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Summary

As part of the CRC 990: “Ecological and Socioeconomic Functions of Tropical Lowland

Rainforest Transformation Systems (Sumatra, Indonesia)” of the University of Göttingen,

this thesis is devoted to the subject of the technical and environmental efficiency of small-

holder palm oil and rubber production. With this research, we hope to find opportunities

to reconcile economically beneficial small-scale palm oil and rubber cultivation in Indone-

sia with sustainability and diminished degradation of ecosystem services. The challenge

to this problem is twofold. Firstly, the economic superiority of the two main crops rub-

ber and oil palm over the traditional crops fostered the expansion of cultivation areas

towards zones with the most biologically diverse systems on this planet, such as primary

forest. The loss of biodiversity and ecosystems functions and degradation of soils con-

tribute to overall concerns of both monoculture productions. Secondly, due to increasing

cultivation of the two main crops, the cultivation systems themselves exploit the limited

resources on which they ultimately depend. These factors further increase climate change,

wherefore augmenting the productivity of the two production systems without increasing

input allocations, contributes to the challenge. We identify these potentials via efficiency

analysis.

In three sections, this dissertation analyzes the main transformation systems of oil palm

and rubber to reveal the economic benefits, production determinants and the linked effi-

ciencies of production. The analysis first focuses on the technical efficiency aimed at local-

izing sources of inefficiencies and possibilities to ameliorate the overall degree of efficient

production by applying a stochastic frontier analysis. The latter showed that the histori-

cal development of the oil palm and rubber sector separated producers in autochthonous

and transmigrated groups, leading to significant differences in their production techniques

in the case of oil palm. Transmigrated producers, being the most efficient group, reflect

the general tendency that security and support change the efficiency in both production

systems.

The second analysis enhances the estimation introducing an environmental dimension to

the estimation of efficiency in smallholder rubber production. This interaction between

rubber production and the status of the environment or the surrounding ecosystem un-

derlies a trade-off function, the shape of which determines the interdependency. The

empirical results show that this trade-off function is determined by an outward bending

curve, indicating an increase in the desired output and following an increase in the dis-

turbed ecosystem, represented by the number of invasive plants. Next to the general

shape, we quantify the overall efficiency levels and specific determinants of an efficient

production by analyzing the trade-off curve.

The third analysis focuses on the discussion of interdependence between oil palm and
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rubber production and environmental factors. For this purpose, we make use of a de-

terministic approach including a two-stage estimation of soil fertility parameters. The

estimation revealed that the expansion of the cultivation area aggrandizes towards peat

soil and that water-saturated mineral soils result in a higher inefficiency. Moreover, pro-

duction efficiency is partly dependent on the soil parameters, indicating a possibility of

alteration by fertilization.
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CHAPTER 1

Introduction

As part of the CRC 990: “Ecological and Socioeconomic Functions of Tropical Lowland

Rainforest Transformation Systems (Sumatra, Indonesia)” of the University of Göttingen

this thesis is devoted to the subject of the technical and environmental efficiency of small-

holder palm oil and rubber production. This dissertation investigates the differences and

determinants of technical and environmental efficiency in and between the two main agri-

cultural crops produced in Sumatra, Indonesia: rubber and oil palm. By identifying and

analysing the determinants of efficiencies of both crops production levels can be increased,

moving producers closer to the best-practice frontier by minimizing inefficiencies. These

results will contribute to the urgent demand to reconcile agricultural productions of com-

modities, such as oil palm and rubber, and environmental and social issues related to

sustainable production in order to diminish the pressure on land, which coincides with

the topic of the expansion of cultivation areas at the expense of lowland rainforest.

1.1 Context of the Research

This chapter introduces the overall context with which this dissertation is concerned.

Starting with the global challenges of agricultural production and its predicament of

feeding the world and retaining its necessary sustainable production ground, the following

chapter will outline this challenge in the Indonesian context, leading to the research

questions guiding this research.

Our daily routines highlight the dependency of each and every one of us on agricul-
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ture. Through direct and indirect pathways, agricultural production not only provides

nutrition but also sustains livelihoods through income opportunities. It is a vital engine

for poverty alleviation and economic growth in developing countries (World Bank, 2008;

Alexandratos and Bruinsma, 2012). The task of meeting these various challenges are

globally exacerbated at present due to land scarcity and the changing of the surrounding

settings (Kastner et al., 2012; World Bank, 2008; Godfray et al., 2010). Even though

more than 40% of the earth’s land surface is already dedicated to agricultural production,

expected population growth of up to nearly 10 billion in 2050, along with shifts in diet, is

likely to create a higher demand for agriculture products and consequently the compulsion

for land expansion. The latter mostly pushes land transformation towards primary forest

frontiers and necessary compensation areas (Tilman et al., 2001; United Nations, 2013;

Foley, 2005).

Following Normand Borlaug, who is seen as the father of the green revolution, one idea

for increased production avoiding transformation expansion is the intensification on ex-

isting production areas which could also alleviate pressure on natural ecosystems. The

effects of intensification have already resulted in the retention of landscapes threatened

by transformation. Adaptations of higher yielding varieties, in the same revolution, met

the desired augmentation of outputs (Evenson and Gollin, 2003). However, intensifica-

tion coheres with an exploitation of natural resources, leaving ecosystem services heavily

degraded. The Millennium Ecosystem Assessment (MEA) reported degraded and unsus-

tainable ecosystem services in 60% of the examined ecosystems (MEA, 2005). Agriculture

production exploits limited resources and furthermore decreases the functionality of the

ecosystems on which it relies. The persistent challenges of production, growing losses of

natural resources in virtue of degradation, and declining productivity rates of the hybrids

position agriculture again at the edge of land transformations (Foley, 2005; Gibbs et al.,

2010).

Over the last four decades land transition has followed a linear increase of 4 million

hectares annually. Estimations for future turnover expect to reach an area of arable land

in developing countries of up to 1,036 million ha in 2030, with half of that area located in

Asia. At the centre of this problem are countries experiencing growing needs for food and

employment combined with the need for land suitable for intensive production, such as

developing countries abundant with tropical forests (Alexandratos and Bruinsma, 2012;

Gibbs et al., 2010; Ramankutty and Foley, 1999). This transformation of tropical forest

is not only linked to losses in global biodiversity and ecosystem functions, but also green-

house gas emissions. The latter negatively affects climate change (Margono et al., 2014;

Lal, 2004) aggravating production grounds further, as examples of extreme weather and

climate conditions have shown. In this vicious circle smallholder producers and subsis-

tence farmers, which depend highly on the income generated by agriculture production,

are especially affected as they differ in their adaptive and coping abilities compared to
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large scale producers due to their limited resources and higher dependency on the natural

habitat (Morton, 2007; FAO, 2014). Thus, deforestation and unsustainable agricultural

production in the long-run fosters a cycle of degradation and climate change, thereby

reversing attempts at poverty alleviation.

1.2 The Specific Case of Indonesia

The dilemmas of agricultural production, issues of sustainability and its potential for eco-

nomic benefits, is perfectly expressed in the situation of Indonesia, where our project is

located.

Indonesia is one of the most important hotspots of land transition for the benefit of

agricultural production and economic development in the world (Laumonier et al., 2010;

Gaveau et al., 2007). In 2012 alone, agricultural expansion in the country exceeded that

of Brazil’s, up till then the leader, by nearly doubling the converted areas. Latest calcu-

lations report that the turnover rate of forested area to oil palm and rubber plantations

has reached an average growth of 47,600 ha per year, a deforested area of 0.84 million

ha. The extensive clearing – mainly on Sumatra, Kalimantan, and Papua – diminished

not only Indonesia’s primary forest cover by 50% in lowland areas but also pushed the

frontier into wetland areas, including peatlands and degraded soils, which has resulted in

even higher rates of greenhouse gas emissions (Margono et al., 2014; FAO, 2010).

Indonesia is one of the most affected countries where structural change induced by agri-

cultural production for economic benefits at the cost of natural habitats is observed –

a phenomena described by Foley (2005). Two of the key commodities associated with

transition are rubber and oil palm, both heavily promoted by the government as a vehicle

to boost the economy and alleviate rural poverty (Carrasco et al., 2014; Zen et al., 2005;

McCarthy, 2010). Recognizing the economic potential of both commodities, Indonesia

supported a rapid growth through the liberalization of trade, creation of favorable laws,

and private and state support, the result of which is that Indonesia is now the largest

palm oil producer and second largest rubber producer in the world (FAO, 2015; Zen et al.,

2005; McCarthy, 2010).

Oil palm

The multipurpose oil extracted from the Fresh Fruit Bunches (FFB) of oil palm (Elais

guineensis) is used in a wide variety of products including food, cosmetics, household

products as well as in biofuels. The oil palm was originally a subsitence crop, originating

on the African continent. As it was adjustable to a range of tropical climates, human

induced distribution lead to a spread of oil palm production to other territories such as

South-East-Asia. With increasing influence from the 1960s on, oil palm was thought to

reconcile social and economic development retracting or at least not promoting climate

change, and hence was seen as a sustainable crop. As a result of equatorial expansion
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over four continents, oil palm production now covers up to 15 million ha (Gilbert, 2012;

Fitzherbert et al., 2008; Koh and Wilcove, 2008) in zones which used to have biologically

diverse systems, providing high levels of ecosystem functioning, much of which is linked

to nutrition cycles (Fitzherbert et al., 2008; Koh et al., 2011). The two main producers,

Indonesia and Malaysia, produce 80% of total oil palm production and Indonesia has

tripled its cultivation area in the last 30 years (FAO, 2015). At present, oil palm out

competes all existing crops as a renewable source of vegetable oil, when considering yield

per area cultivated. It produces a yield of 5 to 3 times more biodiesel output per hectare

and 3 to 10 times more oil harvest compared to other vegetable oil crops. Moreover, after

weathering the first unproductive juvenile 4 year post-planting period, oil palm generates

FFB throughout the year for up to 25 - 30 years (Murphy, 2007).

Rubber

The development of natural rubber (caoutchouc) is a volatile process seldom seen by

natural raw materials. Strongly correlated with the evolvement of crude oil price, the raw

material of the counter product synthetic rubber, natural rubber experienced a hold in

production development after World War II. Improved seedlings and favourable conditions

for marketing leveraged the equatorial expansion to zones similar to oil palm, namely

West-Africa, South-America, and South-East Asia (Rehm and Espig, 1991; Barlow, 1997).

In Indonesia rubber production, mostly in form of the variety of Hevea brasiliensis, has

tripled in the last 20 years producing 3.1 million tonnes, just behind the first ranked

rubber producing nation Thailand (3.8 million tonnes)(FAO, 2015).

Following the plans of the Indonesian government for the expansion of tree crops, including

rubber, it is estimated that rubber production may triple again by 2030 (Wilcove et al.,

2013). Furthermore, the chemical advantages of natural rubber in contrast to synthetic

rubber, necessary for manufacturing vehicle tyres, will likely increase the production,

assuming there is an ongoing demand for vehicles in striving new economies (Rehm and

Espig, 1991; Wilcove et al., 2013).

Development of monoculture structures in Indonesia

Before the twentieth century, Indonesia’s foremost cultivation consisted of swidden agri-

culture for subsistence production. Concomitant with the industrialization and increased

demand for natural rubber and timber, smallholders induced the first land transition, re-

placing primary forest with agroforest (hutan karet) and distributing Para Rubber seeds

(Hevea brasiliensis) in certain forested areas. The established permanent agroforestry

altered the common tenor on land ownership, adding value to land through cultivation.

Shifts in population, due to newcomers interested in the economic benefits and compe-

tition over forested area, lead to the implementation of a legal land ownership structure

and binding forest reserves, by the Dutch colonial government. The political end of the

colony simultaneously exacerbated free access to land for locals, due to the conversion of
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primary forest into government property bound to a concession system (Gouyon, 1993;

Feintrenie and Levang, 2009; Zen et al., 2005).

The economic need for the stronger development of smallholders, especially in rural ar-

eas on distant islands, focused attention on enhancing balanced production development.

Therefore, shortfalls in rubber production were addressed by the World Bank-funded

”Smallholders’ Rubber Development Program” but nevertheless, the economic develop-

ment was overtaken by the increasing importance of oil palm production (Zen et al.,

2005). Policies focusing on enhanced rural development by including smallholders in pro-

ductive cultivation systems promoted particular models for smallholders to engage with

plantations, and vice versa. This was fostered by nuclear estate and outgrower schemes

defining different forms of public-private partnerships (Feintrenie and Levang, 2009).

A highly integrated marketing scheme, in the form of the Nuclear-Estate-Scheme (NES)

and Primary Cooperative Credit for Member (Koperasi Kredit Primer untuk Anggota)

(KKPA) scheme, describe contractual arrangements linking smallholders in satellite areas

(plasma) and plantations, mills, and factory (nucleus), facilitating smallholder participa-

tion. While the NES precedes the KKPA, implemented in the 1980, the schemes are

distinguishable in terms of land ownership and contractual arrangement, provision of in-

vestment and the degree of vertical integration (McCarthy and Cramb, 2009; Zen et al.,

2005; Feintrenie and Levang, 2009; Potter and Lee, 1998).

In compliance with governmental policies’ aims to support smallholders and enhance

the economic potential of outer islands, contractual schemes merged with transmigrant

support programs (Transmigrant Support Program (PIR)) -additionally implemented to

decrease overpopulation on islands such as Java. And so state-private partnerships in

collaboration with farmer groups supported the establishment and funding of transmigrant

participation in the oil palm sector (McCarthy and Cramb, 2009; Zen et al., 2005).

