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The Northeast region of Brazil has low levels of human development and a marginal environment subject to
chronic water scarcity. This paper assesses the potential impacts of bioenergy production from local varieties of
castor oil plant and jatropha that could reduce the import of energy in the region, while developing its economy.
Biodiesel systems based on these crops can be suitable for the Northeast region as they have low water needs,
and are either indigenous or have shown excellent adaptation to the local climate. Apart from biodiesel
production, the residue from their processing can be a valuable resource usable for biogas production and biofertilizers. Using the ecosystem services approach, ﬁve land management alternatives are compared: (i)
Caatinga woodland (a type of dry savannah native to the region), (ii) a scheme of local jatropha varieties and
vegetation for Caatinga forest restoration, (iii) a crop rotation scheme of castor oil plant and cowpeas, (iv)
cowpea mono-cropping, and (v) pasture. Based on the analysis of secondary data, some provisioning and
regulating services were assessed quantitatively, while others qualitatively. The results suggest that the
conversion of (i) cowpea mono-cropping to a rotation of cowpeas and castor and (ii) degraded pastures to a
jatropha-Caatinga forest restoration scheme can provide a bundle of provisioning, regulating and supporting
ecosystem services. Feedstock for bioenergy is the most important ecosystem service derived from these multifunctional landscapes. In particular converting pasture to a jatropha-Caatinga forest restoration scheme could
provide per hectare 0.7 t of oilseeds for biodiesel production and 1.8 GJ of usable energy, in the form of biogas
from the residual seedcake. The castor-cowpea rotation scheme could provide per hectare 1.5 t of oilseeds for
biodiesel production together with 2.2 GJ of usable biogas energy, per hectare.

1. Introduction
Brazil contains a variety of diﬀerent biomes and climatic conditions.
Caatinga is one of these biomes and is exclusively native to Brazil. It
occupies 982,563 km2 or around 11% of the landmass of the country
(Fig. 1), and is characterized by xerophile vegetation such as cacti,
succulents, crassulaceous and shrubby trees well adapted to recurrent
droughts, poor/marginal soils and brackish groundwater [1].
Situated within the Northeast region of Brazil, which is the homeland of 22 million people, Caatinga is one of Brazil's most endangered
ecosystems. While the coastal strip that borders the Caatinga is more
humid and ﬁt for agriculture, Agricultural activities in the arid interior
are limited to the pasture of goats and cattle and small-scale farming.
Extractive activities undertaken by the local population has led to rapid
environmental degradation. For example, most of the native shrub
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forest has been cut down for ﬁrewood or to clean land for pasture.
Currently, only 0.28% of the Caatinga area is protected as a natural
reserve.
At the same time the Northeast region registers some of lowest
human development levels and economic opportunities in Brazil. It has
to import most of the gas, fuel and electric power needed from the rest
of the country. In this context, renewable energy resources are assets
that could promote the sustainable development of the region. For
example, the region has an enormous solar energy and wind power
potential that could make it a net-electricity exporter in upcoming
years [2,3]. Furthermore, while the cultivation of biofuel crops is not as
extensive as in the Centre-West or Southeast regions, the Northeast can
play a major role in the cultivation of biodiesel feedstock.
The Brazilian Program for the Production and Use of Biodiesel
(PNPB) was launched in 2004. Among its goals was to involve small
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Fig. 1. The Caatinga biome.

native plant species beneath their canopy as they can oﬀer benign
microhabitats that are more favorable for seed germination and
seedling recruitment than the degraded pasture or farmlands found
in the region [11–13].
The aim of this study is to identify the potential trade-oﬀs of biodiesel
production from oilseeds adapted to the semi-arid climate of the Caatinga
biome. In particular, this study assesses the potential impacts of two
alternative ways to cultivate such oilseed species: (a) castor intercropped
with cowpea and (b) local jatropha varieties combined with Caatinga
native vegetation to restore forest in degraded pasture lands. The former
has gained some prominence in the Northeast [14], while the latter is a
novel proposal that could have some beneﬁts.
In order to identify the main trade-oﬀs expected to emerge
following the conversion of common agricultural/livestock land uses
in the Northeast with the two feedstock production systems, this study
adopts the ecosystem services (ES) approach (Section 2). Given the lack
of signiﬁcant feedstock production in the area using the studied modes
of production, it provides an analysis based on secondary data collated
during an extensive literature review (Section 3). Section 4 summarises
the main expected trade-oﬀs for diﬀerent types of ecosystem services
and outlines some of the key research gasps and challenges promoting
further these production models.

farmers of the Semi-arid region in biodiesel feedstock production [4].
Since then, the mandatory blending of biodiesel in the country has
risen to 7% (B7) in 2016, and is on track to reach 10% (B10) by 2020.
However, despite this impressive uptake of biodiesel, the current
feedstock production patterns are quite diﬀerent than what was
expected at the early stages of the PNPB. According to the Brazilian
National Agency of Petroleum, Natural Gas and Biofuels, biodiesel
feedstock production is dominated by soy (around 70%) and bovine
tallow (around 20%), while castor oil plant and jatropha have currently
no participation in the biodiesel production [5]. Castor oil has
remained a raw material for the pharmaceutical and cosmetics
industry, while jatropha, following initial optimism, failed to arouse
any commercial interest partly due to its widespread collapse in Africa,
India and Southeast Asia [e.g. 6,7]. When scrutinising the results of the
PNPB over the past decade [8], it can be inferred that a program
designed to empower family-owned farms through their integration in
the biodiesel production chain ended up beneﬁtting soy producers,
mainly corporate farms from outside the Semi-arid region.
However due to the prevailing climatic condition some neglected
biodiesel feedstocks could still play a role in the Northeast. The castor
oil plant (Ricinus communis, referred to as castor for the remainder of
the paper) and diﬀerent jatropha varieties are already present in the
region and have showed good adaptation to the local climate and soils,
as well as the ability to coexist with either locally grown food crops (for
castor) or the native shrub forest (for jatropha). Regarding the latter,
there are several endemic varieties of jatropha in the Caatinga biome
such as J. mollissima (34% oil content), J. mutabilis (39% oil content)
and J. ribifolia (33% oil content) [9,10].
When it comes to castor, there is a well-established cultivation and
commercialization chain based on family farm cooperatives that make
Northeast Brazil the second highest producing region of the world,
behind only India. Furthermore, castor shows complementarities with
cowpea, maize and other crops in terms of sow/harvest cycles and soil
nutrients, which point to interesting intercropping (crop rotation)
possibilities (Section 3.1.2).
On the other hand, the agro-industry for jatropha has not yet been
developed. However the endemic varieties of jatropha could act as
nurse plants for Caatinga vegetation by facilitating the development of

2. Methodology and ES mechanisms
To identify the main trade-oﬀs of biodiesel production through the
two studied schemes, the ecosystem services approach is adopted
[15,16]. The ES is a powerful framework both for the synthesis and
meta-analysis of biofuel impacts [17,18] as well as for the assessment
of the impacts arising from landscape transformation for biofuel
production [19,20].
Initially, an extensive literature review is performed to identify the
ecosystem services and disservices provided by these biodiesel landscapes, as well as the mechanisms through which these services/
disservices emerge (Sections 3.1.3 and 3.2.3). Subsequently the
ecosystem services/dis-services provided by feedstock systems are
compared to those of the reference land uses prevalent in the
Northeast, i.e. pasture and single-crop farmlands (Section 4.1).
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Brazilian Semi-arid region. It thrives preferentially in soils with
medium texture, either ﬂat or low sloped, that are not very loamy.
Clay loam soils with pH between 6 and 7 are ideal for the castor oil
plant, which does not yield well in poor or waterlogged soils. Its biggest
advantage in the climatic context of the Semi-arid Region is its
radicular system, which allows the plant access deeper layers of soil
compared to other annual crops such as soy, maize or beans. This can
increase the aeration as well as the water retention and distribution
capacity of the soil [27]. The ideal annual rainfall for the castor oil plant
is between 750 and 1500 mm, with a minimum of between 600 and
750 mm during all the cultivation cycle, followed by 400–500 mm until
the beginning of ﬂowering [27].
However despite these agronomic advantages castor oil has not
become an important part of the PNPB [29,30]. This can be explained
through diverse reasons ranging from the extended period of drought
(2010–2013) that signiﬁcantly aﬀected harvests, to episodes of corruption among farmer cooperatives [31]. However, perhaps the key reason
might have been economic, and in particular the competition of castor
oil with soy. Castor oil is primarily used in the cosmetic and
pharmaceutical industries, which results in high selling prices. On
the other hand soy is produced in corporate farms at very low costs
(Section 4.3).
There are also two technical barriers for the production of biodiesel
from castor oil, its high viscosity and high ﬁnal acid number [32]. The
ﬁrst can be overcome by diluting castor oil in a mixture of other
vegetable oils (e.g. coconut, soy and cotton oil), at a maximum blend of
30%. The second barrier does not aﬀect the potential of castor oil as a
biofuel feedstock as the ﬁnal fuel is a B7 blend whose minimum content
is 7% biodiesel and 93% petroleum diesel in Brazil (the content of
biodiesel will be increased to 10% in the next years, B10).
In order for castor to become a competitive feedstock for the local
biodiesel industry, its price should reduce either by increasing supply
and/or by decreasing production cost through harvest mechanization.
Despite the valuable existing experience producing castor in the Semiarid region, it is not yet clear (Section 4.2) how castor oil could compete
with other oils whose biodiesel/diesel blends have satisfactory properties and, more importantly, are less expensive, e.g. soy oil [33], palm oil
[34] or others [35]. However, the incentives of the Brazilian
Government for castor oil production have brought some beneﬁts in
terms of building a knowledge base of how it performs within the
ecological, agricultural and socioeconomic context of the Semi-arid
region.

Considering the main expected ecosystem services aﬀected by biofuel
expansion [18,21,22], it is hypothesized that the conversion of monocultures or extensive pasture in Northeast Brazil with combined feedstockfood or feedstock-forest restoration schemes respectively, can provide a
wider bundle of ecosystem services. These can include:

•
•
•
•

provisioning services such as biodiesel feedstock and food crops
regulating services such as carbon sequestration, and pest and
disease control
cultural services such as ecotourism or the valorization of a unique
landscape
supporting services such as habitat provision, soil protection and
nutrient cycling,

While eﬀects on some ecosystem services such as feedstock/food
production and carbon sequestration are quantiﬁed on a per hectare
basis through secondary data collected from the literature, other
ecosystem services trade-oﬀs such as pollination or soil protection
are compared qualitatively. Results are summarized within an impact
matrix (Section 4.1) as such an approach has been used previously to
consider the ecosystem services implications of land-use change due to
the production of second-generation bioethanol feedstock [23]. Fig. 2
graphically summarizes the study methodology.
3. Characteristics of the studied biodiesel schemes
3.1. Castor oil
3.1.1. Status, potential and barriers for biodiesel production in Brazil
Castor is produced widely in Brazil, with the Semi-arid region being
responsible for 3.5% of global production in 2014 (Fig. 3). Castor has
traditionally been used for ornamental purposes and for oil extraction,
as its seeds can contain 40–50% of vegetable oil.
Currently, castor cultivation and processing is predominantly
undertaken by small farmers, often associated in small cooperatives.
Due to its unique characteristics castor oil can be used in several valueadded industrial products [24], including promising medicines derived
from its toxins [25,26].
In terms of climate, castor has shown an excellent adaptation to the

3.1.2. Rotation of castor with food crops
Most vegetable oils used for biodiesel (e.g. soy, oil palm, coconut)
are important elements of the food industry. This can lead to undesirable competition between food and fuel through the direct diversion of
the crop for biodiesel production [44]. On the other hand, the main
uses of castor oil are in the cosmetics and pharmaceutical industries,
reducing this direct competition with food production.
What makes castor oil more appealing for minimizing indirect foodfuel competition (e.g. diversion of land, water, labour and other
agricultural inputs, [44]) is that in the context of the Semi-arid area,
castor could be cultivated in crop rotation schemes with food crops
such as maize, beans (cowpea) and soy.1 This can reduce to an extent
the competition between feedstock and food production [44]. Table 1
illustrates the complementarity between castor oil plant and food crops
common in the Semi-arid region.
Table 1 also illustrates two rotation schemes where castor has a
small agricultural cycle of 7–8 months after an annual cowpea
harvest (for small farmers in semi-arid lands) or after an annual
soy harvest (for the more fertile soy plantations). In some regions,
1
Castor oﬀers poor complementarity with other food crops such as grain sorghum
(Sorghum bicolor L. Moench) [14].

