices, where a high price generates additional incentives
for extension, given the increase in the value of capital gains
(Smith et al., 1997). These speculation processes could also,
however, promote intensification if the amount of land that
can be acquired is reduced, for example by regulations (Smith
et al., 1997). Unfortunately, in most cases producers may not
be willing to intensify until land is scarce and most forests are
gone (Kaimowitz and Angelsen, 2008). Similarly, if producers
have few alternatives to invest their savings other than cattle
production, this can contribute to the expansion of pasture areas.
This situation is further aggravated by the precarious controls
on land tenure and the lack of monitoring and control regarding
the expansion of the agricultural frontier. Positive advances have
been documented in Costa Rica, where the agricultural frontier
cannot be expanded any further as a result of the little remaining
forest area and high land prices, forcing cattle producers to use
their land more efficiently, e.g., through incorporating Arachis
pintoi in their pastures and adopting Cratylia protein banks
(White etal., 2001). The opposite was documented in Peru, where
land is still abundant and cheap, and market access is limited.
Producers failed to adopt legumes such as Arachis in Peru, given
the higher level of investment required (White et al., 2001).

Intensification strategies in the Orinoquia have been a subject
of debate, mainly in environmental terms, since the introduction
improved forages (Brachiaira species) in the 1970s. On the one
hand, different studies have reported positive impacts associated
with intensification processes with improved forages, such as (i)
lower incidence of degradation of native savannas in intensified
areas with improved forages, since they reduce the pressure
to produce animal feed in the native savannas (Smith et al.,
1997); (ii) reduction of greenhouse gas emissions associated with
burning native savannas (Smith et al., 1997), carried out to
increase grassland and savanna productivity in the short term
at the expense of eliminating vegetation cover and nutrient

availability in the long-term (Pefuela et al., 2014); and (iii)
reduction of nitrous oxide emissions, associated with Biological
Nitrification Inhibition (BNI) in Brachiaria humidicola pastures
(Subbarao et al., 2009, 2017; Moreta et al., 2014). On the other
hand, however, negative effects have also been reported and
include (i) the loss and degradation of native savannas and threats
to biodiversity (decrease in bird, animal and fish species), with
gallery forests being the ecosystems under the greatest threat
in the most intensified areas (Smith et al., 1997); (ii) increases
in deforestation levels to expand grazing areas with introduced
forages and, therefore, compromising ecosystem stability and
functions (e.g., altering microclimates and shifting the rates of
consumption and supply of light, water and mineral nutrients),
and increasing greenhouse gas emissions due to land-use changes
(Williams and Baruch, 2000; Reid et al., 2010; Pefiuela et al., 2014;
CIAT CORMACARENA, 2018); (iii) a displacement of native
species given the aggressive growth characteristics, invasive
behavior and fire resistance of Brachiaria species, particularly
Brachiaria humidicola in savannas and highlands (Penuela et al.,
2014); (iv) increased soil erosion processes (Periuela et al.,
2011); and (v) increased frequency and intensity of fires due to
establishment and management processes and the large standing
necro mass left by grasses of African origin (such as Brachiaria)
at the end of the dry season that facilitate the combustion
(Williams and Baruch, 2000). In the case of the new Centauro
variety, although its introduction into livestock systems provides
a strategy to restore degraded areas, improve productivity and
provide ecosystem services, it could also be a technology that
promotes deforestation processes and has negative impacts on
protected ecosystems. The higher profitability associated with
new technologies, such as Centauro, could, for example, lead
producers to increase their herd size and hence their pasture area.
Likewise, profitable technologies can also provide farmers with
the additional capital they need to finance livestock expansion
(Kaimowitz and Angelsen, 2008).