The introduction of PIR and NES structures can be seen as a starting point for the spread

of oil palm cultivation in Jambi province. Non-participants of such transmigrant programs

are mostly found in autochthonous villages and show a time lag in the adoption of oil

palm production. Previously, autochthonous villages and farmers mostly grew rubber,

and subsequently changed to oil palm production (Gatto et al., 2015). The spillover of

an integrated system and management practices to autochthonous villagers was observed

in oil palm as well as rubber in the earlier days. The time lag in adoption and the lower

extent of support opposed to first integrated systems resulted in an unbalanced diffusion

of development (McCarthy et al., 2012).

Financial problems in the 2000s and the shift in power to local politicians as in the course

of decentralization, reduced the implementation of out-grower schemes. Opportunities

lay in the hands of well-established producers who gained from mid-sized free lands and
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opportunities to take over large plantation entities. In the later years NES structures sel-

dom appeared, mostly as a result of private company contributions or farmer cooperation

(McCarthy et al., 2012; Zen et al., 2005; Sayer et al., 2012).

1.3 Research Objectives

The global situation and Indonesian situation in the global context, as described in the

above section, reveals a twofold challenge with respect to further developments in agri-

cultural production. The next section outlines the focus of this dissertation taking into

account the development of oil palm and rubber cultivation and their low-environmental-

impact possibilities.

The first of the two challenges presents itself in the economic superiority of the two main

crops, rubber and oil palm, as opposed to traditional crops, and their fostered expan-

sion of cultivation area towards the primary forest, pushing the land frontiers further.

The eradication of primary rainforest for the purpose of higher-yielding land use caused

substantial criticism with regards to the impact on the environment and sustainable pro-

duction. Moreover, replacing rainforest land with the monoculture production of oil palm

and rubber diminishes biodiversity (Anderson, 1996; Corley and Tinker, 2003; Eye on

Aceh, 2007; Belcher et al., 2005). The reduction in biologically diverse ecosystems lowers

the regional flora and fauna biodiversity leading to deteriorating ecosystem functions in

the environment. To a large extent, excessive degradation of ecosystem functions, soil ero-

sion and the use of chemicals seriously threatens soil fertility (Barnes et al., 2014; Allen

et al., 2015; Guillaume et al., 2015; Wilcove and Koh, 2010; Eye on Aceh, 2007; Belcher

et al., 2005).

Attempts to reduce these threats to ecosystem services with the implementation of certi-

fication and systems of good agricultural practice, began as a global initiative on the part

of multi-stakeholders. The Roundtable on Sustainable Oil (RSPO), which was initiated

by the World Wildlife Fund (WWF), designed several principles and guidelines for oil

palm plantations aiming to generate a certain level of sustainability. With 2819 members,

3 million hectares of global cultivation area of oil palm in 12 countries are certified under

RSPO, with 1,469,839 hectares of this in Indonesian (RSPO, 2014). Although RSPO is

a starting point for sustainable oil palm cultivation, it has garnered criticism concern-

ing control and implementations, in particular smallholder implementations (Greenpeace,

2013).

The second challenge lies in the management of the cultivation systems themselves, which

exploit the limited resources through uncontrolled increasing degrees of intensification.

Highly adjusted plantation systems developed for oil palm cultivations, exhibiting nearly

closed nutrient cycles with low levels of pollution, could only be partly applied in highly
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monitored plantations, such as large company plantations. The fact that the vast ma-

jority of plantations, especially smallholder plantations, are distant from highly adjusted

cultivation, (Corley and Tinker, 2003; Vermeulen and Goad, 2006) amplifies the lavish

exploitation of strongly limited resources.

At the present time large scale producers - primarily found in oil palm production - ac-

count for the larger share of production. Nevertheless, the smallholder concept has gained

more credibility recently, resulting in an expansion of production. With smallholder pro-

ductive volume now standing at 33% of total annual production, the share of smallholder

participation will likely exceed contributions from large scale plantations in future de-

velopment (Vermeulen and Goad, 2006; Sayer et al., 2012). The Indonesian government

aims to double the share of smallholder participation by 2030 (Gilbert, 2012). In this case

controlled intensification and generally better adapted production management in both

production systems contain ways for lower environmental-impact cultivation (Vermeulen

and Goad, 2006).

The change in output levels to reach the government’s goal could be achieved via three

ways. First, the cultivation area could be enhanced, again pushing the transformation

frontier further. The second way, after Borlaug, could aim at higher levels of intensifica-

tion on the existing plot site, which would, however, compete with the second challenge

outlined before. The third way, would be the elevation of output levels on existing produc-

tion sites through the elimination of inefficiencies in production. The latter option would

allow producers to reach a higher output without enhancing the utilized inputs, but would

involve changing institutional or structural elements in the production. Changes in the

output level will be not due to shifts in the production function, which describes the

relation of used inputs and possible producible outputs, but shifts in producers closer to

the optimal production function.

In order to change the predicted development into a sustainable one, the underlying pro-

duction function of both systems need to be quantified and with this the deviations of

producers to this best-practice production function; in particular, i) effects on the pro-

ductions efficiency limiting potential yield levels, ii) the regime of dependencies between

production and ecosystem disturbances and iii) influences of structural changes on envi-

ronmental efficiency.

Despite the highly discussed sustainability of oil palm and rubber production – to the best

of our knowledge – scarce to no resources have been devoted to empirically quantifying the

determining aspects of the efficiency of these crops. Moreover, even less is known about

the direct dependencies of production and ecosystem disturbances in Sumatra Indonesia.

Even though a few studies have addressed the technical efficiencies of oil palm production

in Indonesia and African countries (Hasnah et al., 2004; Alwarritzi et al., 2015), or oil

palm cultivation as a threat to ecosystems (Lee et al., 2013; Wilcove and Koh, 2010; Allen
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et al., 2015; Rubiana et al., 2015), and the economic benefits (Feintrenie et al., 2010; Rist

et al., 2010; Belcher et al., 2005), no empirical results have been used to analyse their

environmental efficiency and the factors affecting it. This is particularly the case for

smallholder rubber production and its comparison with oil palm cultivation.

Against this background, the general goal of the work at hand is to analyse oil palm

and rubber transformation systems to reveal the economic benefits while also considering

the likely negative by-products, such as threats to biodiversity and land sustainability

(Belcher and Schreckenberg, 2007), raising a number of research questions:

I) What determines, if present, differences in the technical efficiency between small-

holders within the same transformation system?

II) To what extent are these differences presented in the distributional variability of the

technical efficiency between two main transformation systems?

III) How is the trade-off between environmental disturbances and economic benefits de-

fined?

IV) What are the main drivers affecting differences in environmental efficiency?

By answering these questions, the presented study will not only address the research gap

mentioned above but will further contribute to the sustainable development of oil palm

and rubber production by providing suggestions for diminishing ecosystem disturbance

while maximizing the economic benefits. These results will be vital to designing effective

policies that amplify sustainable development whilst considering the environmental and

economic aspects.

1.4 Study Area and Data

The research presented here is part of the CRC 990, also known under the name Ecological

and Socioeconomic Functions of Tropical Lowland Rainforest Transformation Systems

(EFForTS), financed by the German Research Foundation – Deutsche Forschungs Gesell-

schaft (DFG). The CRC 990 study area is in Jambi Province, lying in the centre of the

Indonesian island Sumatra ( 1◦36’53.6”S 103◦36’06.5”E). Jambi exhibits a tropical humid

climate (27 ◦C; 2224 mm yr−1; 112–260 mm month−1) with a rainy season lasting from

October to April. With nine regencies, Jambi has a population of 3.4 million people.

Sumatra and especially Jambi, is a typical example of land transformation for the benefit

of agricultural production, highlighting the scarcity of resources as land (Laumonier et al.,

2010; Gaveau et al., 2007) and constituting the perfect preconditions for the research goal

of the CRC 990 and this sub-project. Within Indonesia, Jambi Province ranks 3rd in

rubber production and 5th in oil palm production regarding area and volume (Badan

Pusat Statistik Republik Indonesia, 2014). Rubber is still the most dominant crop in
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Jambi, even though the area under rubber cultivation is slowly being replaced by oil palm

plantations.

This research relies on two combined surveys; one is a socio-economic household survey

including 600 smallholders of Jambi Province on Sumatra, Indonesia, conducted by an-

other sub-project of the CRC 9901, while the second survey covers environmental data

and includes a sub-sample from the household survey of 135 smallholder rubber farmers.

Household survey

The household survey, conducted by the fellow researchers of the sub-project C07 at the

end of 2012, covered five of the nine regencies in Jambi province: Sarolangun, Batanghari,

Muara Jambi, Tebo, and Bungo. These regencies fit the classification of production

criteria: lowland, non peat, etc. A multi-stage random sampling approach, stratifying on

the regency, district, and village levels, seemed the best fit to mirroring geographical and

regional disparities, which are stretched out through the province. In a two-step random
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Figure 1.1: Study area displaying all villages of the environmental survey

selection procedure, 40 villages from the five chosen regions were selected. Within each

region, four districts and two villages per district were selected randomly. Significant

diversity in terms of population size between the villages precluded constant sampling

numbers. To reduce the magnitude of this problem, randomly selected villages were

reorganized into subsections of four quarters. From these quarters – 6 to 12, 18, and

24 – households were selected randomly (Faust et al., 2013). This avoids any under-

1The household survey covering a variety of socio-economic and consumption data is further described
in the publications of Euler et al. (2015); Drescher et al. (2016); Faust et al. (2013)
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representation of households from larger villages and over-representation of households

from smaller villages.

Environmental data set

For the environmental data-set, one third of previously sampled households from the

household survey were re-sampled to extract information on the state of biological diver-

sity and plant abundance. From each sub-sampled farmer, we collected vegetation data

and soil data on the major plantation sites. To that end, a 25 m2 area was identically

established inside each plantation at grounds which adequately represented the system-

atic nature of the plantation. Within the sample square, all plants were counted and

identified. Additionally, in each sample site four soil samples were taken according to

the plantation’s type, oil palm plantation, rubber plantation and extensive rubber (see

section 4.3).

1.5 Dissertation Outline

This dissertation is divided into four sections. The following three chapters address the

above mentioned research questions, while the final Chapter 5 sums up the thesis.

Chapter 2 analyses and evaluates the technical efficiency and its determinants of small-

holder rubber and oil palm production, addressing the first two research questions:

“What determines, if present, differences in the technical efficiency between

smallholders within the same transformation system?”

“To what extent are these differences presented in the distributional variability

of the technical efficiency between two main transformation systems?”

By applying a stochastic frontier analysis, we assess the determinants of efficiency, which

constitute the crucial elements in potential augmentations of the producer?s output on

the plot, leading, in theory, to the prevention of the expansion of cultivation areas towards

forest, by reducing the pressure on land.

Chapter 3 addresses the environmental efficiency of small-scale rubber producers in our

study area, tackling the last two research questions:

“How is the trade-off between environmental disturbances and economic ben-

efits defined?”

“What are the main drivers affecting differences in environmental efficiency?”

Building on the previous chapter on distance functions to directional distance functions

by introducing an environmental dimension to the estimation, the underlying trade-off

function between the economic output and the environmental effects can be quantified.

Including a factor measuring the ecosystem disturbance – such as in this case invasive
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plants – this chapter provides a fundamental contribution to the development of sustain-

able productions and for policy implementation in particular.

Chapter 4 pursues the estimation of interdependence between oil palm and rubber pro-

duction and environmental factors towards soil fertility. This chapter further contributes

to the same research question as Chapter 3. For this purpose, we apply a deterministic

approach including a two-stage estimation, which will be explained in the second section

with soil fertility parameters.

This dissertation ends by providing a synopsis of the complete research focus in the last

chapter, followed by recommendations for policy implementation. The final chapter closes

by pointing out the research’s limitations and future research objectives.
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2CHAPTER 2

Determinants of Technical Efficiency

This chapter deals with the analysis and evaluation of technical efficiency and its determi-

nants of smallholder rubber and oil palm production. The assessment of the determinant

of efficiency is a crucial factor in the potential augmentations of plot output. In theory,

the diminishing of inefficiencies by moving producers closer to the best-practice frontier

results in higher output and a reduced pressure on land, coinciding with the prevention

of the expansion of cultivation areas towards forest. The next sections contribute to the

overall aim of a more sustainable production.

After a general overview of the historical development of monocultures in Jambi, the next

section provides a more detailed introduction to the policies and structures of outgrower

schemes in the province. The second section presents and explains the methodology of

the Stochastic Frontier Analysis (SFA) applied to our data set. The last two sections

elaborate on the results, focusing on the effects of inefficiency in production, ending with

concluding remarks.

2.1 Introduction

Smallholder participation plays a major role in cultivation and appears in various institu-

tional settings and origins of development. Differences in the degrees of vertical integration

can be found among farmers. At one end of the spectrum, buyer-independent-farmers pro-

duce without oversight and are unregulated in their decisions concerning production and

marketing. At the other end of the vertical integration line, closely integrated systems

connect smallholders and mills from plantations.
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This highly integrated marketing scheme mostly arises in the form of a NES. Smallhold-

ers are pooled in satellite areas (plasma) and bound to a neighboring palm oil plantation

or rubber factory (nucleus) which is governed by the state or privately (McCarthy and

Cramb, 2009). Smallholders cultivate under their own responsibility but may act with

some degree of formal integration within the nucleus. This might solidify in palm-oil

plasma villages, where production processes like the application of fertilizer and pesti-

cides are based on recommendations from the core plantation, or where marketing of the

harvested products is organized by a cooperative formally tied to the core plantation (Mc-

Carthy and Cramb, 2009; Sayer et al., 2012).