Fig. 2. Methodology ﬂowchart.
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Fig. 3. Main producing regions of castor oil [28].
Table 1
Agricultural complementarity cycle castor (Ricinus communis L.), maize (Zea mays L.), cowpea (Phaseolus vulgaris L.) and soy (Glycine max) in the Northeast region of Brazil [28].
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“BRS Nordestina” and “ BRS Paraguaçu” have cycles of 250 days (from
sowing to harvesting) with potential yields of 1500 kg/ha when
cultivated in non-irrigated drylands.
The crop rotation system discussed in Section 3.1.2 is appropriate
for the non-irrigated/rain-fed conditions encountered in the semi-arid
areas of Northeast Brazil. When it comes to the eﬀects of the diﬀerent
land uses on water availability, there seems to be no overlapping
between the diﬀerent crops that could impact the water resources
allocated for food production. Experimental data collected in the region
show that under the same soil and rainfall conditions, cowpea and
castor have almost the same water requirements. The average daily
evapotranspiration is 4.24 mm/day for cowpea and 4.12 mm/day for
castor (this is to achieve yields of 1.1 t/ha and 1.5 t/ha respectively)
[41,42]. Moreover, studies of crop rotation and intercropping schemes
of cowpea, castor and other crops commonly found in the region,
indicate that such farm management practices reduce the overall water
requirements compared to mono-cropping systems [43]. Speciﬁcally, it
was found that a rotation schedule with complementary crops minimizes soil exposure, decreases surface temperature and evapotranspiration and maintains soil moisture during the dry season [43]. The
above suggest that sacriﬁcing one cowpea harvest for castor production
will most likely not reduce the available water for other uses.
The above crop rotation system can have diﬀerent eﬀects on
regulating ecosystem services. Castor production under this rotation
system essentially means the establishment of feedstock production on
previous agricultural land. This implies that there will not be a
signiﬁcant change in carbon stocks, as several studies have identiﬁed
that the conversion of agricultural land for feedstock production
creates low carbon debts [44,45]. This means that no signiﬁcant eﬀects
(whether positive are negative) are expected for climate regulation
services linked to carbon sequestration.
Crop rotations can aﬀect the ﬂow and stability of natural pest
control services [46]. The rotation of castor in the above scheme can
possibly provide regulating ecosystem services in the form of weed [47]
and nematode [48] control. Cowpea is susceptible to nematodes and
should therefore not be planted consecutively on the same land as it
increases the risk of infestation [49]. Soy, maize and cotton are also
susceptible to harmful nematodes [50]. Rotation of such crops with
nematode-resistant species such as the castor oil plant can potentially
reduce parasitic nematode infestations [48].
The above crop rotation system can potentially provide soilrelated ecosystem services such as erosion regulation, fertility
maintenance and pollution regulation. Regarding erosion regulation, crop rotation with castor can reduce the exposure of bare soil.
Current cowpea production practices fallow the land between two
consecutive cowpea harvests as a method of conserving moisture. As
castor has a longer growth cycle than cowpea, the soil beneﬁts longer
from the protective action of plant cover [28]. Furthermore, castor
has a powerful radicular system that can bind soil better thus
controlling better erosion [51]. When it comes to soil fertility,
sometimes in the prevailing cowpea production practices in the
Northeast, agricultural residues are burnt or left to rot on ﬁeld to
fertilize the soil [52]. When intercropping with a crop that helps ﬁx
nutrients to the soil such as castor, these nutrients can be used for
the next cowpea cycle. Regarding soil pollution regulation, castor
has high soil remediation potential, as it possesses an excellent
ability to extract toxic metals and some organic contaminants such
as pesticides [53–55].
Land use/cover change from a cowpea monoculture to cowpea
alternated with castor could also bring beneﬁts in terms of biodiversity.
It has been shown that crop rotation can have positive eﬀects for local
biodiversity [56,57]. In the Semi-arid Region of Brazil agronomic tests
of novel farming system based on (i) crop rotation (castor and cowpea),
(ii) avoidance of herbicide use and (iii) avoidance of slash-and-burn for
land clearing, have shown a signiﬁcant increase in biodiversity and a
low incidence of pests after only two years [43].

there is also the possibility of a third scheme consisting of cowpea/
castor/maize rotation.
In Northeast Brazil, there are two annual rain-fed cowpea harvests.
The ﬁrst occurs during the rainy season (February-May), the second
during drier months (June-July), while an additional third is only
possible through irrigation in fertile lands. Cultivating castor after the
ﬁrst cowpea harvest implies the substitution of the second rain-fed
cowpea harvest, while in the case of soy implies in some cases the
substitution of maize (2nd harvest).
Such crop rotation systems using complementary species can be of
capital importance in semi-arid environments as a method of maintaining favorable soil characteristics. Castor oﬀers further beneﬁts in
this respect considering its low irrigation requirement which can help
prevent the soil degradation caused by the accumulation of salts.
Finally, a rotation scheme of maize, castor and the forage crop
Brachiaria ruziziensis (Congo grass) can improve soil water retention
level [36].
3.1.3. Eﬀects on ecosystem services
Oilseeds (castor) and food crops (cowpea) are the main provisioning ecosystem services provided by the intercropping system described
in Section 3.1.2. As castor oil is not edible due to its toxicity, there is no
direct diversion of food to biofuels. However the castor oil plant
competes to an extent with cowpea for land as it reduces the available
harvests of cowpea in the crop calendar year (Section 3.1.2). In this
case castor would replace the second cultivation cycle of cowpea, which
is 15% less productive compared to the ﬁrst harvest as it occurs during
the drier months [28]. Overall, this would result in reduced provision
of food from the intercropping system by as much as 46% compared to
a cowpea monoculture.
Still a castor-cowpea rotation scheme could deliver annually 1.5 t/
ha castor oilseeds and 1.1 t/ha cowpea [28,37], reducing to an extent
the competition between biofuel and food production, when compared
to a feedstock monoculture.
However, castor yields can depend signiﬁcantly between diﬀerent
varieties (Table 2). The Brazilian Agricultural Research Corporation
(EMBRAPA) has developed two castor varieties that provide reasonably high oil yields under the non-irrigated dryland conditions
encountered in the Northeast. The “BRS Nordestina” variety was
developed in 1990 for manual harvest while the “BRS Energia” variety
was developed in 2004 for mechanized or manual harvest. The varieties
Table 2
Characteristics of castor plant varieties adapted to the Semi-arid region.
Source: [14,28,38–40]
Variety

Rainfall (mm)

Yield
(kg/ha)

Oil percentage

Weight of 100
seeds (g)

BRS 149
Nordestina
BRS 149
Nordestina
BRS 149
Nordestina
BRS 149
Nordestina

188

230

45.90%

45.3

571

899

46.50%

50.0

700

1500

46.90%

54.3

2760

48.10%

60.1

230

46.20%

23.5

2820

49.30%

28.9

1300
1150
1130

47.28%
47.49%
47.47%

68
68
76

2872

52.60%

57.8

1048

47.72%

47.1

BRS Energia
BRS Energia

Pernambucana
Baianita
SIPEAL 28
BRS 188
Paraguaçu
BRS 188
Paraguaçu

897
(rainfall +
irrigation)
188
897
(rainfall +
irrigation)
700
700
700
913
(rainfall +
irrigation)
571
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In 2010 a speciﬁc program for the assessment of jatropha possibilities in Brazil was initiated (BRJatropha) [83]. Its aim was to create a
germplasm bank with the most resistant jatropha seeds, to ﬁnd ways to
detoxify the waste seedcake in order to be used as fodder and develop
low-cost jatropha biodiesel production systems in the Semi-arid region.
The BRJatropha Project ended in 2014 and generated valuable knowledge, especially regarding the highest-yielding varieties for the region
[84]. Yet, despite this initiative and some eﬀorts from local farmers and
entrepreneurs, the commercial cultivation of jatropha largely failed in
the region.

While crop-rotation systems can be more accommodating to
biodiversity, some of these schemes can have a neutral or even negative
eﬀect on some pollinator species. For example castor contains toxins
such as ﬂavonoids, ricinine and ricin. Flavonoids from castor have
insecticidal activity against the Coleoptera Callosobruchus chinensis
[58]. Ricinine has a proven activity against A. mellifera [59], the
Hymenoptera Atta sexdens rubropilosa [60], and the Lepidoptera
Spodoptera frugiperda [61]. Studies in the Brazilian Semi-arid
Region have concluded that the expansion of castor bean for biofuel
production might be potentially hazardous to native and domestic
honey bees, as castor pollen was found to be toxic to bees under
laboratorial conditions [62]. As a result local pollinator species such as
wasps, ants, bees or butterﬂies may decline in castor-dominated
landscapes, reducing as an extent the pollination ecosystem services
they provide. However, more extensive studies under natural conditions are needed to establish the actual eﬀects of castor and castor
pollen on pollinators, and thus on pollination services.

3.2.2. Jatropha as a nurse plant for Caatinga restoration
While jatropha has failed to gain acceptance in Northeast Brazil as a
biodiesel feedstock (Section 3.2.1), it can oﬀer a possible alternative for
the restoration of the Caatinga native forest in degraded and lowproductivity pastureland and farmland located on marginal soils. Adult
specimens of local jatropha varieties can act as nurse plants, having a
positive eﬀect on the emergence and survival of seedlings and on the
surrounding microclimate [9,12,85–88]. If jatropha plants are combined with local shrubs, its beneﬁcial eﬀects on microclimate can be
possibly reinforced, as under drought conditions these xerophile plants
may increase soil nutrient and moisture content and act as a buﬀer
against high radiation and high temperatures [11]. The importance of
facilitative interactions between local species increases as environmental conditions become more stressful [11].
The eﬀect of jatropha as a nurse plant has been documented in
several regions of the world. In semi-arid zones of Mexico, for instance,
J. dioica or J. cinerea and J. cuneata act as colonizer species on
degraded soils. Those species have been reported to associate with
arbuscular-mycorrhizal fungi and help to stabilize windborne soil that
settles under dense plant canopies, thus enhancing the establishment
of further colonizer plants in bare soils of disturbed areas [89,90]. In
the Northeast of Brazil, reforestation of Caatinga has been mostly done
through the use of diﬀerent mesquite varieties (Prosopis julifora)
which are invasive species. But even in those cases, J. mollissima (a
local jatropha variety) has been constantly encountered among the new
colonizer plants established in the reforested areas [85].
Based on this identiﬁed potential of jatropha as a nurse plant, a
novel feestock system based on the plantation of scattered adult
specimens of local jatropha varieties in combination with local
xerophile shrubs found in the Caatinga might be promising. Such a
landscape could look like Fig. 4, but with a lower density of jatropha
trees and with local shrubs intercropped among them.
Based on the growth rates of Caatinga ﬂora such a feedstock
landscape could be harvested only during the ﬁrst 10 years. In other
words, jatropha would act as a cash crop during the initial stages of
forest restoration, before the densiﬁcation and consolidation of natural
Caatinga woodland turns oilseed harvesting impracticable.

3.2. Jatropha
3.2.1. Jatropha as a biodiesel crop in Brazil: Status, potential and
barriers
Jatropha species are well adapted to tropical climates of South
America. For example, the Caatinga biome hosts some endemic
varieties such as J. mollissima, J. mutabilis and J. ribifolia.
Jatropha can be cultivated from the sea level to altitudes above
500 m, adapting itself to survive in very poor dry soils under conditions
considered marginal for agriculture [63]. It is a perennial plant whose
harvesting period extends for around six months. Several of the early
literature has highlighted that jatropha cultivation can have advantages
such as the lack of need for pesticides and the ability to provide
reasonable yields in low-fertility soils and under arid conditions [64]. It
has also been suggested that diﬀerent annual crops can be introduced
within the available space between jatropha plants to minimize
competitions with other food and industrial crops. Candidate crops
include rice (Oryza sativa L.), maize (Zea mays L.), cassava (M.
esculenta C.), peanut (Arachis hypogaea L.), cotton (Gossypium
hirsutum L.), cowpea (Phaseolus vulgaris L.) and crambe (Crambe
abssynica H.) [65–68]. This coexistence between jatropha and other
crops has been stimulated in the Semi-arid Region of Brazil by
programs that aim to empower small family-owned farms [68].
Jatropha oil can undergo transesteriﬁcation to produce biodiesel
[69,70]. However jatropha has experienced a wide collapse (or underperformance) in practically every country that was promoted as a biofuel
crop including Mexico [71], Indonesia [72], India [73], China [74] and
several parts of sub-Sahara Africa [6] such as Ghana [125]. This
accumulated knowledge has suggested several factors including the
undomesticated nature of the crop and the inability to deliver optimum
yields without good management practices, among several others [6,125].
As in other parts of the world, jatropha raised expectation in Brazil
in the early 2000s as a potential biodiesel feedstock [68,75,76]. Back in
2007 the potential of the plant was not questioned but it was
highlighted that yields were not predictable, that the conditions best
suiting its growth were not well deﬁned and that the potential
environmental impacts of large-scale cultivation were not understood
at all [77]. During the last decade, studies have better characterized
local jatropha varieties in Brazil [9,10] and diﬀerent cultivation
schemes that could produce in the region on average 500 L of oil per
hectare [66,68]. In the rainfed conditions of Northeast Brazil jatropha
seeds could be competitive compared to other oilseed crops that need
irrigation such as soybeans or rapeseeds which produce lower oil by
weight [78] and lesser yields of biodiesel after transesteriﬁcation [79].
These competitive advantages could be further increased with mechanization to reduce production costs during harvesting and shelling
[78,80] or even with biotechnological improvement [81,82] but the
eventual yield and economic performance can be still unpredictable.