In this sense, diffusion and adoption processes of new
technologies like Centauro must be accompanied by land use
governance and management policies. These policies require
a multidimensional approach that includes the development
of coordinated land tenure security policies, specific economic
incentives aimed at promoting sustainable intensification (e.g.,
special credit lines, conservation requirements to access benefits
or credits), integrated planning and zoning of land use,
protection of forests and ecosystems, and tracking and
monitoring of land use change, particularly at the agricultural
frontier. This also implies greater institutional coordination and
coordination between national policies (e.g., related to land
use, agriculture, rural development), partnerships between the
public and private sectors, and local communities that increase
the effectiveness of policies and other instruments. Brazil for
example, has reported a notable reduction in deforestation
rates in the Amazon region, which has been the result of a
combination of multiple public and private mechanisms for
the protection of forests (FAO, 2016). For example, the new
Brazilian Forest Code (Federal Law No. 12,651/2012; Presidéncia
da Reptiblica, 2012) obliges rural land owners to submit data
with geographic coordinates for the registration of private
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rural properties, certify their intention to comply environmental
regulations, and in cases where this does not occur, land owners
are subject to administrative, civil or criminal processes and
charges. Commercial banks are required (in accordance with
the Forest Code) to request rural land owners and holders to
provide a registration certificate from the Rural Environmental
Registry before granting loans for agricultural purposes. Zero
deforestation agreements for livestock signed by major beef
companies have helped in reducing deforestation in certain parts
of Brazil (Gibbs et al., 2015) and the Brazil Green Bag Initiative
(Presidéncia da Republica, 2012) is a conditional cash transfer
program with a commitment to responsibly manage resources
and conserve ecosystems (FAO, 2016).

CONCLUSIONS

The results of this study suggest that integrating the legume
Arachis pintoi CIAT 22160 cv. Centauro in a Brachiaria
humidicola cv. Humidicola monoculture has great potential
to improve both productive and economic indicators in the
dual-purpose cattle production system of the Orinoquia region.
Not only that, Centauro also helps in generating important
ecosystem services with positive effects on, for example, the
quality and persistence of the associated grass (restoration of
degraded pastures), the soil system and biodiversity. Centauro
improves the system’s resilience to climatic variations, which is
especially important considering the rather pessimistic climate
projections for the region. These attributes make the inclusion
of Centauro in the production system a key alternative for
sustainable intensification in the region, and thus also contributes
to achieving other environmental objectives such as the liberation
of areas for reforestation purposes or the protection of
local ecosystems.

It is important to mention, however, that, despite their
numerous environmental benefits (see section Potential
Ecosystem Services of Arachis pintoi CIAT 22160 cv. Centauro)
and because of their economic and social benefits, forage
technologies that are selected for intensification purposes (even
if sustainable such as Centauro), bear a risk of misuse in regions
and contexts where neither grasses nor legumes should be
planted. This could lead to results contrary to the objectives of
sustainable intensification and could therefore negatively affect
local landscapes with significant ecological consequences. In
the case of the Orinoquia region, this includes for example the
promotion of deforestation or the penetration of important local
ecosystems (such as native flooded savannas). The Orinoquia has
a high degree of vulnerability to changes generated by human
actions, which include transformations of productive models
that are ignorant of the natural cycles threatening the ecosystem
balance. The continuous search for productivity increases has
led to significant changes in the productive models of the region,
including, for example, the introduction of improved pastures in
floodable savannas (Pefiuela et al., 2011). This situation is likely
to worsen considering the imminent effects of climate change,
and threatens the savanna ecosystem as it could become subject
to desertification processes as a consequence of inadequate
natural resource management (Pefiuela et al., 2011). To avoid
such unwanted consequences, effective technology diffusion

approaches need to be applied (which include extension and
training programs), involving institutions relevant to the region
within a context that helps to close information and monitoring
gaps. In the case of Centauro, the focus of such information
efforts should be on the correct establishment and management
of the legume, highlighting both potential economic benefits and
environmental threats. This needs to go hand in hand with strong
inter- and intra-institutional coordination, and the development
of public policies and comprehensive monitoring and control
mechanisms. National and regional multi-stakeholder platforms,
such as the Colombian Roundtable for Sustainable Beef and
Dairy (MGS) and its regional sub-roundtables, can fill some
of the gaps—at least in short- to medium-term, e.g., through
providing targeted information campaigns and trainings
or developing indicators and frameworks for sustainable
intensification of the sector. In the long term, however, and based
on the abovementioned efforts of multi-stakeholder platforms,
comprehensive public policies need to be developed, applied
and monitored.

Accelerating climate change will also affect the Orinoquia
region. Our study suggests that variations in the local climatic
conditions would have significant impacts on the economic
viability of the dual-purpose cattle systems of the region.
It is necessary, therefore, to implement regional climate
change adaptation and mitigation measures that include
specific strategies for the local context. Among others,
animal breeding strategies that improve cattle by crossing
with rustic breeds, silvo-pastoral systems or scattered trees
in pastures for heat stress reduction, and water harvesting
for animal consumption, can significantly increase the
adaptation potential of dual-purpose systems, particularly
during dry seasons.
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