The more strongly integrated NESs were forged by governmental policies to foster small-

holder participation in the 1960s. Government policies have long supported the partic-

ipation of smallholders through favorable institutional settings and migration policies.

Subsequent programs also supported smallholders in oil palm and rubber production and

anticipated a more integrated institutional arrangement. Transmigrant programs, such

as the PIR in the 1980s, fostered the participation of transmigrants via joint government-

private sector development schemes with farmer groups and cooperatives. This involved

the collaboration of the estate plantation and the surrounding satellite area (McCarthy

and Cramb, 2009).

Since the establishment of a new plantation requires a high level of investment and tech-

nology, the high entry barrier is difficult to overcome for smallholders. Consequently,

integrated systems with state or private company-support generate strong incentives for

smallholders, leaving them with less financial insecurity.

Next to vertical integration, further institutional settings exist to overcome high entry

barriers; sharecropping between two or more farmers (often found in rubber production)

incorporates not only establishment costs, but also management costs, into investment

requirements which are shared in various ways between participants.

The introduction of the transmigrant program can be seen as a starting point for the

spread of oil palm cultivation in Jambi province. Non-participants of such transmigrant

programs are mostly found in autochthonous villages and show a time lag in the adoption

of oil palm production. Beforehand, autochthonous villages and farmers mostly grew

rubber, and subsequently changed to oil palm production (Gatto et al., 2015). The

support program fostering the integration of smallholders into the agricultural sector

has downsides, which cannot be neglected. In its current form, the NES estate mill or

plantation is the only buyer for satellite farmers and therefore experiences a monopsony

situation, singularly devolving market price power. Satellite farmers are therefore exposed

to local price manipulation without marketing alternatives. Furthermore, the various

versions of arrangements in the NES, which have developed through time, have led to a

loss of transparency for the farmers when it comes to land ownership and alienation of
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estates. Consequently, the institutional arrangements and support schemes result in gains

as well as losses (McCarthy and Cramb, 2009). Thus, a thorough analysis of the effects

of heterogeneity in the support schemes and contractual arrangements on the efficiency

and key economic outcomes is required.

2.2 Introduction to Stochastic Frontier Analysis (SFA)

The structure of the palm oil and rubber production sector shows a strong diversity

of smallholders. The different political influences, as well as the various management,

and marketing possibilities, has lead to various individual production settings. All these

need to be fitted into an elaborate model in order to mirror the underlying production

technology and the determinants of efficiency.

The aim of measuring and comparing scales of efficiency over a set of observations with

the best attainable level of efficiency has always been alluring. One approach to concep-

tualizing a production frontier as a feasible upper bound for a given set of input factors

was originally introduced by Farrell (1957). His approach led to two main empirical meth-

ods for frontier estimation: the deterministic Data Envelopment Analysis (DEA) and the

stochastic pendant SFA. The latter technique was developed by Aigner et al. (1977) and

Meeusen and Broeck (1977). They independently assimilated a constructed composed

error term to circumvent random shocks in the estimation of productivity and especially

inefficiency.

The SFA offers us the possibility to appraise the capacity of inputs used against the output

produced for each farmer observed, relative to the frontier, giving us the technical effi-

ciency of the farmer. Deviations from the best feasible production level – the production

frontier – may result from two variables. One is assigned to technical inefficiency which

are systematic shortfalls due to imperfect production adjustments in terms of input use or

output levels for a given technology. A second, purely random, cause of deviation might

be due to measurement errors and uncontrollable effects described as stochastic effects.

Using the SFA, both deviations can be measured for each observation with the composed

error term incorporating the traditional random noise term and capturing the stochastic

effects. Meanwhile, the one-sided error term, captures the technical inefficiency. We can

therefore write the basic frontiers as:

lnYi = ln f(Xi; β) + εi

εi = vi − ui (2.1)

where Yi denotes the observed scalar of outputs. f(Xi; β) represents a deterministic kernel

subject to the vector of all inputs xi and β as the unknown parameter vector to be esti-

mated. εi refers to the composed error term consisting of vi, the random noise distributed
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as N(0;σ2
v) , and ui, the systematic shortfall, both independent from xi and from each

other. Furthermore, the error component ui needs to satisfy the assumption ui ≥ 0. In

their original work, Aigner et al. (1977) assumed an underlying distribution of N+(0;σ2
u)

for ui. Over time, numerous researchers expanded the distributional assumptions on ui

allowing ui to be dependent on some covariates (see Wang and Schmidt, 2002). Pitt and

Lee (1981) and Kalirajan (1981) first developed an approach to estimate efficiency effects

with a two-step method. In the first step, the production function is specified and the

technical inefficiency is predicted. The second step regresses the predicted inefficiency

values on the assumed characteristics via Ordinary Least Squares (OLS).

This method has been criticized since the identical distribution assumption on the ineffi-

ciencies in the first step contradicts with the regression of the second step by subverting

the variation due to inefficiency. Furthermore, correlations between the firm characteris-

tics and the inputs may exist, leading to biased estimates (Wang and Schmidt, 2002).

The issue of biased estimates from the two-step estimation was addressed by Kumbhakar

et al. (1991), Battese and Coelli (1995), Reifschneider and Stevenson (1991), Caudill

and Ford (1993), Caudill et al. (1995), and Simar et al. (1994). They proposed a si-

multaneous estimation of the efficiency effect and the production frontier under adequate

distributional assumptions. While Kumbhakar et al. (1991) and Battese and Coelli (1995)

considered the effect of the characteristics on the mean of the u distribution, Reifschneider

and Stevenson (1991), Caudill and Ford (1993), and Caudill et al. (1995) implemented

the so – called scaling property, where the parameters of the distribution of ui depend on

the efficiency effects.

Adapting the latter dependence with an underlying half-normal distribution of the u, we

can say that σu(z, δ) depends on the characteristics z, leading to a distribution of u in

the form of N+(0;σu(z, δ)
2), where σ2

u,i(z, δ) = σ exp(z
′
iδ) or correspondingly

σ2
u,i(z, δ) = σ h(z, δ)

h(z, δ) = exp(z
′

iδ)
(2.2)

The magnitude of the effect of the z-variables is computed by Equation 2.3, due to the

non-linear relationship between E(ui) and z. Based on the half-normal distribution of u

and the parametrization of the exogenous effects on inefficiency the computation of the

marginal effect is given by

∂E(ui)

∂z[k]
= δ[k]

σu,i

2

[
ϕ(0)

Φ(0)

]
= δ[k]σu,iϕ(0) (2.3)

The technical efficiency and corresponding noise term for each individual can be extracted

through the mode of the conditional distribution of u as proposed by Jondrow et al. (1982)

or Battese and Coelli (1988). The point obtained estimates the efficiency values, and can
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be derived via

TEi = E
[
e−ui | εi

]
(2.4)

as presented by Kumbhakar and Lovell (2000).

2.3 Data and Empirical Specification

2.3.1 Data

This research here relies on a socio-economic household survey profiling 600 smallholders

from the Province of Jambi on Sumatra, Indonesia. The household survey was conducted

at the end of 2012 and covered five regions (Sarolangun, Batanghari, Muara Jambi, Tebo,

and Bungo). As a sampling procedure, a stratified sampling approach seemed the best

fit in reflecting the geographical and regional dissimilarities of the province. In a two-

step random-selection procedure, 40 villages from the five chosen regions were selected.

Within each region, four districts and two villages per district were selected randomly.

Significant diversity in terms of population size between the villages precluded constant

sampling numbers. To reduce the magnitude of this problem, randomly selected villages

were reorganized into subsections of four quarters. From these quarters – 6 to 12, 18,

and 24 – households were selected randomly (Faust et al., 2013). This avoids any under-

representation of households from larger villages and over-representation of households

from smaller villages.

2.3.2 Descriptive statistics

The focus of this research lies in the differences and determinants of productivity and

efficiency in the two production systems of rubber and oil palm plantations. As some

farmers cultivate several plots and fruits simultaneously, we separate and analyse the data

on a plot level for each production system. An overview of the main sample characteristics

of the variables and efficiency effects is presented in Table A.1. Comparing two different

types of output, the mean yield does not give any further insight into either the production

or the productivity.

Nevertheless, the descriptions of the inputs and general allocation hints at some differences

in the production systems. The most striking disparity appears in the inputs of labour

and cost of fertilizer. Oil palm cultivation engages one-sixth of the hours used for rubber

production, but results in a six times higher share of fertilizer costs. This may already

indicate a labour-intensive rubber production. The mean age of the trees and palms shows

a longer average production duration for rubber trees, nearly double that of the oil palm

usage. The morphology of oil palm generally allows harvesting to start earlier than in

the case of rubber, although the first fruit bunches are comparatively small. According

to literature, the suggested production length for oil palm cultivation is between 28 and
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30 years, while for rubber it ranges from 30 to 35 years. In recent times, the latter has

lessened to 25 years thanks to new high-yielding varieties of rubber (Rehm and Espig, 1991;

Corley and Tinker, 2003). A higher allocation of capital is found in oil palm production,

which coincides with the cost of chemicals (herbicides and fertilizer) hinting at a more

capital-intensive production in comparison to rubber. Finally, the share of herbicides and

fertilizer with respect to the total chemical application is higher in rubber production at

35%, compared to 10% in oil palm production.

2.3.3 Stochastic frontier specification

For our estimations, we choose the general empirical model in the form of the translog

(transcendental logarithmic) production function to allow for high flexibility. The fit of

the translog functional form was tested against the Cobb-Douglas form, confirming our

choice in both productions at a 1% significance level. Testing the model for goodness of fit,

the underlying data set for oil palm production shows the necessity for a split estimation,

separating the groups of transmigrants and autochthon farmers. The F-test allows us to

reject the zero hypothesis, claiming a pooled estimation in favor of the alternative split

estimation at a 1% level. In the case of rubber, the test whether a pooled estimation is

a better fit to the underlying production is rejected. Therefore the differences between

transmigrant producers and the autochthon producers do not significantly influence the

production frontier. Consequently we specify and estimate three models for this research:

a) Oil palm - Transmigrant model

The underlying production function used to describe transmigrant production in-

cludes variables for plot size, hours of labour, plantation age, and the cost of herbi-

cides. This specification was tested for the selection of variables (inputs) to avoid

overestimation and omitted variable bias using the LR-test.

b) Oil palm - autochthon model

For the oil palm production of autochthon smallholders, the coefficients differ in

terms of the utilization of chemicals. Thus the autochthon oil palm estimation

includes the cost of fertilizer instead of the cost of herbicides. Otherwise, the models

are identical in terms of inputs and were again tested for the inclusion of the correct

variables to avoid over or underestimation.

c) Rubber

The rubber production of smallholders is defined by plot size, hours of labour, plan-

tation age, cost of chemicals, and the allocated capital.

As mentioned in the methodology, we expect variation at the technical efficiency level
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due to farm-specific characteristics (contractual support, production specialization, man-

agement settings etc.), so we take advantage of the Wang and Schmidt (2002) scaling

property in our stochastic frontier estimation. The latter was chosen due to the estima-

tion of the technical efficiency while acknowledging the effects of random errors in the

estimation. Nevertheless, we proceed to test the fit of the SFA against OLS.

Keeping the production specification in mind, the general model can be written as:

ln yi = β0 +
k∑

j=1

βi lnxji +
1

2

k∑
j=1

k∑
l=1

βi lnxji lnxli + vi − ui

for ∀ i = 1, ..., N

(2.5)

ui ∼ N+(0;σui(zi, δ)
2)

vi ∼ N(0; (σ2
v)

Here, yi denotes the yield in kg/year of the farmer per plot, and xji denotes the inputs

which are specific to the production process. In the estimation, we scale all variables

by their sample mean prior to taking the logarithms to facilitate the convergence of the

likelihood function. Additionally, we add a regional dummy for oil palm production to

explore productivity differences between the five regions (Sarolangun, Batanghari, Muara

Jambi, Tebo,and Bungo).

Moreover, for the analysis of the impact of producers’ characteristics, z variables, on

the efficiency, we specify further h(zi; δ) functions via the scaling property introduced by

Wang and Schmidt (2002):

h(zi; δ)
RP = exp(δ1 + δ2 lnLSi + δ3Dii + δ4Di2i + δ5Cyi + δ6Shi)

h(zi; δ)
OP TM = exp(δ1 + δ2 lnDPi + δ3CSi + δ4Spi + δ5Sii)

h(zi; δ)
OP AT = exp(δ1 + δ2 lnDPi + δ3CSi + δ4LSi + δ5Dii + δ6Di2i )

RP = Rubber,OP TM = Oil palm Transmigrant,OP AT = Oil palm autochthon

(2.6)

where LSi reflects the share of land owned by the farmer which is given a value between 0,

meaning no land certificate, and 1 where the certificate is held for the complete plot. Dii

and Di2i measure the distance between the buyer and the output, Cyi is a categorical vari-

able representing the harvesting interval and LSi is a dummy for entering sharecropping

arrangements. Additional variables included in the scaling property of oil palm produc-

tion are DPi, representing a dummy which describes whether the farmer produces oil

palm and rubber; CSi is a second dummy variable indicating support through contrac-
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tual arrangements, Spi defines the degree of diversification in the income of a household

with values between 1 and 0; calculated by the Herfindal index, and Sii captures the size

of the plot. All descriptions of the z variables are given in Table A.1.