Fig. 4. Young J. curcas plantation surrounded by native Caatinga forest in Northeast
Brazil.
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ground biomass 3 t of carbon per hectare. Still such carbon stocks are
lower than those of mature Caatinga woodland estimated at 14–35 t of
carbon per hectare [97,98].
Conversion of degraded pasture or farmlands to native restored
forest could have a clear positive impact on several soil related
regulating services. Some authors have noted that jatropha as a tree
species can reduce the overall time of bare/exposed soils due to
harvesting and regrowth compared to annual or perennial crops [95].
This, in combination with the gradual restoration of native woodland,
guarantees a continuous plant cover compared to cowpea monocropping [99] and natural pastures [91]. In the Semi-arid region, the
exposure of bare soil is one of the main factors contributing to
desertiﬁcation, and this is why agroforestry systems have proven to
perform better in terms of soil and water conservation compared to
intensives land uses such as mono-cropping and pasture [100]. The
latter has a very negative eﬀect on soil conservation as 73% of natural
pastureland in the region are highly degraded due to the systematic use
of unsustainable stocking rates that exceed the pasture's ability to
recover from grazing and stomping [92]. In this respect, jatropha trees
limit livestock movement and stabilize contour bounds [101,102],
potentially acting as live fences if planted densely.
As degraded pastureland is progressively transformed into Caatinga
forest, biological diversity should increase due to the restoration of the
natural habitat. Furthermore, local varieties of jatropha (J. mollissima,
J. mutabilis and J. ribifolia) can support diﬀerent pollinator species
such as insects, hummingbirds and even bats (Table 3). In particular, J.
mollissima and J. mutabilis are able to support the most pollinator
species (Table 3). However this can have an interesting trade-oﬀ. While
J. mutabilis can attract honeybees, and as a result contribute to honey
production (see above), A. mellifera displaces local pollination species
through the depletion of the ﬂower resources. Thus plants that depend
exclusively on local pollinators could be negative impacted.

Table 3
Local jatropha varieties and their pollinators.
Source: [103]
Local jatropha variety

Pollinators

J. ribifolia

Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa grisescens (bee)
Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa frontalis (bee)
Chlorostilbon lucidus (hummingbird)
Anopetia gounellei (hummingbird)
Apis mellifera (European honey bee)
Trigona spinipes (bee)
Xylocopa frontalis (bee)
Chlorostilbon lucidus (hummingbird)
Anopetia gounellei (hummingbird)
unidentiﬁed bats

J. mutabilis

J. mollissima

3.2.3. Eﬀects on ecosystem services
Jatropha seeds are the main provisioning ecosystem service provided by the jatropha systems described in Section 3.2.1. The extracted
oil can be used for a number of products such as feedstock for biodiesel
and raw material for soap.2 Average seed harvest for this region can be
1.5 t of seeds per hectare corresponding to 500 L of oil (33% oil
content) [68]. After reaching maturity (2–3 years after planting),
jatropha plants can be productive for approximately 40 years.
The conversion of pasture to a Caatinga-jatropha restoration
scheme could reduce the production of livestock-related provisioning
ecosystem services. Non-degraded semi-arid pastureland in the
Northeast can support on average 2 heads of cattle per hectare,
producing each year an average of 100 kg of meat [92]. On the other
hand, Caatinga areas can provide habitat to pollinators, with jatropha
trees being a food source to these pollinators (see below). As a result
some limited amount of honey might be a possibility for restored
Caatinga-jatropha landscapes.
Currently Caatinga areas are used to extract timber and fuelwood
(Section 1). A fully restored Caatinga landscape can potentially become
able to provide such provisioning ecosystem services again. However
given the current unsustainable trends of fuelwood and timber extraction from Caatinga woodlands (Section 1), it is not possible to ascertain
the long-term sustainability of receiving such provisioning ecosystem
services from restored Caatinga-jatropha landscapes.
The Caatinga-jatropha forest restoration system will be under
rainfed conditions. As jatropha has been identiﬁed to be a conservative
water user in Africa savannah contexts, it is not expected to compete
with natural vegetation for water [93]. In the Caatinga context, the
three jatropha varieties considered in this paper are endemic (J.
mollissima, J. mutabilis and J. ribifolia) and tend to maximize local
water resources by creating synergies between other plant species and
rhizosphere microorganisms [9,10,12]. As a result the cultivation of
jatropha trees at low density for forest restoration is not expected to
reduce water availability for other natural and human uses.
Land use change associated with landscape conversion for biofuel
production can have signiﬁcant eﬀects on carbon stored and the carbon
sequestration potential of the converted landscape [94]. Research in
Africa has shown that jatropha production can produce signiﬁcant
carbon debts if it is established in semi-arid savannah or virgin
Miombo woodland, e.g. see [95] for a review of the literature. On the
other hand it can produce carbon gains if it is established on
agricultural land, i.e. as hedges demarcating agricultural plots [96].
In the context of conversion of semi-arid woodlands in Brazil,
unpruned J. curcas plantations were conﬁrmed to store on above

3.3. Co-products and co-beneﬁts
Oil extraction from castor and jatropha seeds generates seedcake
rich in protein and carbohydrates as a waste residue. Jatropha
seedcake contains around 49% carbon (C), 6% hydrogen (H) and 3%
Nitrogen (N) [70,104–106]. Annually, the castor oil industry generates
around 90,845 m3 of waste castor seedcake in the Northeast region that
are left to rot around extraction facilities, acting as an organic fertilizer
[107]. This residue corresponds to 43% of the seed weight. Castor oil
seedcake has a nutrient content of: 6.5% Nitrogen (N), 2.0%
Phosphorous (P) and 1.0% Potassium (K).3 In addition, the fertilizer
produced by castor seedcake retains the capacity to control soil
nematodes [48].
Seedcake can also be used for energy production. Both jatropha and
castor seed cake can be burned directly, as their residue has a caloriﬁc
value of 18.8 MJ∙kg−1 [107]. This is relatively high for a solid biomass
waste, close to eucalypt wood (19.2 MJ∙kg−1) and much higher than
other agricultural or forestry residues such as sawmill waste
(10.0 kcal kg−1) or sugarcane bagasse (9.6 kcal∙kg−1). Seedcake can
also be fed in bio-digesters [70,104–106,108,109], which through
anaerobic fermentation can yield biogas with methane content as high
as 70% [104–106].
Other potential uses for seedcakes include the production of amino
acids, glue, pesticides, inks, ﬁbers and bioplastics among others,
although further research is still needed [110]. Due to their toxicity
castor and jatropha seedcake cannot be directly used as animal fodder.
While toxic substances could be removed through expensive physical,
3
That is, for each ton of castor or jatropha seeds, around 430kg of seed cake
containing 28kgN, 8.6kgP and 4.3kgK are generated. In comparison, cow manure has a
typical nutrient content of 0.6% N, 0.4% P and 0.5% K. That is, degraded pastureland
that contains on average 2 heads of cattle per hectare and receives 1.8t of manure
annually is fertilized with 10.8kgN, 7.2kgP and 9kgK.

2
It has been suggested that in some African contexts the economic returns from soapmaking are far higher than the sale of jatropha seeds for fuel production [91].
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CO2 sequestration is the regulating ecosystem service associated
with CO2 being stored into plants. All the ﬁve considered landscapes
act as carbon pools storing an amount of CO2 in their biomass that
ranges from 4 t/ha (pastures and farmlands) to 14 t/ha (Caatinga).
Vegetation (living plant biomass), dead wood, litter and soil organic
matter act as the major carbon pools. Besides the carbon stored in
biomass and soil, each of these landscapes exhibits diﬀerent rates of
carbon inﬂux.
Satellite and direct measurements have shown a net positive inﬂux
of CO2 in all of the ﬁve land uses [98,115]. According to these degraded
pasturelands or agricultural lands have a carbon inﬂux of 0.4 t·ha−1·
year−1, a jatropha plantation has 0.8 t·ha−1·year−1 whilst Caatinga
forest absorbs 2 t·ha−1·year−1. The higher positive inﬂux of CO2 of
Caatinga in relation to the other land uses is due to its higher density of
woody biomass.
As vegetation in the Caatinga-jatropha scheme becomes denser over
time, its carbon stock and carbon sequestration capacity increases.
However, to simplify this assessment, a constant rate of 0.8 t·ha−1·
year−1 is assumed during the ﬁrst 10 years, in which this landscape will
be productive in terms of oilseed feedstock. Once the oilseed extraction
becomes unfeasible both its carbon stock and storage capacity will
continue to increase until reaching eventually the values of restored
Caatinga, i.e. 14 t/ha and 2 t·ha−1·year−1.
A simple GHG balance was performed for each of the diﬀerent land
uses. This GHG balance considers the beneﬁts related to the combustion of biodiesel, the biogas /bio-fertilizer from seedcakes and the
methane emissions from cattle. While these elements cannot be
considered as regulating ecosystem services, a balance of these GHG
emissions of the land uses can add useful data to complement the
ecosystem service (carbon sequestration) discussion.
To establish the overall GHG balances the combustion of biodiesel
and biogas (compared to conventional diesel and LPG) is also
considered. The combustion of 1 L of diesel generates 2.67 kg of CO2
[116,117]. Each L of biodiesel B7 can save the emission of 0.11 kg CO2
[118]. Furthermore the process results in the production of biogas with
60% methane content, which is equivalent to 0.877 L of LPG for each
Nm3 of biogas (the higher caloriﬁc values are 38 MJ/Nm3 for methane
and 26 MJ/L for LPG). The combustion of each L of LPG generates
1.77 kg of CO2 [117,119,120]. To generate the same heat with biogas, it
is necessary to burn 1.14 Nm3 of that fuel which generates 1.54 kg of
CO2 [117]. Overall the use of biogas (instead of LPG) prevents the
emission of 0.20 kg CO2 for each Nm3 of biogas combusted.
Finally this analysis also considers the GHG emission savings from
the use of bio-fertilizer as a byproduct. This could save CO2 emissions
associated with the production of the equivalent synthetic fertilizer.
The CO2 footprint of an equivalent N-based chemical fertilizer was
assumed to be 3.6 kg CO2/kg [121]. Given the NPK content of the
seedcakes, it was considered that 1 kg of chemical fertilizer is equivalent to 10.5 kg of castor and 19.2 kg of jatropha seed cake, respectively,
as well as 66.7 kg of cow dung.
The GHG balances for each land use option are shown in Table 5. In
particular, converting pastureland to a Caatinga-jatropha forest restoration could save annual emissions of 0.56 t of CO2 and 0.11 t of
CH4 per hectare. Meanwhile, introducing a crop rotation scheme in
single-crop farms could avoid annual emissions of 0.36 t of CO2 per
hectare.

Table 4
Values for the biodiesel, biogas and biofertilizer processes.
Oilseed

Castor
Jatropha

Transesterification

Biodigestion

Oil content

% weight
expelled
as
seedcake

47%
30%

Conversion
to biodiesel /
glycerol

90% / 10%
90% / 10%

43%
70%

biogas
yield
(Nm3/kg
seedcake)

0.15
0.15

NPK content
(%) in the biofertilizer
N

P

K

6.5
3.0

2.0
0.7

1.0
1.5

Note: Nitrogen (N), Phosphorus (P), and Potassium (K).

thermal or chemical processes, this makes their use as fodder
economically uncompetitive [111,112].
3.4. Values considered for the quantitative assessment of
provisioning services and co-beneﬁts
This section describes the secondary data used for assessing the
ecosystem services provided by the diﬀerent land uses as identiﬁed in
the literature (Sections 3.1.3, 3.2.3). For both biofuel chains, the
primary product considered is biodiesel from the transesteriﬁcation
of oil derived from castor and jatropha seeds. For the transesteriﬁcation process a yield of 90 L of biodiesel and 12 kg of glycerol for each
100 L of oil input is considered [53,54] (Table 4).
The secondary product of the biodiesel production chain is biogas.
Selecting biogas as the secondary product is justiﬁed because it can
enhance resource recovery from agricultural residues of the primary
biodiesel chain. This includes both energy recovery from biogas
combustion and bio-fertilizers from the anaerobic process. This way
it can add multiple possible co-beneﬁts to biodiesel production, making
it more appealing to investors. For the biodigestion, a hydraulic
retention time of 15 days is considered, which could yield an average
0.15 Nm3 of biogas per kg of waste seed cake (Table 4).
Average crop and oilseed yields in the Semi-arid region under rainfed conditions (700 mm) are considered as 1.5 t/ha for castor cultivated in rotation with cowpea, and 1.5 t/ha for a dedicated jatropha
plantation [36,37,68]. For the jatropha-forest restoration system
proposed half that yield (0.75 t/ha) was assumed due to the lower
density of trees than a conventional plantation. For pastureland, an
average of 2 heads of cattle per hectare (beef cow) was assumed,
producing each year an average of 100 kg of meat, 6 kg of tallow (that
can produce 5 L of biodiesel), 1800 kg of manure and 110 kg (164
Nm3) of CH4 [92]. In order to compare the diﬀerent types of food
output from the alternative land uses, their (annual) yield per hectare is
converted into Kcal per hectare, using the following conversion:
1900 Kcal/kg cowpea, and 4000 Kcal/Kg beef meat.
Regarding CO2 sequestration service, the carbon stored in the above
and below ground biomass was assumed to be 14 t/ha [98,113] (other
scholars estimate it as high as 35 t/ha [97]). The carbon stored in
jatropha trees located in converted native forest has been estimated
between 3 t/ha (unpruned trees) and 8 t/ha (for more dense plantations with pruned trees) [97]. In this study, it is considered to be 4 t/ha
for the Caatinga-jatropha forest restoration scheme. For cropland and
pastures, data from the literature suggest a carbon stock of 4 t/ha [98],
but this value could be slightly higher for the latter. Soil analysis in
diﬀerent landscapes in the region have indicated that pasture systems
harbor more eﬃcient soil microbial communities in terms of carbon
use. Considering the above, land conversion from Caatinga to cropland
may cause signiﬁcant carbon loss from soils [98], but conversion to
pasture may increase carbon storage in soils [114]. For the castorcowpea rotation scheme, there is most likely an insigniﬁcant change in
carbon sequestration services.

4. Results and discussion
4.1. Ecosystem services trade-oﬀs
Table 6 provides an overview of the ecosystem services provided by
diﬀerent land uses in the Northeast of Brazil. Based on the review of the
literature (Sections 3.1.3, 3.2.3) some of these ecosystem services are
quantiﬁed using secondary data, while others (especially supporting
and cultural services) are assessed qualitatively.
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Table 5
Products and GHG emissions for the different land uses.
Caatinga natural
vegetation

Local Jatropha varieties for
forest restoration

Crop rotation scheme: castor
and cowpea

Single-crop farmland
(cowpea)

Pastureland

Carbon stock (direct measurements)
CO2 ﬂux
(satellite and direct measurements)
Oilseed and fat yields

14 t·ha−1
2
ton·ha−1·year−1
None
None
None
None
None
None
None
None

4 t·ha−1
0.4
ton·ha−1·year−1
1.5 t·ha−1
(castor)
634 L·ha−1
84.6 kg·ha−1
69.7 kg·ha−1
0.65 t·ha−1
96.7 Nm3·ha−1
19.4 kg·ha−1
39 kg·ha−1

4 t·ha−1
0.4
ton·ha−1·year−1
None

Biodiesel
Glycerol
CO2 emissions avoided (biodiesel)
Waste seedcake
Biogas
CO2 emissions avoided (biogas)
CH4 emissions (without
biodigesters)
CH4 emissions (after biodigesters)
NPK biofertilizer

4 t·ha−1
0.8
ton·ha−1·year−1
0.75 t·ha−1
(jatropha)
225 L·ha−1
30 kg·ha−1
24.7 kg·ha−1
0.52 t·ha−1
78.7 Nm3·ha−1
15.7 t·ha−1
31.7 kg·ha−1

4 t·ha−1
0.4
ton·ha−1·year−1
6 kg·ha−1
(tallow)
5 L·ha−1
1 kg·ha−1
0.5 kg·ha−1
None
None
None
110 kg·ha−1

None
2
Ton·ha−1·year−1

None
41.9 kg N·ha−1
12.9 kg P·ha−1
6.3 kg K·ha−1
220 kg·ha−1
0.76
Ton·ha−1·year−1

None
None

CO2 emissions avoided (biofertilizer)
TOTAL CO2 balance
(accumulation
of CO2 and emissions avoided)
TOTAL CH4 balance (emissions)

None
15.7 kg N·ha−1
3.6 kg P·ha−1
7.8 kg K·ha−1
98.2 kg·ha−1
0.96
Ton·ha−1·year−1

None
0.4
Ton·ha−1·year−1

110 kg·ha−1
11 kg N·ha−1
7 kg P·ha−1
9 kg K·ha−1
1.5 kg/ha
0.4
Ton·ha−1·year−1

–

–

–

–

0.11 t·ha−1·year−1

None
None

None
None
None
None
None
None
None

Note: After the tenth year, the jatropha-forest restoration scheme can be considered as Caatinga.

sion, soil regulation and GHG sequestration. On the other hand,
Caatinga does not produce signiﬁcant amounts of provisioning services
for local communities besides timber and ﬁrewood, which are manifestly extracted unsustainably in the region (Section 1). However,
Caatinga landscapes could provide revenues for small farmers, depending on initiatives that valorize this biome such as Payment for
Ecosystem Services (PES) [122,123] or ecotourism [123,124], see
below.
At the opposite end, pasture and cowpea mono-cropping in marginal soils can provide some provisioning services such as food and beef
tallow (for biodiesel). On the other hand they have a negative impact on
local water resources and in soil related services [42,92,114]. In the
case of pasture, high amounts of methane are emitted to the atmo-

Table 6 suggests that the diﬀerent land uses considered in this
paper produce diﬀerent bundles of ecosystem services. The impact
matrix below (Fig. 5), graphically illustrates the provision of these
ecosystem services and co-beneﬁts from the diﬀerent land uses. Green
shades depict positive service or co-beneﬁt provision, blue shades no
service/co-beneﬁt provision, and red/orange shades negative service
provision. The tone of the colour provides the intensity of the provision
of service. For example, regarding the latter, strong red means a “highly
negative” impact (e.g. high disservice) while light orange means a “low
negative” impact (moderate disservice).
Table 6 and Fig. 5 suggest that the Caatinga forest provides
numerous supporting, regulating and cultural services, and especially
services that do not have a well-established market, e.g. water provi-

Table 6
Ecosystem services provision and co-benefits for alternative land uses.
Provisioning services and related co-beneﬁts
Caatinga natural
vegetation

Local Jatropha varieties for forest
restoration

Crop rotation scheme: castor
and cowpea

Single-crop farmland
(cowpea)

Pastureland

Food

Low

None

0 t·ha−1
0 t·ha−1
0 GJ·ha−1

0.7 t·ha−1
0 t·ha−1
1.8 GJ·ha−1

16.2
GJ·ha−1
0 t·ha−1
0 t·ha−1
0 GJ·ha−1

1.7 GJ·ha−1

Oilseeds for biodiesel
Beef tallow for biodiesel
Energy from residual
seedcake
Bio-fertilizer

8.7
GJ·ha−1
1.5 t·ha−1
0 t·ha−1
2.2 GJ·ha−1

None

Positive (Very high)

41.9 kg N·ha−1
12.9 kg P·ha−1
6.3 kg K·ha−1
Negative (Medium)

None

Water provision
Regulating services
CO2 sequestration
Pest and disease control
Supporting services
Soil services
Pollination
Cultural services
Aesthetic and recreational
value
Biodiversity
Biodiversity

15.7 kg N·ha−1
3.6 kg P·ha−1
7.8 kg K·ha−1
Positive (Medium)

−1

−1

−1

0 t·ha−1
6 kg·ha−1
0 GJ·ha−1

Negative (Medium)

11 kg N·ha−1
7 kg P·ha−1
9 kg K·ha−1
Negative (Low)

14 t·ha
Positive (Very high)

4 t·ha
Positive (Medium)

4 t·ha
Positive (Medium)

4 t·ha−1
Negative (High)

4 t·ha−1
None

Very high
Very high

High
High

Medium
Very Low

Low
Low

Low
Low

Very high

Low

None

None

None

Very high

Medium

Low

Low

Low

Note: After the tenth year, the jatropha/forest scheme can be considered as Caatinga.
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soil-related ecosystem services could be positive. However, as shown in
the impact matrix (Fig. 5), pollination might be aﬀected negatively.
The Caatinga-jatropha forest restoration scheme can contribute to
Brazil's international commitment to recover 15 million ha of degraded
pastures by 2020 [126]. In the Semi-arid region, where the productivity
of pasture in marginal lands is low, a forest restoration scheme that
uses native jatropha species can eventually reverse the land degradation associated with pastureland. This would be possible after a
transition period of some years in which the land could produce
oilseeds as the main provisioning ecosystem service. This alternative
would entail some signiﬁcant tradeoﬀs mainly associated with the loss
of food production (beef). This land transition, however, could lead to
an eventual increase in the provision of other provisioning services (e.g.
feedstock for energy, water) as well as some regulating, supporting, and
cultural services (Section 4.1).
When it comes to scaling up the Caatinga-forest restoration
scheme, Northeast Brazil contains 33 million ha of pasture, of which
73% have exhibit a high level of degradation, only containing on
average 0.4 heads of cattle per hectare [92]. Assuming that the
Brazilian government decides to achieve its goal of recovering 15
million of those hectares through the studied Caatinga-jatropha
scheme, it would imply the loss of land of 6 million heads of cattle,
whose products produce annually 0.3 million tons of meat, 15 million L
of biodiesel and 3 thousand tons of glycerol (from beef tallow).
However the additional jatropha production could have important
implications for the Brazilian biodiesel plan [4], as the country would
temporary be able to receive an additional 3.37 billion L of biodiesel,
which is almost enough to cover the entire current domestic demand
[5]. The corresponding biogas production from jatropha waste seedcake could be as high as 1.2 billion Nm3. This energy provision could
have signiﬁcant climate beneﬁts due to the emissions saving of 8.4
million of tons of CO2. Although these large numbers are just an
example, the potential impact of this land use option in the energy
market of the nation is clear.

Fig. 5. Matrix of main ecosystem services impacts and co-beneﬁts for the alternative
land uses.

sphere (Table 5). These land uses also stand out for their low (or
negative) provision of some supporting and regulating services, such as
GHG sequestration and pest regulation.
Results suggest that the use of oilseed plants well adapted to the
local climate can oﬀer a mix of ecosystem services, both for the castorcowpea rotation scheme and the Caatinga-jatropha forest restoration
scheme. In sum, oilseed systems can provide a bundle of provisioning,
regulating and supporting (in the case of the Caatinga- jatropha forest
restoration scheme) ecosystem services (Fig. 5, Table 6), which in some
cases can be much higher than the original land use (Fig. 6).
Both schemes provide feedstock for biodiesel production, and
biogas from the residual oilseed cakes. Biogas production from local
agro-industrial wastes can reduce the imports of LPG in the region and
deforestation (for fuelwood) having thus multiple environmental
beneﬁts (Section 1). In this respect, it is noticeable that each hectare
of Caatinga- jatropha forest restoration scheme could produce the
equivalent to 276 L of LPG per year, while the castor-cowpea rotation
schemes could produce a third of that amount. Another byproduct
produced in the bio-digesters is slurry that can be used as a biofertilizer to increase soil nutrients and replace chemical fertilizers.
Furthermore both schemes can provide some climate regulation
services through the development of biofuel with positive GHG
emission balances (Table 5) and increase in carbon stocks as in the
case of the jatropha-forest restoration scheme.