2.4 Results

2.4.1 Parameters of the production functions

The overall models which were estimated for the two different production systems seem

to be an acceptable fit, considering the amount of significant coefficients. In general, the

models feature the desired assumptions and restrictions to ensure estimation accuracy.

There were some small violations against monotonicity in the case of two variables in the

transmigrant oil palm estimation and these will be discussed later.

In their final specification, all models were tested for the existence of ui against the

alternative hypothesis of no presence of inefficiency leading to an OLS estimation. In

all three cases, our SFA specified model was the better choice at a 1% significance level.

Results of the test are listed in Table 2.1.

Table 2.1: LR-test results for testing the presence of inefficiency

LLOLS LLSFA LRcrit (df) LRcalc Decision

Rubber -605.028 -512.924 13.742 (6) 184.208 reject H0

Oil palm Trans -67.833 -31.367 12.103 (5) 72.933 rejectH0

Oil palm Auto -144.169 -110.921 13.742 (6) 66.496 rejectH0

The complete estimation results are included in the appendix. The first-order estimates

can be interpreted as partial production elasticities of the production inputs since the

data was mean-scaled prior to taking the logarithms.

2.4.2 Differences between oil palm and rubber production systems

With regard to partial production elasticities, a few distinctions between the importance

of input factors in both crop production systems can be emphasized (appendix Table

A.2,A.3 and A.4.

In general, three production variables are equally included in both crop production sys-

tem estimations: plot size, hours of labour, and plantation age. The size of the plot is

significant in both crop transformation systems. Nevertheless, the magnitude of the effect

of an increase in the plot size, ceteris paribus, is larger in both oil palm estimations –

transmigrant and autochthonous but not in rubber. These results may indicate a higher

scarcity of land in the production system of oil palm in comparison to rubber. The de-

scriptives from Table A.1 highlight a smaller plot size for oil palm, emphasizing these

findings. Transmigrant producers are distinct in the category of oil palm producers, man-

aging smaller plot sizes as a result of the political Transmigrant Support Program (TSP)
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which allocates a maximum of three ha per farmer. The structure of further support pro-

grams limits the possibility of expansion for transmigrant framers. Therefore, the higher

marginal product, all remaining variables being equal, reflects the underlying scarcity of

land for transmigrant farmers in contrast to the less restricted autochthonous farmers.

The input of labour is also significant in both production systems but a clear distinction

between both production systems is less obvious.

A marginal difference is found between the coefficient in rubber production and in au-

tochthonous palm oil production, which are both substantially higher than the coefficient

in transmigrant oil palm production.

Looking closely at differences within the oil palm production system, transmigrant farmers,

with a higher degree of specialization, have a higher marginal product of labour than

autochthonous farmers. The reduced effect of labour increase towards the output, in

comparison to the autochthonous farmers, may indicate a more productive allocation of

the scarce factor than their local counterpart. In general the relatively small differences

stemming from the effect of a labour increase allows us to conclude that labour is equally

relevant in all systems.

In rubber production the effect of plantation age is insignificant but, for both oil palm

productions, the effect is significant. Autochthonous oil palm cultivation experiences

a positive effect from an increase in plantation age, which is actively not possible. In

any event, transmigrants’ production of oil palm decreases with increasing plantation

age, ceteris paribus. This diverse reaction may result from the different stages of the

plantations. At the mean, transmigrant plantations are 15 years old while autochthonous

plantations only reach 10 years. The yield profile after Goh et al. (1994) draws a strong

augmentation of the yield with increased plantation age from the date of planting up to

a maximum age of 10 years, followed by a period of stagnation or even reduction in yield.

These findings were confirmed for three different rainfall scenarios (Corley and Tinker,

2003).

The application of chemicals is significant in both production systems, even though the

implemented variables differ in detail. The smallest effect is estimated for rubber produc-

tion with agglomerated chemicals (fertilizer, herbicides, soil fertility treatment). In oil

palm production, autochthonous production presents a significant utilization of fertilizer,

in contrast to the transmigrant estimation which shows a significant herbicide application.

Nevertheless, the effect is negative, which points to a decrease in output when herbicide

application is increased. This could indicate an overuse of herbicide in terms of two modes

of operation. Firstly, the application of herbicides in such strong concentrations not only

affects the targeted ground cover, but the palm itself. This is frequently accompanied

by incorrect application techniques which commonly appear in smallholder cultivations.
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Secondly, discussions relating to the advantage of plant covers from certain plants such

as legumes, has been commonplace in the literature.

The utilization of herbicides in plantations to extinguish the plant cover which offers a

protective surrounding for the oil palm can therefore negatively affect yield. The removal

of such ground cover can lead to stronger erosion and runoff and can also be labour

demanding.

In addition to the preceding variables there is the capital variable, which is represented

by a rather small coefficient in both production systems. These findings do not likely

coincide with the hypothesis of a capital-intensive oil palm production. This divergence

may be due to the applied metrology of capital (vehicles such as trucks and tractors) in

our estimation. Following comparisons with the relevant coefficients, other results confirm

the earlier stated assumption of labour-intensive rubber production in comparison to a

less labour-intensive oil palm production.

Summing up all plausible point elasticities of the estimation – plot size, labour, capital,

and all the kinds of chemicals used in the estimations – provides us with a measure of scale

elasticities of 0.829 for rubber, 1.03 for oil palm autochthonous, and 0.884 for transmigrant

oil palm farmers. The scale elasticity indicates decreasing returns to scale for the rubber

and transmigrant oil palm production, while for the autochthonous oil palm production,

slightly increasing returns to scale are indicated. The mean returns to scale for rubber and

transmigrant oil palm are significantly different from one another, as indicated by the t-

test. Furthermore, the one-sided test shows that the RTSs are most likely to be below one.

The t-test for autochthonous oil palm indicated returns to scale significantly different from

one and significantly bigger than one. The economic interpretation of decreasing returns

to scale hints at a input increase with a less than proportional output increase. These

are mostly found in smaller and more labour-intensive farms, where smaller volumes of

production are also efficiently feasible. This also fits to rubber production, which is

relatively small in production size and volume, especially in smallholder productions.

Table 2.2: Returns to Scale for oil palm transmigran, oil palm autochthonous and rubber production

OP-Transmigrant OP-Autochthonous Rubber
RTS 0.884 1.03 0.829

Increasing returns to scale, where doubling the input more than doubles the output,

are seen in economics as an indicator for larger and more capital-intensive productions.

Higher investments in productions, tractors, seedlings and chemicals generally correlate

with high scale elasticities. This might strengthen the hypothesis of a capital-intensive oil

palm cultivation, at least for the autochthonous producers, who operate on a bigger plot

size than the transmigrants.
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The different regions included in the estimation of oil palm production systems show

differences in production levels. Regions which are close to the provincial cities such

as Batanghari and Muara Jambi show notable advantages in production level. The last

region, Bungo, also displays an unexpected effect on production. This remains currently

unexplained.

The hypothesis of a capital-intensive oil palm production and a labour-intensive rubber

production only partly pertains to our results. The abundance of working hours and the

marginal product of labour, in combination with the significant coefficient of labour, fit to

the assumption of a labour-intensive production for rubber. Furthermore, the decreasing

returns to scale also indicate a labour rather than capital-intensive production.

Nevertheless, a low coefficient of capital, especially for rubber production may, not hint

at a capital-intensive production. However, the slightly elevated coefficient of the cost of

fertilizer for the autochthonous oil palm production and the marginal increasing returns

to scale both point in the direction of a capital-intensive production.

2.4.3 Efficiency scores

An average degree of technical efficiency differs between the two smallholder productions.

Rubber production reaches an average efficiency estimate of 0.74 and a standard deviation

of 0.15, meaning a possible increase in output by 35% with the given inputs.

In oil palm production, the degree of efficiency is lower for autochthonous farmers with

an estimate of 0.66 and 34% inefficiency at a standard deviation of 0.21. The estimation

for transmigrant producers reveals a relatively high level of efficiency with 0.91 and 9%

inefficiency at the mean, with a corresponding standard deviation of 0.17.
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Figure 2.1: Efficiencies over the production systems

The gamma estimate, the ratio of the variance of inefficiency over the total error variance

γ = σ2
u/σ

2
u + σ2

v , lies at 0.321 for rubber production indicating that a rather large part

of the error variance is due to noise. The ratio for oil palm production lies at 0.629 for
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transmigrant producers and 0.696 for autochthonous farmers, indicating that a bigger

share of the error variance arises from inefficiency and may therefore allow more precision

in the estimation.

Looking at the distributions of the efficiencies inside the different production systems,

a distinct variation is obvious. The segmentation of the efficiencies, listed in Table 2.3,

reveals a higher agglomeration of transmigrant oil palm and rubber farmer in the highest

segment between 0.75 and 1. For autochthonous farmers, who coincide with the lower

efficiency values, the largest share of farmers is in the middle segment between 0.25 and

0.75. The substantial difference of the efficiency levels between transmigrant farmers and

Table 2.3: Distribution of efficiencies

Production system Quantile Obs. Mean Std. Dev. 25% 75%

>75 6 0.173 0.039 0.134 0.202
Rubber 25-75 289 0.607 0.118 0.537 0.704

>75 437 0.844 0.066 0.795 0.869

∅ 732 0.745 0.155 0.664 0.844

>75 3 0.139 0.044 0.096 0.183
Oil palmTransmigrant 25-75 9 0.601 0.136 0.466 0.704

>75 105 0.958 0.048 0.927 .997

∅ 162 0.909 0.168 0.904 .997

>75 8 0.158 0.066 0.124 0.202
Oil palmautochthonous 25-75 91 0.569 0.134 0.480 0.682

>75 63 0.843 0.065 0.791 0.872

∅ 117 0.655 0.205 0.557 0.807

the other two production systems, indicate an advantage in the combination of the PIR

and NES program for the producers. Comparison between the oil palm groups reveals

in particular significant differences in their efficiency of production. The participation of

TSP, patronizing producer financially and via training, positively alters the level of effi-

ciency. Operating with less inefficiencies, producers were able to translate the advantages

of the support provided to their production process. Non-participants of NES and/or

PIR, mostly found in autochthonous villages, previously grew traditional crops, such as

extensive rubber or even rubber plantations, before changing to oil palm production with

a time lag in adoption (Gatto et al., 2015). Our results indicate that the independent

transition accompanied by other factors, such as a lack of infrastructure, resulted in less

efficient productions. McCarthy (2010) reports similar findings, calling the second wave of

independent adoption a ’laissez faire’ scenario, which bears high potential for unbalanced

development diffusion McCarthy et al. (2012).

A closer look at the attributes linked to each segment might provide an explanation for a
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Figure 2.2: Distributions of efficiencies: rubber (top left), oil palm transmigrant (top right), oil
palm autochthon (bottom)

better understanding of the diverse structure of efficiencies.

In the case of rubber producers, the segment containing the most efficient farmers, shown

between 0.75 and 1, operates on the largest plot in comparison to the other two segments.

Even so, the confidence interval of plot size is the widest. Equally telling, more hours

of labour are allocated in this segment, in comparison to rubber producers belonging to

the lowest segment. In the latter case, farmers tend to have the highest cost of chemicals,

especially herbicides. The share of herbicides with respect to the total chemical cost lies

at almost 100%. This is in stark contrast to the two more efficient segments in which the

share of herbicides lies at 37% for the 2nd and 32% for the 3rd segment.

With regard to transmigrant oil palm farmers, the only attribute which can be linked to

the lowest efficient segment is a rather scant usage of labour, representing half of the other

two segments.

When considering the most efficient transmigrant producers, the descriptive statistics

discern the smallest plot sizes but, similar to the rubber producers, the widest confidence

interval. Furthermore, the 3rd segment farmers cultivate the oldest plantations in contrast

to the two lower efficient segments. Likewise, the latter attribute can be linked to the

most efficient autochthonous farmers but even so, the plantations are generally younger

than those belonging to transmigrant farmers. At the mean, the most efficient farmers

own plantations which are around two years older than the least efficient ones. These
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two additional years are relevant for production, especially in the early growth stages.

Looking at the least efficient autochthonous farmers, an agglomeration of the biggest

plots is observed alongside a doubling of the cost of fertilizer when compared to the most

efficient farmers.

The substantial inefficiencies observed for autochthonous farmers may be a consequence

of the land and labour scarcity revealed in the productions. The potential increase in

returns to scale for autochthonous farmers with the limitation in the production inhibit

the possible scale efficiency resolving in inefficient allocation of the inputs. This may

partly contribute to the explanation of the inefficiencies in rubber production.

Since this comparison is a rather superficial overview of the efficiencies, the actual effects

of producer specific characteristics on efficiency may reveal a better understanding of

production. The results of the attributes’ estimation are listed in Table 2.4. The results

of the scaling property model specified in Equation 2.5 show significant differences in

efficiency levels, depending on the farm-specific characteristics, as we expected.

Rubber

Among all significant estimates, the biggest effect on the distance to the frontier, and

hence efficiency, emanates from the cycle dummy which is a categorical dummy for the

frequency of harvesting the rubber. The estimation demonstrates an increase in efficiency

of production with an increasing rate of harvesting frequency.

The most prominent effect on efficiency is reached by harvesting at least once every 10

days, with a 1% reduction in the distance to the frontier, in comparison to 0.26% for

once in 15 days, or no improvement at all for 30 days, where the latter is the baseline.