4.3. Challenges and gaps
While both of the studied schemes exhibit some potential to
improve ecosystem services provision from degraded pasturelands or
cowpea monocultures (Section 4.2), there are two important challenges
about their adoption. The ﬁrst is the development of viable economic
frameworks to make their exploitation attractive to small farmers, and
the second is the development of the necessary scientiﬁc and agronomic knowledge to ascertain their long-term potential.
When it comes to the Caatinga-jatropha system, both local
Government and cattle farmers are aware of the need of better land
use management in the region. There is indeed a need to reforest
headwaters and degraded lands in order to prevent desertiﬁcation and
secure water resources. In this context the Caatinga-jatropha forest
restoration scheme can improve the delivery of regulating and supporting ecosystem services, combined with some level of feedstock production. However as discussed in Section 3.2.3, there is a lack of
agronomic knowledge about the actual performance of such systems
given the general lack of understanding of J. curcas4 agronomy,
let alone local jatropha varieties. While studies in the past decade have
partially closed such gaps for local varieties in Brazil [9,10] the fact
remains that there has been a global collapse of the J. curcas
agroindustry [6,7]. This could discourage its adoption in Brazil, which
lacks commercial experience in this agroindustry. However, on the plus
side, there is a mature biodiesel market in Brazil which might reduce
some of the production risks, as the lack of viable markets has been a
major driver of jatropha collapse in across Africa [6,127].

4.2. Potential for scaling up
The two studied schemes can contribute to possibly boost the
energy security and environmental sustainability targets of the
Brazilian government. The castor-cowpea rotation scheme has the
potential to be applied to 0.49 million ha where cowpea is cultivated as
a single crop [28]. This land cover change, while it can reduce cowpea
production, it could generate an added 0.3 billion L of biodiesel per
year, enough to supply 7% of Brazil's biodiesel demand, diversifying
from dominant feedstocks such as soybean and beef tallow (Section 1).
The resulting castor seedcake could generate an additional 47 million
of Nm3 biogas. These energy gains can come with GHG emission
savings of 0.2 million tons of CO2. The eﬀects on water availability and

4
Jatropha curcas has been the jatropha species overwhelmingly used for biofuel
production around the world.
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Fig. 6. Changes in the ﬂow of ecosystem services due to landscape conversion.

buy 30% of its inputs from local family farmers and support them with
technical assistance. In exchange, those biodiesel producers are
recognized with the SCS standard and get tax incentives as well as
better ﬁnancial conditions from the Brazilian Development Bank
(BNDES). Additionally, for those family farmers that aim to cultivate
oilseed crops, there is an additional line of credit, within the Pronaf
program (National Program for the Strengthening of Family Farming).
The SCS has had signiﬁcant success since its creation in 2005 as a
complement policy to the Brazilian Program for the Production and
Use of Biodiesel (PNPB). In the Northeast currently 3926 family
farmers and 7 cooperatives have entered the biodiesel value chain
[129]. Also, 4 out of the 6 existing biodiesel factories have been
certiﬁcated with the SCS standard [129]. However these numbers are
still lower compared to the rest of the country. For example in the rest
of Brazil about 70,000 family farmers already participate as suppliers
of the biodiesel industry while the biodiesel factories certiﬁed with the
SCS are the overwhelming majority (80%) [129].
Another possibility is the development of biofuel-related Payment for
Ecosystem Services (PES) schemes [130], such as those related to
watershed protection in Brazil [131]. Local farmers could obtain revenues
from castor and jatropha seeds in addition to the PES for oﬀering
pollination and/or watershed protection. However, ﬁrst it is necessary
to further strengthen the local biodiesel industry and establish an
attractive PES framework. PES schemes have been a major focus of
discussion in the new Brazilian Forest Code enacted in 2012. Since 2007
there have been several legislative proposals in the National Congress,
however up to now none of those law proposals have concretized in the
form of government credits. Our study can possibly provide a ﬁrst step
towards this direction as it oﬀers as initial assessment of the ecosystem
services trade-oﬀs expected to manifest during the conversion of prevalent
land uses in the Northeast (i.e. pasture and cowpea monoculture) for
feedstock production. This study provides an advance from previous
assessments of the region that focus exclusively on a monetary approach,
such as the levelized cost of energy from available biomass sources [132].

When it comes to castor, its agronomy is much better understood,
as the Northeast of Brazil is one of the main producing areas globally.
In this case, it is economic competitiveness that can challenge its
widespread adoption as a biodiesel crop, and especially the competition
with soy. Soy has initiated a cycle of low prices as its supply nationally
keeps growing while the Chinese demand has decreased (China is
Brazil's greatest soy importer [128]). Biodiesel reﬁneries will most
likely continue to be a convenient destination for part of the soy
harvest. At the same time, castor oil producers in the Semi-arid region
will continue to ﬁnd higher revenues by selling their harvest to the
cosmetic and pharmaceutical industries (Section 3.1). Possible the
higher prices for such castor oil uses will make uneconomical biodiesel
production.
When it comes to castor, the plant's agronomy is much better
understood in the Northeast of Brazil, as it is one of the main producing
areas globally. In this case, it is the economic competitiveness that can
challenge its widespread adoption as a biodiesel crop, and especially
the competition with soy. Soy has initiated a cycle of low prices as its
supply nationally keeps growing while the Chinese demand has
decreased (China is Brazil's greatest soy importer). Biodiesel reﬁneries
will most likely continue to be a convenient destination for part of the
soy harvest. At the same time, castor oil producers in the Semi-arid
region will continue to ﬁnd higher revenues by selling their harvest to
the cosmetic and pharmaceutical industries. As a result the higher
prices for such uses of castor oil will make uneconomical its use for
biodiesel production.
The current situation is not expected to change both for jatropha
and castor oil in the following years, until serious steps are taken by the
Brazilian government to inﬂuence a shift towards their greater
integration in biodiesel chains.
A key approach would be to integrate such schemes among the
existing lines of government credits and incentives available to the
Northeast region, and particularly the SCS Program (“Selo Combustível
Social”). The biodiesel producers who participate in this program must
2754

Renewable and Sustainable Energy Reviews 81 (2018) 2744–2758

A.S. Sánchez et al.

Acknowledgment

However, in order to establish the trade-oﬀs the present study is
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inserts a signiﬁcant element of uncertainty in the calculation [133,134].
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decisions, particularly those pertaining to the qualitative assessment.
An example from the present study is how expert judgment was used to
visualize trade-oﬀs related to pollination or cultural ecosystem services,
which are particularly context-speciﬁc and for which not a lot of
published material was available from the Northeast of Brazil.
To this end future research should be undertaken under real
conditions to better understand both the bioenergy potential of these
schemes in Northeast Brazil, as well as the nature and magnitude of the
expected trade-oﬀs. Extensive ecosystem services mapping exercises
can help meet this gap in the literature [19,20], but validation will be
equally important [133,134]. Future studies should also attempt to
unravel the human wellbeing trade-oﬀs of these proposals. Biofuel
mediated change in ecosystem services provision can have important
ramiﬁcations to human wellbeing that can be highly diﬀerentiated
between diﬀerent groups [21,135]. However concrete studies on these
links are currently missing from the literature [18], as it is particularly
challenging to link changes in the ﬂow of ecosystem services to human
wellbeing [136]. Understanding these linkages is equally important for
establishing the true sustainability potential of these alternative feedstock systems for Northeast Brazil.

Alexandros Gasparatos acknowledges support from the Japan
Science and Technology Agency (JST) through the Belmont Forum
project FICESSA. Antonio Sánchez sincerely thanks CAPES, the
Brazilian Federal Agency for Post-graduate Education.
References
[1] Sánchez AS, Nogueira IBR, Kalid RA. Uses of the reject brine from inland
desalination for ﬁsh farming, Spirulina cultivation, and irrigation of forage shrub
and crops. Desalination 2015;364:96–107. http://dx.doi.org/10.1016/j.desal.2015.01.034.
[2] de Jong P, Sánchez AS, Esquerre K, Kalid RA, Torres EA. Solar and wind energy
production in relation to the electricity load curve and hydroelectricity in the
northeast region of Brazil. Renew Sust Energ Rev 2013;23:526–35. http://
dx.doi.org/10.1016/j.rser.2013.01.050.
[3] de Jong P, Kiperstok A, Sánchez AS, Dargaville R, Torres EA. Integrating large
scale wind power into the electricity grid in the Northeast of Brazil. Energy
2016;100:401–15. http://dx.doi.org/10.1016/j.energy.2015.12.026.
[4] MME - Ministry of Mines and Energy of Brazil, PNDB - Programa Nacional de
Produção e Uso do Biodiesel (PNPB). Brasília: MME; 2004. Available at: 〈http://
www.mme.gov.br/programas/biodiesel/menu/biodiesel/pnpb.html〉.
[5] ANP - Brazilian National Agency of Petroleum, Natural Gas and Biofuels, Monthly
Biodiesel Reports, (November 2008 to January 2016). Rio de Janeiro: ANP; 2016.
Available at: 〈http://nxt.anp.gov.br/nxt/gateway.dll/leg/resolucoes_anp/2012/
maio/ranp%2014%20-%202012.xmlhttp://www.anp.gov.br/?Pg=77873 & m= &
t1= & t2= & t3= & t4= & ar= & ps= & 1444940837388〉.
[6] von Maltitz G, Gasparatos A, Fabricius C. The rise, fall and potential resilience
beneﬁts of jatropha in Southern Africa. Sustainability 2014;6(6):3615–43. http://
dx.doi.org/10.3390/su6063615.
[7] Li J, Bluemling B, Mol APJ, Herzfeld T. stagnating jatropha biofuel development
in Southwest China: an institutional approach. Sustainability
2014;6(6):3192–212. http://dx.doi.org/10.3390/su6063192.
[8] Gasparatos A, Borzoni M, Abramovay R. The Brazilian bioethanol and biodiesel
programmes: drivers, policies and impacts. In: Gasparatos A, Stromberg P,
editors. Socioeconomic and environmental impacts of biofuels. Cambridge Books
Online: Cambridge University Press; 2012. p. 111–43, [http://dx.doi.org/
10.1017/CBO9780511920899.010].
[9] Silva SI, Oliveira AFM, Negri G, Salatino A. Seed oils of Euphorbiaceae from the
Caatinga, a Brazilian tropical dry forest. Biomass- Bioenergy 2014;69:124–34,
[http://dx.doi.org/10.1016/j.biombioe.2014.07.010].
[10] Coutinho DJG, Barbosa MO, de Souza RJC, da Silva AS, da Silva SI, de Oliveira
AFM. Biodiesel potential of the seed oils from some Brazilian native
Euphorbiaceae species. Renew Energy 2016;91:275–81, [http://dx.doi.org/
10.1016/j.renene.2016.01.064].
[11] Ren H, Yang L, Liu N. Nurse plant theory and its application in ecological
restoration in lower subtropics of China. Prog Nat Sci 2008;18(2):137–42,
[http://dx.doi.org/10.1016/j.pnsc.2007.07.008].
[12] Moura FBP, Malhado ACM, Ladle RJ. Nursing the caatinga back to health. J Arid
Environ 2013;90:67–8, [http://dx.doi.org/10.1016/j.jaridenv.2012.10.010].
[13] van Rooijen LW. Pioneering in marginal ﬁelds: jatropha for carbon credits and
restoring degraded land in Eastern Indonesia. Sustainability 2014;6(4):2223–47,
[http://dx.doi.org/10.3390/su6042223].
[14] Corrêa MLP, Távora FJAF, Pitombeira JB. Behavior of castorbean cultivars
intercropped with cowpea and grain sorghum. Rev Ciência Agronômica
2006;37(2):200–7, [Available at:] 〈http://www.ccarevista.ufc.br/seer/index.php/
ccarevista/article/view/201/195〉.
[15] Díaz S, Demissew S, Carabias J, Joly C, Lonsdale M, Ash N, et al. The IPBES
Conceptual Framework — connecting nature and people. Curr Opin Environ
Sustain 2015;14:1–16, [http://dx.doi.org/10.1016/j.cosust.2014.11.002].
[16] Millennium Ecosystem Assessment . Ecosystems and human well-being: synthesis. Washington, DC: Island Press; 2005, [Available at] 〈http://www.unep.org/
maweb/documents/document.356.aspx.pdf〉.
[17] Gasparatos A, Lehtonen M, Stromberg P. Do we need a uniﬁed appraisal
framework to synthesize biofuel impacts?. Biomass- Bioenergy 2013;50:75–80.
http://dx.doi.org/10.1016/j.biombioe.2012.09.052.
[18] Gasparatos A, Stromberg P, Takeuchi K. Biofuels, ecosystem services and human
wellbeing: Putting biofuels in the ecosystem services narrative. Agr Ecosyst
Environ 2011;142(3–4):111–28. http://dx.doi.org/10.1016/j.agee.2011.04.020.
[19] Meyer MA, Chand T, Priess JA. Comparing bioenergy production sites in the
southeastern US regarding ecosystem service supply and demand. PLoS One
2015;10:e0116336. http://dx.doi.org/10.1371/journal.pone.0116336.
[20] Gissi E, Gaglio M, Reho M. Sustainable energy potential from biomass through
ecosystem services trade-oﬀ analysis: the case of the Province of Rovigo (Northern
Italy). Ecosyst Serv 2016;18:1–19. http://dx.doi.org/10.1016/j.ecoser.2016.01.004.
[21] von Maltitz G, Gasparatos A, Fabricius C, Morris A, Willis K. Jatropha cultivation
in Malawi and Mozambique: impact on ecosystem services, local human wellbeing
and poverty alleviation. Ecol Soc 2016;21(3):1–16. http://dx.doi.org/10.5751/
ES-08554-210303.
[22] Joly CA, Verdade LM, Huntley BJ, Dale VH, Mace G, Muok B, Ravindranath NH.
Biofuel impacts on biodiversity and ecosystem services. In: Souza MS, Victoria RL,

5. Conclusions
Based on the analysis of secondary data, both alternative biofuel
systems that use oilseeds adapted to local climate can provide a bundle
of provisioning, regulating and supporting ecosystem services.
Feedstock for bioenergy is the most important ecosystem service
derived from these multi-functional landscapes. In particular converting pasture to a jatropha-Caatinga forest restoration scheme could
provide per hectare 0.7 t of oilseeds for biodiesel production and 1.8 GJ
of usable energy, in the form of biogas from the residual seedcake. The
castor-cowpea rotation scheme could provide per hectare 1.5 t of
oilseeds for biodiesel production together with 2.2 GJ of usable biogas
energy, per hectare. The per hectare carbon gains from the proposed
biodiesel systems can be as high as 0.36–0.56 t of CO2 per year
(including use of biogas and bio-fertilizers).
However, some ecosystem services tradeoﬀs are expected if current
agriculture/pasture landscapes are converted for feedstock production.
The most obvious is that the loss of pastureland located in marginal
areas can result in a modest but important loss of food, quantiﬁed as
100 kg of meat per hectare per year. When it comes to cowpea monocropping converted to a cowpea-castor rotation, a loss of 933 kg of food
legume crop is expected per hectare per year. This loss of food could be
oﬀset by increased energy production and gains in biodiversity,
pollination, water provision and soil-related services.
Adopting the studied schemes could have signiﬁcant ramiﬁcations
for the Brazilian biodiesel plan and, together with the biogas production from residual seedcakes, could have an overall positive eﬀect on
the energy security of the Semi-arid region of Brazil. However studies
under real conditions should be undertaken in order to better understand both the bioenergy potential of these schemes in Northeast
Brazil, as well as the nature and magnitude of the expected trade-oﬀs.
2755

Renewable and Sustainable Energy Reviews 81 (2018) 2744–2758

A.S. Sánchez et al.

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

Joly CA, Verdade LM, editors. Bioenergy & sustainability: bridging the gaps.
Paris: SCOPE (Scientiﬁc Committee On Problems of the Environment); 2015. p.
555–80, [Available at] 〈http://bioenfapesp.org/scopebioenergy/images/chapters/
bioen-scope_chapter16.pdf〉.
Holland RA, Eigenbrod F, Muggeridge A, Brown G, Clarke D, Taylor G. A synthesis
of the ecosystem services impact of second generation bioenergy crop production.
Renew Sust Energy Rev 2015;46:30–40. http://dx.doi.org/10.1016/
j.rser.2015.02.003.
Ogunniyi DS. Castor oil: a vital industrial raw material. Bioresour Technol
2006;97(9):1086–91. http://dx.doi.org/10.1016/j.biortech.2005.03.028.
Vieira C, Evangelista S, Cirillo R, Lippi A, Maggi CA, Manzini S. Eﬀect of ricinoleic
acid in acute and subchronic experimental models of inﬂammation. Mediat
Inﬂamm 2000;9(5):223–8. http://dx.doi.org/10.1080/09629350020025737.
Tunaru S, Althoﬀ TF, Nüsing RM, Diener M, Oﬀermanns S. Castor oil induces
laxation and uterus contraction via ricinoleic acid activating prostaglandin EP3
receptors. Proc Natl Acad Sci USA 2012;109(23):9179–84. http://dx.doi.org/
10.1073/pnas.1201627109.
Sousa AS, Tavora FJAF, Pitombeira JB, Bezerra FM. Épocas de plantio e manejo
da irrigação para a mamoneira. I - Compon De produção Rev Ciência Agronômica
2007;38:414–21, [Available at:] 〈http://ccarevista.ufc.br/seer/index.php/
ccarevista/article/view/103/98〉.
CONAB – National Supply Company of Brazil, Acomp. safra bras. grãos - Safra
2015/16 - primeiro levantamento, Brasília: CONAB; 2015. Available at: 〈http://
www.conab.gov.br/OlalaCMS/uploads/arquivos/15_10_16_10_52_19_safras_
outu_2015.pdf〉.
De Oliveira FC, Coelho ST. History, evolution, and environmental impact of
biodiesel in Brazil: a review. Renew Sust Energ Rev 2016. http://dx.doi.org/
10.1016/j.rser.2016.10.060, [In press, Available online 11November].
Cremonez PA, Feroldi M, Nadaleti WC, de Rossi E, Feiden A, de Camargo MP,
et al. Biodiesel production in Brazil: current scenario and perspectives. Renew
Sust Energy Rev 2015;42:415–28. http://dx.doi.org/10.1016/j.rser.2014.10.004.
César AS, Batalha MO. Biodiesel production from castor oil in Brazil: a diﬃcult
reality. Energy Policy 2010;38(8):4031–9. http://dx.doi.org/10.1016/j.enpol.2010.03.027.
Wang H, Tang H, Wilson J, Salley SO, Ng KYS. Total acid number determination
of biodiesel and biodiesel blends. J Am Oil Chem Soc 2008;85(11):1083–6.
http://dx.doi.org/10.1007/s11746-008-1289-8.
Candeia RA, Silva MCD, Carvalho-Filho JR, Brasilino MGA, Bicudo TC, Santos
IMG, et al. Inﬂuence of soybean biodiesel content on basic properties of biodiesel–
diesel blends. Fuel 2009;88(4):738–43. http://dx.doi.org/10.1016/
j.fuel.2008.10.015.
Benjumea P, Agudelo J, Agudelo A. Basic properties of palm oil biodiesel–diesel
blends. Fuel 2008;87(10–11):2069–75. http://dx.doi.org/10.1016/
j.fuel.2007.11.004.
Albuquerque MCG, Machado YL, Torres AEB, Azevedo DCS, Cavalcante CL,
Firmiano LR, Parente EJS. Properties of biodiesel oils formulated using diﬀerent
biomass sources and their blends. Renew Energy 2009;34(3):857–9. http://
dx.doi.org/10.1016/j.renene.2008.07.006.
Prando MB, Olibone D, Olibone APE, Rosolem CA. Water inﬁltration in soil as
inﬂuenced by chiseling and crop rotations. Rev Bras Ci Solo 2010;34(3):693–700
http://dx.doi.org/10.1590/S0100-06832010000300010.
IBGE – Brazilian Institute of Geography and Statistics, Levantamento Sistemático
da Produção Agrícola. Brasília: IBGE; 2013.
Biscaro GA, Vaz MAB, Giacon GM, Gomes EP, da Silva SB, Motomiya AVA. Yield
of two castor bean cultivars under diﬀerent depths of supplemental irrigation. Rev
Bras Eng Agríc Ambient 2012;16(9):925–30. http://dx.doi.org/10.1590/S141543662012000900001.
Severino LS, Auld DL. Seed yield and yield components of castor inﬂuenced by
irrigation. Ind Crop Prod 2013;49:52–60. http://dx.doi.org/10.1016/j.indcrop.2013.04.012.
Formiga LA, Guerra HOC, Lacerda RD, da Silva JEB, Araujo MS. Eﬀect of
available soilwater in the development of two castor bean cultivars in the ﬁrst and
second cycles. Eng Agríc 2016;34(6):1128–38. http://dx.doi.org/10.1590/S010069162014000600009.
Lima JRDS, Antonino AC, Souza ES, Lira CABO, Silva IF. Seasonal and
interannual variations of evapotranspiration, energy exchange, yield and water use
eﬃciency of castor grown under rainfed conditions in northeastern Brazil. Ind
Crop Prod 2013;50:203–11. http://dx.doi.org/10.1016/j.indcrop.2013.07.012.
Lima JRDS, Antonino AC, Hammecker C, Carlos ADO, Souza ES. Water and
energy ﬂux measurements in rainfed cowpea cultivated in Northeast Brazil. Rev
Bras Ciênc Agrar 2013;8(2):297–304, [Available at] 〈http://www.cabi.org/
cabdirect/FullTextPDF/2013/20133266931.pdf〉.
Ventura AC, Andrade JCS. Polyculture in the semi-arid regions of Brazil. Field
Actions Sci Rep 2011;3:1–11, [Available at] 〈http://factsreports.revues.org/
2558〉.
Gasparatos A, Stromberg P, Takeuchi K. Sustainability impacts of ﬁrst-generation
biofuels. Anim Front 2013;3:12–26. http://dx.doi.org/10.2527/af.2013-0011.
Peter C, Helming K, Nendel C. Do greenhouse gas emission calculations from
energy crop cultivation reﬂect actual agricultural management practices? – A
review of carbon footprint calculators. Renew Sust Energ Rev 2017;67:461–76.
http://dx.doi.org/10.1016/j.rser.2016.09.059.
Rusch A, Bommarco R, Jonsson M, Smith HG, Ekbom B. Flow and stability of
natural pest control services depend on complexity and crop rotation at the
landscape scale. J Appl Ecol 2013;50(2):345–54. http://dx.doi.org/10.1111/
1365-2664.12055.
Castro GSA, Crusciol CAC, Negrisoli E, Perim L. Weed incidence in grain

[48]

[49]