This implies a higher efficiency, if the farmer collects the full rubber pots of each tree

with a higher frequency. An explanation for this effect might lie in the reduction of

the probability of losing rubber due the falling over of the collecting pot, rain and other

hazards. Next to changes in cultivation practice to raise the efficiency, several institutional

settings influence the level of inefficient production.

First, a positive influence can be derived from the share of land, for which the producer is

in possession of the certificate of landownership. With a one percent expansion of the land

under the certificate, the producer shortens the distance to the frontier by 0.33%. Most

farmers possess a certificate for either the total production area or none at all, dependent

on the acquisition of the land. The ownership of land is linked to security for the farmer;

secure ownership encourages the farmer to make investments in the plantations.

Secondly, sharecropping arrangements can alter the distance to the frontier for each farmer.

A sharecropping arrangement after Janvry (2004) constitutes a production where the out-

put is distributed between multiple farmers who cultivate the land either together or alone;

this takes the form of either wage contracts (where the landlord is the entrepreneur) or
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Table 2.4: Estimation results for z-variables

Oil Palm Rubber
Transmigrant Autochthon

Variable Coeffitients Coeffitients

ln(size) 1.658∗∗∗

Income share -12.885∗∗∗

Dual production 2.347∗∗∗ 0.637∗∗∗

Contract Supp. -2.552∗∗∗ -0.783∗∗

Landshare -0.438∗ -0.331∗∗

Distance 0.066∗∗ 0.023∗

Distance2 -0.002∗∗ 0.001 ∗∗

Sharecropping -0.526∗∗∗

Harvest Cycle 15 (days) -0.262∗

Harvest Cycle 10 (days) -1.015∗∗∗

Intercept 0.409 -0.744∗∗∗ -0.061

rent contracts (where the tenant is the entrepreneur). If the plot is managed together, the

share of output in appropriation can differ from the share of cost of inputs, depending on

the arrangement. The incorporated dummy in the estimation reveals a positive effect of

such arrangements on the efficiency. Producers pegged into a sharecropping arrangement

tend to shorten their distance to the frontier by 0.50%. 96.39% of farmers entering into

such an arrangement own the land, leaving them as the landlord.

In the literature the efficiency of sharecropping is discussed controversially. Settings where

the landlord is in charge of the management and monitoring of the plantation and the

tenant provides the labour are expected to be less efficient. Losses in efficiency are pinned

to disincentives for investments for not shared inputs such as labour and capital and addi-

tionally lack of monitoring; this is known as the ”Marshallian inefficiency”. The positive

effect of sharecropping, in our case, seems to overcome the Marshallian inefficiency, which

may result from a number of different factors.

Firstly, the risk of losing their means of existence pushes a tenant to work at their max-

imum capacity and consequently equalizes the cost share of input with the output share

for the landlord (Sadoulet et al., 1994).

Secondly, the two sharecroppers have a strong social link with each other, preventing

inefficient behavior on both sides.

Thirdly, and tied in with the second point, if the tenant seeks personal recognition for

their work and a link to their landlord, they are able to utilize the relationship in order

to attain a higher social rank based on their level of effort.

Subsequently, with an equal sharing of all costs and outputs, the incentive for oppor-

tunistic behavior - and with that, the Marsahllian inefficiency - disappears. Fourthly,

sharecropping arrangements are found in productions which experience low monitoring

costs but carry a certain amount of risk, mostly found in simple production with low
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numbers of participants. Both arguments fit the characteristics of the rubber production

(Hayami and Otsuka, 1993).

Finally, the distance to the buyer shows a bivalent effect on the efficiency level, with

a significance level of 10%. The estimation of the two distance coefficients, one as a

continuous variable and the second as its squared term, reflects the varying effects with

increasing distance. The estimation results reveal a change from a negative effect on

efficiency to a positive effect with increasing distance. Therefore, with greater distances to

buyers, the farmer may achieve better sales and marketing arrangements than at shorter

distances. The point at which this reverses for rubber lies at 63km. Consequently, if

rubber is sold to a trader 100km further away than the trader at our mean distance, a

farmer can increase his efficiency by 1.38% ceteris paribus.

Oil palm autochthonous

Equally relevant for efficiency is the distance to the buyer for the autochthonous oil palm

producers; this is even more significant at a 5% level. Here, the turning point from

reducing efficiency to increasing efficiency lies at 47km.

Due to the historical development of plantations, the establishment of autochthonous oil

palm farmers was initially based on the independent decisions of farmers to transition from

rubber to oil palm production. Since the surrounding production system was dominated

by rubber production, the infrastructure and oligopoly-market for oil palm is relatively

underdeveloped in autochthonous areas. These findings may indicate losses for farmers

by selling to a close-by middle trader, who exerts a higher market power, not only in

prices, which would not affect our estimation directly, but furthermore by having lower

incentives to support or invest into a binding buyer-seller-relations with farmers having

no competition pressure. These effects are more likely to be observed in remote areas.

The latter case coincides with the results of Kopp and Brümmer (2015) concerning the

comparison of profits of traders in remote and non-remote areas.

The share of land for which the farmer is in possession of the certificate of landownership

is also relevant for the production of the autochthonous farmer. Likewise, the expansion

of landshare under certificates lifts the efficiency level of the producer. In this case, the

distance to the frontier shortens by 0.43% with a 1% increase of the share, at a significance

level of 10%. The virtue of a larger share under ownership over the land under cultivation

offers the producer a certain certainty, leading to possible advanced management practices

and higher investments. Consequently, the overall production is likely to be more efficient.

Furthermore, the producers have the possibility to improve on their efficiency level by

choosing contractual arrangements. The estimation reveals a decrease in the distance to

the frontier by 0.75% if the producer is currently under contract or was in years past.

The advantages associated with contract arrangements may be found in secure purchase
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channels for output and occasional provision of inputs or even management guidelines.

The autochthonous farmer is particularly likely to benefit from the latter convenience of

contractual support ,as he did not experience the advantage of a close-support program.

The last zi variable expressing the heterogeneous effects of individual producers over the

efficiencies is the dummy for simultaneous rubber and oil palm production. At a 1%

significance level, the coefficient shows an enlargement of the distance to the frontier by

0.63%, when the producer allocates his resources, either materials or labour, to his oil

palm plantation and additionally to a rubber plantation.

Oil palm transmigrant

In general, the efficiency of transmigrant oil palm production experiences rather strong

fluctuations depending on two case specific variables enhancing the distance to the frontier

and two variables curtailing the distance to the frontier.

Coherent with the findings for the autochthonous farmer, the degree of efficiency for

transmigrant farmers is likewise altered through dual production and contractual support.

The simultaneous production of rubber and oil palm shows an even stronger effect of 2.34%

for the transmigrant farmer. Producers with dual production use less fertilizer for oil palm

production, which may result in lower values of efficiency.

The second producer-specific characteristic, which augments the inefficiency of the pro-

duction, results from plot size. An increase in plot size by 1% leads to an enhancement

in the distance to the frontier by 1.65%. This may be due to controlling issues and the

overstocking of daily work correlated with the additional plot size. An augmentation of

plot size without increasing palm numbers enlarges the distance between the palms which

augments labour time. Moreover, larger gaps in between palms may result in control

issues in terms of weeding and tree health and hence reduce output.

As mentioned above, producing under contractual arrangements benefits the level of effi-

ciency of production in both oil palm producer groups. The difference in the transmigrant

group is found in the magnitude of the effect. The contractual arrangement shortens the

distance and hence decreases the inefficiency by 2.55%. Shifting reasons for the differ-

ence in the transmigrant farmer group may lie in the setting in which they were placed.

Through the PIR and NES structure, the producers are placed in areas only connected

to the estate mill, restricting selling options. Producers without a contract to the mill

need to organize themselves outside this setting, requiring more effort due to scarcer

opportunities, thus reducing the efficiency of production.

The index of income distribution reveals a rather strong impact on the degree of effi-

ciency. The index, calculated as the Herfindal-index, is a measure of the evenness of the

distribution of the income of the family. A household with a diversified income would

be linked to an index of close to one, while a household with only one source of income

28



2

Determinants of Technical Efficiency

would be linked to a low index number. The results reveal an extremely positive effect on

the degree of efficiency. The higher the diversification of a household’s income, the higher

the efficiency on the plot level. Reasons for this may be twofold: One striking difference

between the low diversified and high diversified group lies in the application of fertilizer.

The cost of the overall chemicals for the highly diversified producers is significantly lower,

at a 5% significance level, than the overall costs of chemicals in the low diversified group.

The utilization of the fertilizer seems to be more efficient for the high diversified farmers.

Reasons for this ramification might be due to the spillover effects of the different income

sources, which may result in more knowledge relevant to production. In addition to this,

as some income sources offer additional outputs for a plot, i.e. birds, timber, the handling

of the inputs and overall care of the plot tends to be more cautious. Nevertheless, while

these results stand in contrast to the dual production variable, the effect is obliterated in

magnitude.

The extremely strong effects on the level of efficiency ensuing from producer-specific at-

tributes may be due to the already high levels of efficiency of transmigrant producers.

In this case, even a small change in the production setting can increase or decrease the

efficiency to a rather high degree.

2.5 Conclusion

The study aims to look at the question of productivity differences and determinants of

inefficiency in and between the two main cash crops produced in Sumatra: rubber and

oil palm. Through the analysis of the determinants of productivity and inefficiency, we

hope to indicate a way to move the producers closer to the best-practice frontier in order

to reduce the pressure on land and simultaneously the expansion of agricultural land

into lowland rainforest. The degree of technical efficiency is estimated using a stochastic

translog production frontier on plot-level, using data from a household survey conducted

in 2012.

The estimation reveals a systematic difference in the production of oil palm between trans-

migrant producers and autochthonous producers, not only in terms of efficiencies levels,

but also in terms of the production process. Empirical results concerning the productivity

of both crop production systems confirm returns to scale below one for both transmigrant

oil palm production and rubber production. On the other hand, autochthonous oil palm

producers work under returns to scale above one. These differences are linked to the size

of the production, especially in the case of oil palm.

Looking at the estimation results in more detail, land scarcity is observed in all three

production estimations, as the plot size manifests as the biggest coefficient in the produc-

tion. In addition, labour and chemicals such as fertilizer and herbicides are significantly
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relevant for each production.

As with efficiency, the estimation reveals strong differences between the production sys-

tems as well as differences within each production. Autochthonous oil palm producers

exhibit the lowest degree of efficiency, followed by rubber producers. Transmigrant oil

palm farmers show a relatively high level of efficiency in their production. This diver-

gence implies that the earlier implemented programs positively support the smallholder

production of oil palm. We can therefore say that the intended effect of the government to

promote a good establishment of plantations through their transmigrant support program

has been reached.

In addition to this, institutional settings such as the ownership of land certificates and

especially sharecropping arrangements between farmers, enhance the efficiency of rubber

production. Furthermore, the distance to the trader influences the efficiency not only in

rubber, but also in autochthonous oil palm systems. Farmers selling to traders outside

their village or farther away increase their efficiency, while selling to local traders has the

opposite effect. Subsequently, in the case of both oil palm groups, contractual arrange-

ments with a trader affects the efficiency level positively.

The combination of these effects may lead to the assumption that producers aim for se-

curity in their production, especially in choosing institutional settings. The transmigrant

support program ameliorated the producers’ primary setting through training and links,

which were substituted by risk sharing arrangements, ownership of land, and contractual

security now that the program is finished. However, the estimation results show that a

strong bond to local traders reduces the efficiency, resulting in local price manipulation

and losses to the middleman in the supply chain.

Even so, the latter effect is voided by other impacts on efficiency. The question of how

to specifically support these production systems further and the correct the allocation of

production factors to enhance the productivity and efficiency are interesting topics for

further research.
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CHAPTER 3

Environmental Efficiency in the Case of Rubber

This chapter addresses the environmental efficiency of small-scale rubber producers in

our study area. Enhancing the previous approach from distance functions to directional

distance functions by introducing an environmental dimension to the estimation, the un-

derlying trade-off function between the economic output and the environmental effects

can be quantified. This chapter provides a fundamental contribution to the research in

the development of sustainable production, in particular with respect to policy implemen-

tation. In the next section, an introduction to the subject of environmental efficiency or

equally eco-efficiency is presented, followed by an explanation of the additions to the previ-

ous methodology. Subsequently, the results of the estimation are displayed and discussed

before concluding remarks are provided at the end of the chapter.

3.1 Introduction

In the last decades, concerns about sustainable development and environmental problems

have risen from society. As a result, organizations, firms and producers face a demand

for sustainable production to demonstrate all-encompassing environmental performance.

In light of this demand, a widespread definition of sustainable development was consoli-

dated in three components by Welford (1995). Firstly, the environment is included in the

economic process and not observed as separate from it. Secondly, the equal distribution

of goods between all members of society are important and thirdly, the prospective recog-

nition of resources is also considered a vital component (Welford, 1995).

In order to translate Welford’s ideas to the production of agricultural products, which is
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an important source of income, we must consider that the benefits are simultaneously ac-

companied by impacts on the environment such as pollution, nutrient losses, biodiversity

losses and climate change effects.