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

2756

production systems. Planta Daninha 2011;29:1001–10. http://dx.doi.org/
10.1590/S0100-83582011000500006.
Gomes CB, Santos AV, Dietrich E. Resistência de cultivares de Mamona ao
Nematoide-das galhas Meloidogyne spp. Embrapa Clima Temperado: Bol De
Pesqui e Desenvolv 2013;184:1516–8840, [Available at] 〈http://www.infoteca.
cnptia.embrapa.br/infoteca/bitstream/doc/991055/1/Boletim184web.pdf〉.
Sousa CCM, Pedrosa EMR, Rolim MM, Filho RAO, de Souza MALM, Filho JVP.
Growth and enzymatic responses of cowpea under water stress and root-knot
nematode. Rev Bras Eng Agríc Ambient 2015;19(2):113–8. http://dx.doi.org/
10.1590/1807-1929/agriambi.v19n2p113-118.
Machado ACZ. Current nematode threats to Brazilian agriculture. Curr Agric Sci
Technol 2014;12(1):26–35. http://dx.doi.org/10.18539/cast.v20i1.3737.
Feitosa DRC, dos Santos PB, Romeiro GES, Freitas CAS, Silva ARA, Bezerra FML.
Spatial distribution of the root system of castor bean cultivar BRS Paraguaçu
under diﬀerent levels of irrigation. Rev Bras De Agric Irrig 2010;4(4):234–41,
[Available at] 〈http://www.inovagri.org.br/revista/index.php/rbai/article/view/
59/pdf_51〉.
Silva DDE, Felizmino FTA, Oliveira MG. Avaliação da degradação ambiental a
partir da prática da cultura do feijão no município de Tavares-PB. Holos
2016;8:148–65 http://dx.doi.org/10.15628/holos.2015.2063.
Pandey VC, Bajpai O, Singh N. Energy crops in sustainable phytoremediation.
Renew Sust Energ Rev 2016;54:58–73. http://dx.doi.org/10.1016/
j.rser.2015.09.078.
González-Chávez MCA, Olivares AR, Carrillo-González R, Leal ER. Crude oil and
bioproducts of castor bean (Ricinus communis L.) plants established naturally on
metal mine tailings. Int J Environ Sci Technol 2015;12(7):2263–72. http://
dx.doi.org/10.1007/s13762-014-0622-z.
Bauddh K, Singh K, Singh B, Singh RP. Ricinus communis: a robust plant for bioenergy and phytoremediation of toxic metals from contaminated soil. Ecol Eng
2015;84:640–52. http://dx.doi.org/10.1016/j.ecoleng.2015.09.038.
Albizua A, Williams A, Hedlund K, Pascual U. Crop rotations including ley and
manure can promote ecosystem services in conventional farming systems. Appl
Soil Ecol 2015;95:54–61. http://dx.doi.org/10.1016/j.apsoil.2015.06.003.
Kremen C, Miles A. Ecosystem services in biologically diversiﬁed versus conventional farming systems: beneﬁts, externalities, and trade-oﬀs. Ecol Soc
2012;17(4):153–77. http://dx.doi.org/10.5751/ES-05035-170440.
Upsani SM, Koltkar HM, Mendki PS, Maheshwari VL. Partial characterization and
insecticidal properties of ricinus communis L. foliage ﬂavonoids. Pest Manag Sci
2003;59:1349–54. http://dx.doi.org/10.1002/ps.767.
Rother DC, Souza TF, Malaspina O, Bueno OC, Silva MFGF, Vieira PC, et al.
Susceptibilidade de operárias e larvas de abelhas sociais em relação à ricinina.
Inheringia Ser Zool 2009;99:61–5. http://dx.doi.org/10.1590/S007347212009000100009.
Bigi MFMA, Torkomian VLV, Groote STCS, Hebling MJA, Bueno OC, Pagnocca
FC, et al. Activity of ricinus communis (Euphorbiaceae) and ricinine against the
leaf-cutting ant Atta sexdens rubropilosa (Hymenoptera: Formicidae) and the
symbiotic fungus Leucoagaricus gongylophorus. Pest Manag Sci 2004;60:933–8.
http://dx.doi.org/10.1002/ps.892.
Ramos-López MA, Pérez GS, Rodríguez-Hernández C, Guevara-Fefer P, ZavalaSánchez MA. Activity of ricinus communis (Euphorbiaceae) against Spodoptera
frugiperda (Lepidoptera: Noctuidae). Afr J Biotechnol 2010;9:1359–65,
[Available online at] 〈http://www.academicjournals.org/AJB〉.
Junior EMA, Fernandes IMS, Santos CS, de Mesquita LX, Pereira RA, Maracajá
PB, et al. Toxicity of castor bean (Ricinus communis) pollen to honeybees. Agr
Ecosyst Environ 2011;141(1–2):221–3. http://dx.doi.org/10.1016/
j.agee.2011.02.010.
Brittaine R, Lutaladio N. Jatropha: a smallholder bioenergy crop: the potential for
pro-poor development. Integr Crop Manag 2010;8:27–54, [Available at:] 〈http://
www.fao.org/docrep/012/i1219e/i1219e02.pdf〉.
Openshaw K. A review of Jatropha curcas: an oil plant of unfulﬁlled promise.
Biomass- Bioenergy 2000;19(1):1–15. http://dx.doi.org/10.1016/S09619534(00)00019-2.
Behera SK, Srivastava P, Tripathi R, Singh JP, Singh N. Evaluation of plant
performance of Jatropha curcas L. under diﬀerent agro-practices for optimizing
biomass – A case study. Biomass- Bioenergy 2010;34(1):30–41. http://
dx.doi.org/10.1016/j.biombioe.2009.09.008.
Viana OH, Santos RF, de Oliveira RC, Secco D, de Souza SN, Tokura LK, et al.
Crambe ('Crambe abyssinica' H.) development and productivity under diﬀerent
sowing densities. Aust J Crop Sci 2015;9(8):690–5, [Available at] 〈http://search.
informit.com.au/documentSummary;dn=502255870680512;res=IELHSS〉.
Singh RA, Kumar M, Haider E. Synergistic cropping of summer groundnut with
Jatropha curcas–A new two-tier cropping system for Uttar Pradesh. J SAT Agr Res
2007;5(1):1–2, [Available at] 〈http://ejournal.icrisat.org/volume5/Groundnut/
gn9.pdf〉.
Arruda FP, Beltrão NEM, Andrade AP, Pereira WE, Severino LS. Physic nut
(Jatropha curca L.) cultivation as an alternative crop for the northeast semi-arid of
Brazil. Rev Bras De Ol e ﬁbrosas 2004;8(1):789–99, [Available at] 〈http://www.
almanaquedocampo.com.br/imagens/ﬁles/cultivo%20Pinh%C3%A3o%20manso
%20publica%C3%A7%C3%A3o.pdf〉.
Lu H, Liu Y, Zhou H, Yang Y, Chen M, Liang B. Production of biodiesel from
Jatropha curcas L. oil. Comput Chem 2009;33(5):1091–6. http://dx.doi.org/
10.1016/j.compchemeng.2008.09.012.
Deeba F, Kumar V, Gautam K, Saxena RK, Sharma DK. Bioprocessing of Jatropha
curcas seed oil and deoiled seed hulls for the production of biodiesel and biogas.
Biomass- Bioenergy 2012;40:13–8. http://dx.doi.org/10.1016/j.biombioe.2012.01.009.

Renewable and Sustainable Energy Reviews 81 (2018) 2744–2758

A.S. Sánchez et al.
[71] Rodríguez OAV, Vázquez AP, Gamboa CM. Drivers and consequences of the ﬁrst
jatropha curcas plantations in Mexico. Sustainability 2014;6:3732–46. http://
dx.doi.org/10.3390/su6063732.
[72] Simandjuntak D. Riding the hype: the role of state-owned enterprise elite actors in
the promotion of jatropha in Indonesia. Sustainability 2014;6:3780–801. http://
dx.doi.org/10.3390/su6063780.
[73] Ariza-Montobbio P, Lele S. Jatropha plantations for biodiesel in Tamil Nadu,
India: viability, livelihood trade-oﬀs, and latent conﬂict. Ecol Econ
2010;70:189–95 http://dx.doi.org/10.1016/j.ecolecon.2010.05.011.
[74] Li J, Bluemling B, Mol APJ, Herzfeld T. Stagnating Jatropha Biofuel Development
in Southwest China: an Institutional Approach. Sustainability 2014;6:3192–212
http://dx.doi.org/10.3390/su6063192.
[75] Laviola BG, Alves AA, Rocha RB, Drumond MA. The importance of jatropha for
Brazil, Jatropha. In: Carels N, Sujatha M, Bahadur B, editors. Challenges for a new
energy crop. New York: Springer; 2012. p. 71–94, [http://dx.doi.org/10.1007/
978-1-4614-4806-8_5].
[76] Duraes FOM, Laviola BG, Alves AA. Potential and challenges in making physic nut
(Jatropha curcas L.) a viable biofuel crop: the Brazilian perspective. CAB Rev:
Perspect Agr Vet Sci Nutr Nat Resour 2011;6(43):1–8, [Available at] 〈http://
ainfo.cnptia.embrapa.br/digital/bitstream/item/54632/1/Id-Laviola-Duraes.
pdf〉.
[77] Fairless D. Biofuel: the little shrub that could – maybe. Nature 2007;449:652–5.
http://dx.doi.org/10.1038/449652a.
[78] Yuan Lim BY, Shamsudin R, Baharudin BTHT, Yunus R. A review of processing
and machinery for Jatropha curcas L. fruits and seeds in biodiesel production:
harvesting, shelling, pretreatment and storage. Renew Sust Energy Rev
2015;52:991–1002. http://dx.doi.org/10.1016/j.rser.2015.07.077.
[79] Panchal TM, Patel A, Chauhan DD, Thomas M, Patel JV. A methodological review
on bio-lubricants from vegetable oil based resources. Renew Sust Energy Rev
2017;70:65–70. http://dx.doi.org/10.1016/j.rser.2016.11.105.
[80] Navarro-Pineda FS, Baz-Rodríguez SA, Handler R, Sacramento-Rivero JC.
Advances on the processing of Jatropha curcas towards a whole-crop bioreﬁnery.
Renew Sust Energy Rev 2016;54:247–69. http://dx.doi.org/10.1016/
j.rser.2015.10.009.
[81] Kumar P, Srivastava VC, Jha MK. Jatropha curcas phytotomy and applications:
development as a potential biofuel plant through biotechnological advancements.
Renew Sust Energy Rev 2016;59:818–38. http://dx.doi.org/10.1016/
j.rser.2015.12.358.
[82] Moniruzzaman M, Yaakob Z, Khatun R. Biotechnology for Jatropha improvement:
a worthy exploration. Renew Sust Energy Rev 2016;54:1262–77. http://
dx.doi.org/10.1016/j.rser.2015.10.074.
[83] Embrapa - Brazilian Agricultural Research Corporation. BRJATROPHA: Pesquisa,
Desenvolvimento e Inovação em Pinhão-Manso para Produção de Biodiesel.
Brasília: Embrapa Agroenergia; 2011. Available at: 〈http://ainfo.cnptia.embrapa.
br/digital/bitstream/item/51057/1/BR-Jatropha-2011.pdf〉.
[84] Laviola BG, Alves AA, Gurgel FL, Rosado TB, Rocha RB, Albrecht JC. Estimates of
genetic parameters for physic nut traits based in the germplasm two years
evaluation. Ciência Rural 2012;42(3):429–35, [https://dx.doi.org/10.1590/
S0103-84782012000300008].
[85] Yeaton RI, Romero-Manzanares A. Organization of vegetation mosaics in the
Acacia schaﬀneri-Opuntia streptacantha association, southern Chihuahuan
Desert, Mexico. J Ecol 1986;74:211–7. http://dx.doi.org/10.2307/2260359.
[86] Pandey VC, Bajpai O, Singh N. Energy crops in sustainable phytoremediation.
Renew Sust Energy Rev 2016;54:58–73. http://dx.doi.org/10.1016/
j.rser.2015.09.078.
[87] Edrisi SA, Abhilash PC. Exploring marginal and degraded lands for biomass and
bioenergy production: an Indian scenario. Renew Sust Energy Rev
2016;54:1537–51. http://dx.doi.org/10.1016/j.rser.2015.10.050.
[88] Tripathi V, Edrisi SA, Abhilash PC. Towards the coupling of phytoremediation
with bioenergy production. Renew Sust Energy Rev 2016;57:1386–9. http://
dx.doi.org/10.1016/j.rser.2015.12.116.
[89] Carrillo-Garcia A, de la Luz JLL, Bashan Y, Bethlenfalvay GJ. Nurse plants,
Mycorrhizae, and plant establishment in a disturbed area of the sonoran desert.
Restor Ecol 1999;7(4):321–35. http://dx.doi.org/10.1046/j.1526100X.1999.72027.x.
[90] Paes-Silva AP, Chaves IB, Sampaio EVSB. Cobertura vegetal da bacia hidrográﬁca
do Açude Namorado no cariri oriental paraibano. Agropecuária Técnica
2003;24(1):47–59, [Available at] 〈http://www.cca.ufpb.br/revista/pdf/2003_1_
6.pdf〉.
[91] Schut M, van Paassen A, Leeuwis C, Bos S, Leonardo W, Lerner A. Space for
innovation for sustainable community-based biofuel production and use: lessons
learned for policy from Nhambita community, Mozambique. Energy Policy
2011;39(9):5116–28. http://dx.doi.org/10.1016/j.enpol.2011.05.053.
[92] Dias-Filho MB. Documentos 402: Diagnóstico das Pastagens no Brasil. Belém:
Embrapa Amaz Orient 2014, [Available at:] 〈http://ainfo.cnptia.embrapa.br/
digital/bitstream/item/102203/1/DOC-402.pdf〉.
[93] Everson CS, Mengistu MG, Gush MB. A ﬁeld assessment of the agronomic
performance and water use of Jatropha curcas in South Africa. BiomassBioenergy 2013;59:59–69. http://dx.doi.org/10.1016/j.biombioe.2012.03.013.
[94] Fargione J, Hill J, Tilman D, Polasky S, Hawthrone P. Land clearing and the
biofuel carbon debt. Science 2008;319:1235–8. http://dx.doi.org/10.1126/
science.1152747.
[95] Gasparatos A, von Maltitz G, Johnson FX, Lee L, Mathai M, de Oliveira JP, et al.
Biofuels in Africa: drivers, impacts and priority policy areas. Renew Sust Energy
Rev 2015;45:879–901. http://dx.doi.org/10.1016/j.rser.2015.02.006.