These factors must of course be taken into close consideration for an environmental effi-

ciency analysis. In recent literature attempts to measure all aspects of production has been

summarized in terms of ’ecological efficiency’. The most popular definition of eco-efficiency

was established by the World Business Council for Sustainable Development (WBCSD);

“Eco-efficiency is reached by the delivery of competitively-priced goods and

services that satisfy human needs and bring quality of life, while progressively

reducing environmental impacts and resource intensity throughout the life

circle, to a level at least in line with the earth’s estimated carrying capacity”

(DeSimone and Popoff, 2000).

Today the general term eco-efficiency

“refers to the ability to create more goods and services with less impact on the

environment and less consumption of natural resources, thus involving both

economic and ecological issues” (Picazo-Tadeo et al., 2012).

Our study area Sumatra (and especially Jambi) in Indonesia, is a typical example of

environmental degradation as a result of economic development in terms of agricultural

expansion and intensification, highlighting the scarcity of land resources and potential

inefficiency in terms of eco-efficiency (Laumonier et al., 2010; Gaveau et al., 2007). The

rapid change and intensive production of cash crops has been favourable for economic

development, but various environmental and social concerns can be attributed to this

development.

The expansion of production into areas of lowland rainforest is seen as a major threat to

biodiversity conservation, the functionality of ecological systems, climate change, and the

sustainability of production with respect to soil and water pollution (Eye on Aceh, 2007;

Belcher et al., 2005). Next to deforestation, monoculture production is often linked to

undesired side-effects and by-products. One of the by-products of production is seen in

the abundance of alien plant species in the natural ecosystem habitats in the plantation

sites. Through agricultural intensification, a change from preceding subsistence strategies,

in the form of extensive swidden farming, to monoculture cash-crop cultivation, has been

observed (Potter, 2001).

This change gives exotic organisms the chance to settle in the disturbed habitats of Indone-

sia. Consequently, invasive plants have the potential to cause problems in monoculture

rubber and oil palm plantations. The threat originating from invasive plants altering the

surrounding environment can be categorized as a direct and indirect effect. Firstly, the
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direct effect occurs through the invasive plants’ excretion of secondary compounds via

leaf leachates, leaf litter, and root exudates. The excretion of secondary compounds is

part of the general physiology of plants, but invasive plants are exotic to their infested

environment, and consequently impact the nutrient cycles in a different manner to native

plants. This effect is manifested by a reduced abundance of supporting microbial commu-

nities and altered litter compositions in the invaded areas (Weidenhamer and Callaway,

2010; Liao et al., 2008; Sanon et al., 2009; Standish et al., 2004).

As a second direct effect, secondary compounds create a disadvantaged environment for

native plants, giving the invasive species an advantage. This direct effect is also called

the ’novel weapon hypothesis’ (Weidenhamer and Callaway, 2010). The oppression of the

native flora and fauna may diminish or eradicate important supporters of the ecosystem,

as well agents essential for tree pollination.

The indirect effects of invasive plants on the environment are seen in the new or elevated

need for herbicides to reduce or extinguish the exotic plants. Literature shows a vari-

ety of findings on the impact of herbicide application on the surrounding environment,

from small and ephemeral to high. The majority of this paper focuses on glyphosate and

paraquat. The most common impact concerns the alteration of the functional structure

of soil bacteria and its resultant reduction (Lupwayi et al., 2009; Widenfalk, 2005; Allen

et al., 2015).

Alongside the direct and indirect effect, the more general concern lies in the expansion of

the distribution of invasive plants, resulting in an identical flora and fauna without local

diversification covering all five continents. Due to the high competitiveness of the invasive

plants, this threat can already be observed in some parts of the world.

Considering the stated main concerns from the ecological point of view, a reduction – or

ideally extinction – of the invasive plant population would be a small accomplishment

in terms of the environmental impact on monoculture plantations. Nevertheless, profit

maximizing attitudes of producers lead to the presence of the undesired by-product maxi-

mizing production decisions, contradicting the environmental goal. Thus, determining the

interdependence of economic performance and the disturbance of the ecosystem function

– invasive plants – and the overall efficiency of the production is a crucial step in recon-

ciling both goals and sustainable development. At the same time the high participation

of smallholder producers and the herterogenity, as a result of diverse establishment and

management settings, is possibly linked to potential losses of outputs. Eradicating these

potential losses by augmenting the efficiency of production reduces this already, depending

on the present inefficiency level.

Based on this goal, this chapter seizes on the works of Färe et al. (2005, 2007), Chung

et al. (1997), and Njuki and Bravo-Ureta (2014) and applies a Directional Output Distance
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Function (DODF) to quantify the interdependency of both outputs through the underlying

trade-off function, on the grounds of a multidisciplinary data-set incorporating variables

on economic performance and plot level data describing the state of the environment.

Even though the productivity and efficiency of oil palm and rubber have been the objective

a few researches (Hasnah et al., 2004; Alwarritzi et al., 2015; Lee et al., 2013; Wilcove

and Koh, 2010; Allen et al., 2015; Rubiana et al., 2015) the strength and novelty of this

research lies in the unique combination of data-sets on plot level. This accurate measure

of the heterogeneity inside the production system, as a result of diverse establishment and

management settings, enables us to estimate individual environmental efficiency. Thus

we can derive the potential output losses and reduction possibilities of the environmental

disturbances due to inefficiency, before entering the costly trade-off between the desired

and the undesired production outputs.

The structure of this chapter is as follows: the first section briefly presents and explains

the methodology of the DODF approach. The third part introduces the specific empirical

model adjusted to our research aim and the collected data is presented in the same

chapter. In section 3.3, the estimates’ outcomes are introduced and analysed under certain

economic criteria1. Finally, we conclude our research with a summary of our findings and

prospects for production.

3.2 Methods and Material

3.2.1 Environmental production function and efficiency

First attempts to estimate and analyse production’s trade-off function and the overall

efficiency under consideration of undesired by-products embedded their reciprocal into the

production function as an input (see Pittman, 1981; Knox Lovell et al., 1995; Reinhard

et al., 1999; Hailu and Veeman, 2001).

Even though the approach was justified by the stronger similarities between the unde-

sirable output and input characteristics, as opposed to general output characteristics

(Pittman, 1981; Knox Lovell et al., 1995), this concept was challenged by Färe et al. (2005).

He argues that environmental disturbances are more likely consequences of production

and by-products and the strong disposability of undesired output. This reviewed concept

lead to numerous deterministic approaches using the nonparametric linear programming

technique of DEA in combination with transformed distance functions to compose a best

practice frontier. Färe et al. (1986) established a hyperbolic distance function, following

the concept of input-output oriented distance functions by Debreu (1951), Malmquist

(1953), and Shephard (1953), allowing for an expansion in the desirable output and a

1Ideas for the analysis were inspired by Färe et al. (2005), which form the focus of this paper.
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reduction in the undesirable input. They went on to introduce differentiation between

the weak and strong disposability of outputs in a parametric setting. From these various

approaches, two main paths to measure efficiency in the presence of desired and undesired

outputs have come forth: the Directional Distance Function (DDF) approach introduced

by Färe et al. (2005) and Chung et al. (1997), and the by-production approach.

The latter displays the production of the desired and undesired output separately over

individual production functions. (Murty et al., 2012; Fernández et al., 2002). The DDF,

based on the concept of the distance function of Shephard (1953, 1970), allows for the

simultaneous reduction in the undesired output, while enhancing the production of the

desired output in different proportions, reflecting the maximizing strategy of our produc-

ers.

The transformation function is estimated in a single equation combining undesired out-

puts and polluting and non-polluting inputs together. This concept, and the related

transformation function concepts, have been applied by various researchers, such as Färe

et al. (2005), Atkinson and Dorfman (2005), Fernández et al. (2005), Färe et al. (2007),

Macpherson et al. (2010), and Njuki and Bravo-Ureta (2014). The by-production ap-

proach separates the production of the undesired outputs and individual production func-

tions.

The DODF, originally developed by Chambers et al. (1998), represents a special case of

the Output Distance Function (ODF) introduced by Shephard (1970). The difference lies

in the use of a directional vector in comparison to a radial measurement for the technical

inefficiency which is advantageous for non-proportional scaling. Considering a production

process, where output set P (x) represents the set of desired outputs and undesired outputs

(y, b), the set of outputs that can be produced by the inputs (x1, ...xk) is specified by

P (x) = {(y, b) : x can produce (y, b)} x ∈ ℜN
+

For the specification of the ODF, we introduce the directional vector g = (gy,−gb) with

g ∈ ℜM , as presented by Färe et al. (2005). After incorporating this, the direction of the

maximization of distance between the observed output (y, b) and the frontier is defined,

leading to the parametrization of the DODF as

D⃗o(x, y, b, gy;−gb) = max {β : (y + βgy, b− βgb) ∈ P (x)} (3.1)

From the axioms underlying the ODF, we can derive the properties of the DODF to

extract further information in the following way: firstly, the output set needs to be a

closed set, implying that when no inputs are used, no outputs are produced. This allows

us to assume that an increase in inputs can only increase, or at least not decrease, the

output set. This is also known as strong disposability.
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Likewise, we can assume strong disposability for the desired output. By virtue of this

assumption, we allow the desired output to be reduced without any losses, if an observed

vector combination of both outputs was already attained at a higher level. Therefore,

if (y, b) ∈ P (x) and (y′, b) ≤ (y, b) then (y′, b) ∈ P (x) (3.2)

In contrast to the strong disposability of inputs, we assume only a joint weak disposability

for the outputs. This assumption reflects the idea of abatement costs for a reduction in

the undesired output. Decreasing the undesired output over a given vector of inputs must

lead to a proportional decrease in the desired output (Färe et al., 2015).

By default, production of the desired output is always linked to the production of bad

output, therefore neither output can be produced without the other. This is stated by

the null-jointness assumption (Färe et al., 2015). This assumption has been challenged

by Henningsen and Henningsen (2015) for special productions, where a simultaneous

reduction in the undesired output and increase in the desired output might not be suitable.

While the radially measuring ODF, introduced by Shephard (1970), includes a multi-

plicative homogeneity function, we make use of an additive translation property for the

estimation of the DODF. Through the translation property, a value θgq is added to the

desired output, while θgb is simultaneously subtracted from the undesired output. The θ

value represents the possible reduction in the distance.

D⃗o(x, q + θgq, b− θgb, gq,−gb) = D⃗o(x, q, b, gq,−gb)− θ

θ ∈ ℜ
(3.3)

Applying a DODF stochastically takes two components into account when a deviance

between the observation and the frontier occurs. On the one hand, the traditional random

noise term captures the stochastic effects, while on the other hand, a one-sided error term

ui captures the technical inefficiency, defined by −D⃗o(x, q, b; gq,−gb). As a result, we add

the error term vi to the previous equation and write the frontier as:

−θ ≡ D⃗o(x, q + θgq, b− θgb, gq,−gb)− ui + vi

θ ∈ ℜ
(3.4)

While the random noise term vi is normally distributed N(0;σ2
v), independently from

xi, various distributions were attributed to the positive inefficiency term ui, ui ≥ 0 .

These ranged from an underlying distribution of N+(0;σ2
u) applied by Aigner et al. (1977)

to distributions dependent on observation characteristic variables (Wang and Schmidt,

2002).

The first inclusion of the latter proposal by Pitt and Lee (1981) and Kalirajan (1981) al-
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lowed for a two-step estimation regressing the characteristics on the predicted inefficiency

values via OLS. This was highly criticized because of bias issues. Consequently, Kumb-

hakar et al. (1991), Battese and Coelli (1995), Reifschneider and Stevenson (1991), Caudill

and Ford (1993), Caudill et al. (1995), and Simar et al. (1994) proposed a simultaneous

estimation of the production function and the effects arising from firm characteristics on

the efficiency under adequate distributional assumptions. Kumbhakar et al. (1991) and

Battese and Coelli (1995) included the effect of the characteristics through the mean of

the u distribution, while Reifschneider and Stevenson (1991), Caudill and Ford (1993),

and Caudill et al. (1995) implemented the scaling property, where the variance parameter

of the distribution of u is dependent on the efficiency effects.

Adapting the latter dependence with an underlying half-normal distribution of the u, we

can say that σu(z, δ) depends on the characteristics z, leading to a distribution of u in

the form of N+(0;σu(z, δ)
2), where σ2

u,i(z, δ) = σ exp(z
′
iδ).

The magnitude of the effect of the z-variables is computed by equation 3.5, due to the

non-linear relationship between E(ui) and z. Based on the half-normal distribution of u

and the parametrization of the exogenous effects on inefficiency the computation of the

marginal effect is given by

∂E(ui)

∂z[k]
= δ[k]

σu,i

2

[
ϕ(0)

Φ(0)

]
= δ[k]σu,iϕ(0) (3.5)

The technical efficiency and corresponding noise term for each individual can be extracted

through the mode of the conditional distribution of u as proposed by Jondrow et al. (1982)

or Battese and Coelli (1988). The point obtained estimates the efficiency values and can

be derived via

TEi = E
[
e−ui | εi

]
(3.6)

as presented by Kumbhakar and Lovell (2000).

3.2.2 Specifications for the Directional Output Distance Function (DODF)

Given the axioms of the DODF, an empirical specification is needed which allows for the

most flexible functional form, while still abiding with the underlying axiom. Following

Chambers (2002) and Färe et al. (2005), we choose a quadratic functional form, as the

translation property can be easily applied via restricting the estimation parameters.