[96] Romeu-Dalmau C, Gasparatos A, von Maltitz G, Graham A, Almagro-Garcia J,
Wilebore B, et al. Impacts of land use change due to biofuel crops on climate
regulation services: ﬁve case studies in Malawi, Mozambique and Swaziland.
Biomass- Bioenergy 2016, [In press. http://dx.doi.org/10.1016/j.biombioe.2016.05.011].
[97] Bailis R, McCarthy H. Carbon impacts of direct land use change in semiarid
woodlands converted to biofuel plantations in India and Brazil. GCB Bioenergy
2011;3(6):449–60. http://dx.doi.org/10.1111/j.1757-1707.2011.01100.x.
[98] Tiessen H, Feller C, Sampaio EVSB, Garin P. Carbon sequestration and turnover in
semiarid savannas and dry forest. Clim Change 1998;40(1):105–17. http://
dx.doi.org/10.1023/A:1005342932178.
[99] Freitas FJ, Cantalice JRB, Bezerra SA, Silva MDRO, Santos PM, Correa RM, et al.
Erosão em entressulcos sob caatinga e culturas agrícolas. Rev Bras De Ciência do
Solo 2008;32(4):1743–51, [https://dx.doi.org/10.1590/S010006832008000400039].
[100] Aguiar MI, Maia SMF, Oliveira TS, Mendonça ES, Filho JAA. Perdas de solo, água
e nutrientes em sistemas agroﬂorestais no município de Sobral, CE. Rev Ciênc
Agron 2008;37(3):270–8, [Available at] 〈http://ccarevista.ufc.br/seer/index.php/
ccarevista/article/view/165/159〉.
[101] Nielsen F, de Jongh B, de Jongh J. End report FACT pilot project “Jatropha oil for
local development in Mozambique” 2007–2010. Wageningen: FACT Foundation;
2011.
[102] Achten WMJ, Verchot L, Franken YJ, Mathijs E, Singh VP, Aerts R, et al. Jatropha
bio-diesel production and use. Biomass- Bioenergy 2008;32(12):1063–84 http://
dx.doi.org/10.1016/j.biombioe.2008.03.003.
[103] das Neves EL, Machado IC, Viana BF. Pollination and reproductive systems of
three species of Jatropha (Euphorbiaceae) in the semi-arid Caatinga region of
Brazil. Rev Bras Bot 2011;34(4):553–63. http://dx.doi.org/10.1590/S010084042011000400009.
[104] Staubmann R, Foidl G, Foidl N, Gübitz GM, Laﬀerty RM, Arbizu VMV, Steiner W.
Biogas production from Jatropha curcas press-cake. In: Davison BH, Wyman CE,
Finkelstein M, editors. Biotechnology for fuels and chemicals. Humana Press;
1997. p. 457–67 http://dx.doi.org/10.1007/978-1-4612-2312-2_40.
[105] Chandra R, Vijay VK, Subbarao PMV, Khura TK. Production of methane from
anaerobic digestion of jatropha and pongamia oil cakes. Appl Energy
2012;93:148–59. http://dx.doi.org/10.1016/j.apenergy.2010.10.049.
[106] Raheman H, Mondal S. Biogas production potential of jatropha seed cake.
Biomass- Bioenergy 2012;37:25–30. http://dx.doi.org/10.1016/j.biombioe.2011.12.042.
[107] Drummond ARF, Gazineu MHP, Almeida L, Maior AS. Produção e valor
energético da torta de mamona do agreste pernambucano, Proceedings of the II
Brazilian Castor Oil Plant Congress, Aracaju: Anais do II Congresso Brasileiro de
Mamona; 2006. Available at: 〈http://www.cnpa.embrapa.br/produtos/mamona/
publicacoes/trabalhos_cbm2/129.pdf〉.
[108] Kumar G, Lin CY. Bioconversion of de-oiled Jatropha Waste (DJW) to hydrogen
and methane gas by anaerobic fermentation: inﬂuence of substrate concentration,
temperature and pH. Int J Hydrog Energy 2013;38(1):63–72. http://dx.doi.org/
10.1016/j.ijhydene.2012.10.053.
[109] Gollakota KG, Meher KK. Eﬀect of particle size, temperature, loading rate and
stirring on biogas production from castor cake (oil expelled). Biol Waste
1988;24(4):243–9. http://dx.doi.org/10.1016/0269-7483(88)90109-7.
[110] Ramachandran S, Singh SK, Larroche C, Soccol CR, Pandey A. Oil cakes and their
biotechnological applications – A review. Bioresour Technol 2007;98(10):2000–9.
http://dx.doi.org/10.1016/j.biortech.2006.08.002.
[111] Akande TO, Odunsi AA, Akinfala EO. A review of nutritional and toxicological
implications of castor bean (Ricinus communis L.) meal in animal feeding
systems. J Anim Physiol Anim Nutr 2016;100(2):201–10. http://dx.doi.org/
10.1111/jpn.12360.
[112] Gomes FHT, Cândido MJD, Carneiro MSS, Furtado RN, Pereira ES. Consumo,
comportamento e desempenho em ovinos alimentados com dietas contendo torta
de mamona. Rev Ciência Agronômica 2017;48(1):182–90. http://dx.doi.org/
10.5935/1806-6690.20170021.
[113] Fearnside PM. Global warming and tropical land-use change: greenhouse gas
emissions from biomass burning, decomposition and soils in forest conversion,
shifting cultivation and secondary vegetation. Clim Change 2000;46(1–2):115–58
http://dx.doi.org/10.1023/A:1005569915357.
[114] Ferreira ACC, Leite LFC, Araújo ASF, Eisenhauer N. Land-use type eﬀects on soil
organic carbon and microbial properties in a semi-arid region of Northeast Brazil.
Land Degrad Dev 2016;27:171–8. http://dx.doi.org/10.1002/ldr.2282.
[115] Cerqueira DB, Franca-Rocha W. Relação entre tipos de vegetação e ﬂuxo de CO2
no Bioma Caatinga: Estudo de caso em Rio de Contas – Ba. Proceedings of the
XIII Brazilian Symposium of Remote Sensing. Florianópolis: Anais do XIII SBSR;
2007. p. 2413–2419 Available at: 〈http://marte.sid.inpe.br/col/dpi.inpe.br/
sbsr@80/2006/11.16.00.29/doc/2413-2419.pdf〉.
[116] EPA - U.S. Environmental Protection Agency. Emission Facts: Average Carbon
Dioxide Emissions Resulting from Gasoline and Diesel Fuel. Washington, DC:
EPA Oﬃce of Transportation and Air Quality; 2005. Available at: 〈http://nepis.
epa.gov/Exe/ZyPDF.cgi/P1001YTF.PDF?Dockey=P1001YTF.PDF〉.
[117] DECC - Department of Energy and Climate Change and DEFRA - Department for
Environment, Food and Rural Aﬀairs. Guidelines to Defra / DECC’s GHG
Conversion Factors for Company Reporting. London: AEA; 2012. Available at:
〈https://www.gov.uk/government/uploads/system/uploads/attachment_data/
ﬁle/69554/pb13773-ghg-conversion-factors-2012.pdf〉.
[118] IEA - International Energy Agency . Automotive fuels for the future: the search for
alternatives. Paris: IEA Automotive Fuels Information Service; 1999.

2757

Renewable and Sustainable Energy Reviews 81 (2018) 2744–2758

A.S. Sánchez et al.
[119] EPA - U.S. Environmental Protection Agency. Emission Factor Documentation for
AP-42, Liqueﬁed Petroleum Gas combustion. Research Triangle Park (NC); 1993.
Available at: 〈https://www.epa.gov/chief〉.
[120] EIA - U.S. Energy Information Administration estimates. Carbon Dioxide
Emissions Coeﬃcients. Washington, DC: US Department of Energy; 2016.
Available at: 〈https://www.eia.gov/environment/emissions/co2_vol_mass.cfm〉.
[121] Fossum JP Calculation of Carbon Footprint of Fertilizer Production, Open
information note. Oslo: Yara International ASA; 2014. Available at: 〈http://yara.
com/doc/122597_2013_Carbon_footprint-of_AN_Method_of_calculation.pdf〉.
[122] Bezerra KRA, Campanha MM, Mera RDM, Bezerra FGS, Mayorga MIO,
Guimarães VP. Valoração econômica dos serviços ambientais em um sistema
agrossilvipastoril do bioma caatinga. Cad De Agroecol 2011;6(2):1–4, [Available
at] 〈http://www.aba-agroecologia.org.br/revistas/index.php/cad/article/view/
11795/8128〉.
[123] Cunha JUCP, Andrade DC, Uezu A, de Alencar CMM. Valoração econômica de
serviços ecossistêmicos no território Bacia do Jacuípe (Bahia). Rev Debate
Econômico 2015;2(2):5–30, [Available at] 〈https://publicacoes.unifal-mg.edu.br/
revistas/index.php/revistadebateeconomico/article/view/197/pdf〉.
[124] Cavalcante MB. Ecoturismo no bioma Caatinga: o caso do Parque Estadual da
Pedra da Boca, Paraíba. Nat Conserv 2009;2(1):25–38, [http://dx.doi.org/
10.6008%2FESS1983-8344.2009.001.0002].
[125] Portillo-Quintero C, Sanchez-Azofeifa A, Calvo-Alvarado J, Quesada M, EspiritoSanto MM. The role of tropical dry forests for biodiversity, carbon and water
conservation in the neotropics: lessons learned and opportunities for its sustainable management. Reg Environ Change 2015;15:1039–49. http://dx.doi.org/
10.1007/s10113-014-0689-6.
[126] Ministry of Agriculture of Brazil. Plano setorial de mitigação e de adaptação às
mudanças climáticas para a consolidação de uma economia de baixa emissão de
carbono na agricultura: plano ABC (Agricultura de Baixa Emissão de Carbono).
Brasília: MAPA/ACS; 2012. Available at: 〈http://www.agricultura.gov.br/arq_
editor/download.pdf〉.
[127] Ahmed A, Campion BB, Gasparatos A. Biofuel development in Ghana: policies of

[128]

[129]

[130]

[131]

[132]
[133]

[134]

[135]

[136]

2758

expansion and drivers of failure in the jatropha sector. Renew Sust Energy Rev
2017;70:133–49. http://dx.doi.org/10.1016/j.rser.2016.11.216.
Hearn AH, Myers M. The changing dynamics of china-latin america agriculture
relations. In: Cui S, García MP, editors. China and Latin America in transition. US:
Palgrave Macmillan; 2016. p. 175–87, [http://dx.doi.org/10.1057/978-1-13754080-5_10].
Ministry of Agricultural Development, Brazil. Balanço do Selo Combustível Social.
Brasília: MDA; 2015. Available at: 〈http://www.mda.gov.br/sitemda/sites/
sitemda/ﬁles/user_img_21/SCS_BALANCO_2015_PARA_PUBLICACAO.pdf〉.
Gasparatos A, Doll C, Esteban M, Ahmed A, Olang T. Biodiversity and renewable
energy: implications for transitioning to a Green Economy. Renew Sust Energy
Rev 2017;70:161–84. http://dx.doi.org/10.1016/j.rser.2016.08.030.
Young CEF, de Bakker LB. Payments for ecosystem services from watershed
protection: a methodological assessment of the Oasis Project in Brazil. Nat
Conserv 2014;12(1):71–8. http://dx.doi.org/10.4322/natcon.2014.013.
Filho PA, Badr O. Biomass resources for energy in North-Eastern Brazil. Appl
Energy 2004;77(1):51–67. http://dx.doi.org/10.1016/S0306-2619(03)00095-3.
Wong CP, Jiang B, Kinzig AP, Lee KN, Ouyang Z. Linking ecosystem characteristics to ﬁnal ecosystem services for public policy. Ecol Lett 2015;18(1):108–18.
http://dx.doi.org/10.1111/ele.12389.
Seppelt R, Dormann CF, Eppink FV, Lautenbach S, Schmidt S. A quantitative
review of ecosystem service studies: approaches, shortcomings and the road
ahead. J Appl Ecol 2011;48:630–6. http://dx.doi.org/10.1111/j.13652664.2010.01952.x.
Mudombi S, von Maltitz GP, Gasparatos A, Romeu-Dalmau C, Johnson FX,
Jumbe C, et al. Multi-dimensional poverty eﬀects around operational biofuel
projects in Malawi, Mozambique and Swaziland. Biomass- Bioenergy 2016, [In
Press. http://dx.doi.org/10.1016/j.biombioe.2016.09.003].
Daw TM, Hicks C, Brown K, Chaigneau T, Januchowski-Hartley F, Cheung W,
et al. Elasticity in ecosystem services: exploring the variable relationship between
ecosystems and human well-being. Ecol Soc 2016;21(2):1–11, [http://dx.doi.org/
10.5751/ES-08173–210211].