A crucial point of the empirical specification of the model concerns the choice of the di-

rectional vector. Sensitivities of results towards different implemented directional vectors

have been shown in several studies; the latest was presented by Tsionas et al. (2015) in a

Bayesian estimation approach. Despite their concerns, the implied data-driven vector pro-

duced results analogous to those from the commonly used g = (1,−1) vector. The latter

37



Environmental Efficiency in the Case of Rubber

3

vector has the advantage of being able to facilitate the parametrization of the quadratic

function according to the translation property. Furthermore, it perfectly mirrors the re-

duction of the undesired output and the increase in the desired output (Feng and Serletis,

2014).

Criticism can be made regarding the equal weight given to both the reduction and the

increase, which might not reflect the political desire for the elimination of undesired by-

products (Hampf and Kruger, 2014). As a result of the susceptibility in this case, we

apply a variety of vector directions, as a means of comparison. Nevertheless, after ade-

quate discussion, the g = (1,−1) vector seems to be the best fit for the primary analysis

and general empirical specification.

In order to estimate the DODF stochastically, we avail ourselves of the translation prop-

erty. The choice of the θ term is completely arbitrary, and affords us the opportunity to

use the DODF for further estimation. With that in mind, we set θ = −q. Based on this

parameterization which includes one desirable (M = 1) and one undesirable (L = 1), the

DODF can be written as

D⃗o(xi, (qi + θ), (bi + θ), 1,−1)
!
= D⃗o(xi, qi, bi, 1,−1)− θ

= α0 +
K∑
k=1

αkxi,k +
M∑

m=1

βm(qi,m + θi) +
L∑
l=1

γl(bi,l + θi)

+
1

2

K∑
i=1

K∑
k=1

αkk′xi,kxi,k′ +
1

2

M∑
m=1

M∑
m′=1

βmm′(qi,m + θi)(qm,m′ + θi)

+
1

2

L∑
l=1

L∑
l′=1

γl,l′(bi,l + θi)(bl,l′ + θi)

+
K∑
k=1

M∑
m=1

νkmxi,k(qi,m + θi) +
K∑
k=1

L∑
l=1

ρklxi,k(bi,l + θi)

+
M∑

m=1

L∑
l=1

(qi,m + θi)(bi,l + θi)

θ ∈ ℜ

(3.7)

3.2.3 Data

This research relies on two combined surveys: one is a socio-economic household survey

including 600 smallholders of Jambi Province on Sumatra, Indonesia, conducted by an-

other sub-project of the CRC 9902, while the second survey covers the environmental data

and includes a sub-sample from the household survey of 135 smallholder rubber farmers.

2The household survey covering a variety of socio-economic and consumption data is further described
in the publications of Euler et al. (2015); Drescher et al. (2016); Faust et al. (2013)
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The household survey, conducted at the end of 2012, covers five regions (Sarolangun,

Batanghari, Muara Jambi, Tebo, and Bungo) in the province of Jambi. A stratified

sampling approach seemed the best fit to mirror geographical and regional disparities,

which are stretched out through the province. Forty villages were selected in a two-step

random selection, equally distributed over four sub-regions in each of the five regions.

To account for dissimilarities in terms of village population size, an adjusted amount of

farmers were randomly selected as opposed to using constant sampling numbers. Thus,

the randomly selected villages were categorized by size in four quarters: 6, 12, 18, and 24

households were then randomly selected, depending on their category (Faust et al., 2013).

For the environmental data-set, one third of the previously sampled households from

the household survey were re-sampled to extract information on the state of biological

diversity and plant abundance. From each sub-sampled farmer, we collected vegetation

data relating to the major plantation site. To that end, a sampling site was established

in the form of a 5x5 meter plot on which the understory vegetation of the plantation

in question was adequately represented. Within the plot, all plants were counted and

identified.

The descriptive statistics of all the relevant variables evolving from the data-set are sum-

marized in Table 3.1, where we include rubber production per plot for the last year (q)

and invasive plants3 per plot (b) for the production function as the desired and undesired

output. We also include the following inputs: size of the plot (x1 ), hours of labor per

plot (x2 ), plantation age (x3 ), and cost of all chemicals (fertilizer, herbicides, soil amends)

(x4 ). Each input and output was normalized by its mean prior to the estimation.

Table 3.1: Descriptive statistics

Variable Unit Mean Std.dev. Min Max
Rubber kg 3045 2966 240 24000
Invasive Plants plant 217 307 0 1750
Plot size ha 2.1 1.8 .02 10
Labor hours 1649 1595 71 15000
Plantation Age years 19.2 8.4 5 55
TC. Chemicals .000 Ruphia 676 1764 0 16225.5

3.3 Results and Discussion

We applied a variety of directional vectors in order to capture the effect of the different di-

rections. Even though the proportional relationship of the efficiencies and other economic

characteristics of the farm will not change, the absolute values will be strongly affected

3Names and abundance in percentage of invasive plants on the plot are presented in the appendix in
Figure B.3

39



Environmental Efficiency in the Case of Rubber

3

by the choice of the directional vector. A range of angles, between 25◦, the smallest pos-

sible angle concerning convergence, and 89◦, the largest angle including a reduction in

the undesired output, were applied in the model. After evaluating the results of the grid

of directional vectors using the Akaike Information Criterion (AIC), the smallest feasible

vector was shown to be the correct choice. Nevertheless, estimation with a 25◦ vector

is less meaningful for most of the coefficients. Moreover, a vector of 25◦ would imply a

stronger focus on the reduction in the undesired output, which may be controversial to the

average producers, who are more likely to operate under the logic of profit maximization.

Therefore, we follow the example of Färe et al. (2005) and set g = (gy,−gb) = (1,−1),

representing an angle of 45◦. This choice reflects a compromise between the number

of violations and a low AIC and the equal reduction of environmental disturbance and

economic output.

Prior to evaluating the estimation of the DODF in its empirical specification, we ran tests

for the general inclusion of the non-negative inefficiency component in the model through

the LR-test, where the null hypothesis is set as σ2
u = 0. Since this null hypothesis lies

on the boundary of the parameter feasible space, the LR statistics follows a mixed chi-

squared distribution (1/2)χ2
0 + (1/2)χ2

1 (Coelli, 1995). The test results show a rejection

of the null hypothesis at a 1% significance level (Table 3.2). For further model specifica-

tions concerning the production function, LR-tests were used to exclude the non-relevant

variables. The coefficients of the estimated DODF are listed in the appendix in Table

Table 3.2: LR-test results for testing the presence of inefficiency

LLOLS -57.39
LLSFA -35.06

LR Value 44.66
critical value 0.01 df(8) 19.384

B.1. Two out of the five first order coefficients are significant at a 10% level, and three

out of five are equally significant as second order coefficients. The special interest in this

estimation lies in the coefficient of the bad output, bstar = (bi−(θigb), which is significant

at the 10% level in the first order and highly significant as a second order term. The only

significant input in our production function is plot size, even though all inputs tested

positive for their relevance in the model through the LR-test. Second order coefficients,

next to plot size and hours of labor, are also significant in addition to an interaction with

the bad output and plantation age.

The curvature of the frontier is likely to be concave, since the second order coefficient

of q, represented by the coefficient bstarsq due to the translation property, is negative.

The monotonicity assumptions were violated in 4% or 6 out of the 135 cases regarding

the elasticity of the bad output with respect to the good output. In 7 out of the 135

40



3

Environmental Efficiency in the Case of Rubber

observations, the condition D⃗o(x, y, b, 1,−1) ≥ 0 was not satisfied, leading to a 5.2%

violation of the null-jointness condition.

In order to gain better insight into the underlying relationship between inputs and outputs

in smallholder rubber production, interpretation of the input elasticities with respect to

the distance is helpful. All of the input elasticities listed in Table 3.3 are positive at the

mean, indicating an increase in the distance through enhancing the frontier and therefore

the overall production. The highest effect on the frontier emanates from the input plot

size, x1, with 0.514, representing a 0.51% increase in the distance for a one percent increase

in the input use. The elasticity of labor, ELabor is the second highest coefficient with 0.28%,

indicating a moderate increase in output with an increase in labor. After summing up

Table 3.3: Summary of the elasticities

Variable Mean Std. Dev. 25% 75% Number of obs.
Eb 0.340 0.195 .249 .449 135
ESize 0.514 0.293 0.410 0.633 135
ELabor 0.282 0.354 0.061 0.345 135
EPl.age 0.170 0.249 0.022 0.271 135
ETC.Chemical 0.022 0.065 -.014 0.038 135
RTS 0.818 0.454 0.535 0.952 135

all input elasticities, a scale elasticity of 0.818 at the mean is obtained, revealing decreas-

ing returns to scale, ceteris paribus. Regarding the economic interpretation, decreasing

returns to scale hint at an input increase with a less than proportional output increase.

These are mostly found in smaller and more labor-intensive farms, where smaller volumes

of production are also efficiently feasible. This suits the considered rubber production,

which is relatively small in size and volume, especially in smallholder productions.

3.3.1 Technical efficiency of the production

From the estimation of the DODF, efficiency values for each individual can be derived,

the subsequent distribution values of which are reported in Table 3.4. The counter value

of the estimated efficiency – inefficiency – can be seen as the maximum possible desired

output expansion and the maximum undesired output contradiction to reach the fron-

tier. Values greater than zero indicate an inefficiency in the production, while a value of

D⃗o(x, y, b, 1,−1) = 0 signifies total efficiency.

The estimation results report a mean efficiency of 0.75, corresponding to an inefficiency

of 0.25. This relates to a possible expansion in production by 755 kg of rubber per year

and the equivalent reduction of 54 invasive plants per plot considering the normalized

data and the directional vector of D⃗o(x, y, b, 1,−1). Even though the biggest share of

observations lies above an efficiency of 0.75, the mean reflects substantial inefficiencies
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Table 3.4: Distribution of the efficiencies

Quantile Number of obs. Mean Std. Dev. 25% 75%

D⃗o(x, y, b, 1,−1) 135 0.7521 0.2334 0.671 0.910

D⃗o(x, y, b, 1,−1) < .25 10 0.1671 0.059 0.135 0.211

D⃗o(x, y, b, 1,−1) .25 -.75 36 0.578 0.142 0.483 0.718

D⃗o(x, y, b, 1,−1) >.75 89 0.888 0.067 0.842 0.944

in the production. Low values tend to indicate a less competitive and less specialized

market with low pressure for producers (Kumbhakar and Lovell, 2000). From our field

observations, this coincides with smallholder rubber markets in Sumatra, where the only

controllable feature is the quality of the raw product, and both traders and producers do

not pay too much attention to this.

Plotting the individual efficiencies against the number of invasive plants on the respective

sites, a slight linear increase of invasive plants with decreasing efficiencies can be discerned

(Figure 3.1). Hence, plots with higher occurrences of exotic plants tend to be less efficient

in overall terms, reinforcing our hypothesis that exotic plants which are a disturbance to

the ecosystem also can affect the output level in terms of inefficiency. However, plotting

the yearly yield against the efficiency reveals no such pattern.
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Figure 3.1: Efficiencies over invasive plants

After comparing efficiency groups on the basis of the relevant variables, some notable

differences come to light. In correspondence with the preceding findings, producers with

low efficiencies have, as the hypothesis suggested, the highest number of invasive plants,

followed by the intermediate group and the high efficiency group.

The DODF is simulated with the inputs at the sample mean in Figure 3.2; the resul-

tant shape fits our results when keeping the chosen directional vector of g = (1,−1) in
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mind. It shows an increase in the undesired output of invasive plants, while at the same

time exhibiting an increase in the desired output of rubber in kg. As a result, a clear

outward-bending trade-off between the desired and undesired output underlies the produc-

tion. Other criteria such as allocation of labour is lowest in the highest efficiency group,
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Figure 3.2: Interaction of invasive plants and the economic output

signifying a more efficient use of the available labour force. Furthermore, the efficiency

distributions show a higher level of efficiency in producers with smaller plots at the mean.

We allow the systematic inefficiency component u to be heteroscedastic by modeling a

multiplicative relationship between the variables accounting for heteroscedasticity, such

as farm characteristics, and the distribution parameter of the systematic inefficiency com-

ponent σu.

After including all collected covariates, both the significance and relevance of the variables

were checked through LR-testing. Thus, the variables under consideration are plot size,

(x1), chemical weeding, application of gylphosate, participation in a transmigrant support

program (TSP), contractual arrangements, years of education, and burning as a clearing

method. The estimated coefficients and the corresponding marginal effects are listed in

Table 3.5. Out of the seven covariates, five are at least significant at the 5% level.

The largest effect on the distance, and thus inefficiency, reveals the completion of a market-

ing contract. A contractual linkage to a trader or a factory will increase the efficiency by

1.06%. This effect might be slightly over-estimated since only five of our farmers entered

into such an agreement; this result should therefore be considered with due care.

Even though the size of the rubber plot is also part of the production function, an effect

on the efficiency is salient in terms of the p-value. The coefficient shows an elongating

effect on the distance to the frontier with a marginal effect of 0.58. Thus, a 1% increase

43



Environmental Efficiency in the Case of Rubber

3

Table 3.5: Estimation results of the covariates and the corresponding marginal effects

Estimation Results Marginal Effects
Variable Coefficient t-value Mean Std. Dev. 25% 75%
Size 0.972∗∗∗ 3.80 0.58 1.76 0.11 0.43
Chem. Weeding -0.639∗∗∗ -3.22 -0.38 1.15 -0.28 -0.08
Glyphosate 0.651∗∗∗ 2.74 0.39 1.18 0.08 0.29
TSP -2.300 -0.67 -1.37 4.17 -1.02 -0.28
Contract -1.780∗ -2.10 -1.06 3.22 -0.79 -0.22
Education -0.447∗∗ -2.17 -0.26 0.80 0.20 -0.05
Burning -0.373∗∗ -2.28 -0.22 0.67 -0.16 -0.05
Constant -0.852∗∗∗ -2.87

∗∗∗
Estimate is significant at 1% level of significance

∗∗
Estimate is significant at 5% level of significance

∗
Estimate is significant at 10% level of significance

in the plot size would increase the distance to the frontier by 0.58%, amplifying the ineffi-

ciency as a result. This effect on the efficiency seems reasonable, since the larger the plot

the more difficult it is to control the weeds between the trees, especially in smallholder

production and with daily tapping. These effects coincide with the preceding findings

concerning the efficiency distributions. The application of glyphosate also increases the

inefficiency, and was included as a dummy variable. The utilization of glyphosate pro-

longs the vector by 0.39% , while other active ingredients of numerous herbicides did

not show any effect. Decreasing effects on the distance, and thus the inefficiency, are

further indicated through general weeding with chemical herbicides, increasing the level

of education, and the practice of burning to eradicate undergrowth, as well as plantation

establishment. The range of the reduction varies from 0.22% if burning is used as an

eradication technique, to a 0.26% decrease, when years of education are extended by 1%,

up to a maximum of 0.38% for the application of chemicals for weeding. The variable

TSP represents the participation in the governmental transmigrant support program; this

tested positive for inclusion in the model, although it was not found to be significant.

The contradictory effects of herbicide application in general and the specific use of glyphosate

are rather exceptional and may be explained in a number of ways. Glyphosate is the only

systematic herbicide used by farmers that affects not only the leaves it contacts, but

also inhibits growth in roots, intentionally eradicating the complete plant. Upon closer

inspection of plots and farmers using glyphosate, an elevated abundance of one specific

invasive plant – Asystasia gangetica – was revealed. After linking the results with this

information, the following conclusion can be made. The specific type of herbicide and

the nature of invasive plants allows them to recover faster than local plants, giving them

a competitive advantage in the environment, especially when their strength lies in fast

germinating seeds, as in the case of Asystasia gangetica (Othman, 1993).
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3.3.2 Shadow price calculation

As part of understanding the trade-off between the desired and undesired outputs a mon-

etary quantification of the trade-off is required. Since markets for the undesired output

in our specification are not existent we estimate the shadow price, based on our specified

DODF with the vector g = (1,−1) and the corresponding revenue function. In combina-

tion with the price of the desired output we can derive the absolute price for the undesired

output.

The price information for the desired output states the yearly aggregated rubber price

per kg over the last four years, given by the association of rubber enterprises “Gabungan

Perusahaan Karet Indonesia” (Gapkindo). The computation of the undesired output’s

price is solved by the following equation Färe et al. (2005):

q = −p ∗
∂D⃗o(x,y,b,1,−1)/∂b
∂D⃗o(x,y,b,1,−1)/∂y

∗ µq

µb
(3.8)

Due to the normalization of our variables, we need to multiply the derivatives from the

equation by the ratio of means of the good output to the bad output to receive real

values. The interpretation of the multiplied derivatives, the shadow price of invasive

plants, describes the amount of production that must be relinquished in order to reduce

the undesired output by one unit moving along the efficient points on the frontier. Thus,

from the estimation results, the price for one invasive plant lies between 134,921 IDR in

2012 and 76,706 IDR in 2015 at the mean, as listed in Table 3.6. The drop of global rubber

prices is also reflected in the diminishing shadow price. Due to violations of monotonicity,

six observations of the shadow price estimation were dropped in order to avoid scaling in

the reverse direction on the frontier (Färe et al., 2005). The relation between the shadow

price and the abundance of invasive plants bestows further insight on the shape of our

trade off function. It seems that plots with a low abundance of invasive plants are linked

to higher shadow prices as opposed to plots with a high abundance. This arouses the

suspicion of a steeper slope in the area of low abundance, coinciding with the concave

curve.

Plotting the individual shadow prices against producers’ characteristics such as plot size

and labour input does not reveal any strong patterns, which could lead to any further

conclusion (Figure B.1 and B.2).

3.3.3 Efficiencies and shadow price over different groups

Smallholder rubber production in Sumatra can be separated into extensive and intensive

cultivation. Both are differentiated by the intensification of management and the plan-

tation establishment. Due to differences in management, it can be stated that a more

extensive cultivation quantifies a more sustainable production, which is therefore more
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Table 3.6: Shadow price calculated for 2012-2015 by average rubber prices (in .000 IDR)

Year Obs Mean Std. Dev. 25% 75%
2012 129 134.92 90.13 80.93 163.58
2013 129 107.21 71.61 64.31 129.98
2014 129 83.10 55.51 49.85 100.75
2015 129 76.71 51.24 46.01 92.10

environmentally efficient. The t-tests on the estimated efficiencies reveal a significant vari-

ation in the efficiencies at the mean of 5%. The extensive production results in a mean

efficiency of 0.642 (n=19) and the more intensive production yields 0.769 (n=116).

The differentiation in shadow price by the grade of intensification – extensive and intensive

– results in a lower shadow price of 60,976 IDR for the extensive producers, while intensive

producers would have to forgo 79,256 IDR for an invasive plant, taking the prices of 2015

into account. This relates to 8 kg of rubber in extensive production and 10 kg of rubber

in intensive production for the eradication of one invasive plant.

Considering these results, the stated hypothesis of higher environmental efficiency on

account of the invasive plants cannot be supported. The lower output combined with the

higher amount of invasive plants on the extensive plots places the producers even further

away from the best-practice frontier. This highlights a broader potential to increase

the output of extensive production and reduce the invasive plants on the plot with the

given production inputs. The lower shadow price displayed in the extensive production

indicates a more shallow segment of the trade-off curve, coinciding with the larger amount

of invasive plants on extensively cultivated plots and the outward-bending concave trade-

off curve. Therefore, at an efficient point of extensive production the desired reduction in

the invasive plants is coupled with a smaller output decrease than in intensive productions.

3.4 Conclusion

This study aims to look at the underlying trade-off between smallholder rubber production

– one of the main cash crops in Sumatra – and the surrounding ecosystem, and to inves-

tigate the determinants of technical and environmental efficiency within the production.

With the application of a DODF including a desired output, rubber, and an undesired

output, the amount of invasive plants on a plot site, we allow for the reduction of the

latter variable and the simultaneous increase in the desired output. The unique data set,

resulting from a household and environment survey conducted in 2012, allows for a plot

level analysis for 135 producers.

We find a concave trade-off curve between the desired output and the undesired output,

indicating an increase in invasive plants and therefore a higher disturbance in the natural
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ecosystem with an increase in the desired output. On account of this trade-off curve,

intensification of the plots would result in a higher level of ecosystem service degradation.

Furthermore, the prediction shows substantial inefficiencies, leaving room for amelioration

of the production processes by moving towards a higher rubber output level and reducing

the number of undesired invasive plants. By calculating the shadow price of the undesired

output, we give a monetary value to the reduction of the invasive plant output by one

unit, which constitutes a substantial part of the yearly yield, after exploiting all potential

output ameliorations.

The determining of drivers of inefficiency – the potential economic output losses and envi-

ronmental disturbance – due to systematic shortfalls, reveals three major results showing

the potential for sustainable development which could help to shape future policies. First,

smaller plots in the estimation presented overall higher efficiencies, reinforcing the ongoing

smallholder participation. Second, the contractual linkages increased the efficiency of pro-

duction, most likely through creating secure distribution channels. Third, the application

of glyphosate increased, in contradiction to the general usage of herbicide, the inefficiency

of production. This combined with the indirect effect of invasive plants stated by Lup-

wayi et al. (2009) and Widenfalk (2005) suggests that the industry should re-think the

strongly promoted application of glyphosate, especially without accurate training. Next

to these three main findings, the different effects of farm characteristics show that, through

management and institutional settings, low efficiency can be positively influenced.

Contrary to our hypothesis, extensive production did not result in lower ecosystem dis-

turbance, as shown by lower overall efficiencies. For future research, an application of

the by-production approach might be informative to some extent, since the environmen-

tal and technical efficiency can be analysed separately; this was not possible in our case

given the definition of the DDF over a combined output vector.

As an overall result, the impact on the environment and the disturbance of the natural

ecosystem could be reduced without a big loss to profits, if productions were levelled up

to higher efficiencies.
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CHAPTER 4

Soil Quality Parameters and their Effect on Efficiency

In the following chapter the discussion on interdependence between oil palm and rubber

production and environmental factors is extended. For this purpose, we make use of a

deterministic approach implementing soil fertility parameters in a two-stage estimation,

which will be explained in the second section. Soil fertility is measured on the basis of

C-content, bulkdensity, N-content and C/N-ratio samples. As soil fertility varies across

plantations, this chapter aims to identify possible structural differences in the efficiencies

describing interdependency. The impact of soil fertility on the efficiency of production

might finally provide insight into options to revert these effects through fertilization, en-

hancing the sustainable use of soils. Moreover, this chapter compares different soil types

affected through transformation and their efficiencies. While the first section provides

an overview of the changes regarding the land-use in Jambi with respect to soils and

its degradation, the second chapter introduces the applied DEA and the bootstrapping

algorithm. The third section presents the applied data set resulting from a household

survey and soil measures conducted in Sumatra in 2012, followed by a section displaying

the results. This chapter closes with a discussion on the results and a following summary.

4.1 Introduction

After decades of growth the demand prognoses for biofuels (Agrarzeitung, 2016) and the

expected expansion rate for rubber is increasing. Production in the major cultivating coun-

tries (Malaysia, Indonesia, Thailand) is further intensifying to meet the strong demand

(FAO, 2015). While in some cases oil palm plantations are established on former extensive
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rubber plantations, mostly natural lowland rainforest is converted to intensify the land-

use in the form of monoculture rubber and oil palm plantations (Koh and Wilcove, 2008).

A second form of the intensification contemplates the increase in the degree of production

on existing sites (Lambin and Meyfroidt, 2011). The island Sumatra is, next to Kaliman-

tan, a typical example of land transformation for the benefit of agricultural production

accounting for nearly half of the total loss of primary forest in Indonesia (Laumonier et al.,

2010; Gaveau et al., 2007; Margono et al., 2014).

Both types of intensification have raised concerns regarding the negative impacts on the

environment (Koh and Wilcove, 2008; Fitzherbert et al., 2008; Fargione et al., 2008).

One major concern is the degradation of soils linked to the intensification of production

(Guillaume et al., 2015). As a result of land scarcity, producers are moving plantations

further into peatland areas and areas with heavily degraded soils, enhancing greenhouse

gas emissions through land transition. While smallholder producers enhance their in-

come and hence their livelihood through the intensification of existing plantations, this

intensification is also linked to extensive ecosystem degradation (Barnes et al., 2014).

Recent studies from the same research area reveal a strong decrease in Soil Organic Car-

bon (SOC) and Soil Organic Nitrogen (SON) following forest conversion to oil palm and

rubber plantations due to high soil erosion and a reduction in organic matter input to

the soil (Guillaume et al., 2015; de Blécourt et al., 2013). Soil degradation is addition-

ally associated with diminished microbial activity responsible for nutrient cycling, thus

indicating soil fertility losses (Guillaume et al., 2016b). The transformation of nitrogen

through microorganisms from dead organic matter to a plant-available-form declined in

plantations (Allen et al., 2015). The negative impact of agricultural intensification on the

physical properties of soil and nutrient recycling indicates a serious threat to soil fertility

and its ability to support agricultural production in the tropics. Adjusted management

practices, however, could mitigate the impact on ecosystem services provided by the soil

or even increase soil fertility. Fertilization could compensate for decreased nutrient supply

through the recycling of organic matter.

The degradation of soils and the loss of fertility in the plantations will likely influence

the efficiency of crop production by diminishing the production potential. A negative

relationship between decreased soil fertility on the efficiency of production, would in the

end question the sustainability and persistence of rubber and oil palm production and

the effectiveness of fertilization. For an analysis of the impact of soil quality parameters

on production efficiency we apply a two-stage estimation, using DEA to construct effi-

ciency estimates. In the second step we implement a truncated regression accompanied

by a bootstrapping algorithm to estimate the effects of soil quality parameters on the

efficiencies.
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4.2 Theoretical Foundation

4.2.1 Productivity and efficiency

In this research, we are concerned with the evaluation of producers performance and the

possibility of ameliorating their production. In this context we distinguish between two

performance measures - productivity and efficiency.

In general terms, productivity is measured as the ratio of the output(s) to the input(s).

We can differentiate between the partial productivity which measures a specific output

with respect to a specific input in contrast to the total factor productivity. The latter

takes the ratio of all involved outputs and all inputs into account (Cooper et al., 2007).

While productivity is an average measure of production with respect to inputs and the

outputs or specific output of the production, the efficiency measure allows for a comparison

with respect to a potential reachable output at the current technology state and input

setting. Efficiency enables quantification of real and monetary improvement potentials

as well as quantifying the generalization of relative performance indicators. At the base

of both the efficiency and the productivity analysis, lies an estimation of the production

function which considers all production factors (Coelli et al., 2005; Scheel, 2000).

The discussion of efficiency measures started with Koopmann (1951) and Debreu (1951).

The former defined a point as ’Koopman efficient’,

“if an increase in any output requires a reduction in at least one other output

or an increase in at least one input, and if a reduction in any input requires

an increase in at least one other input or a reduction in at least one output”

(Fried et al., 2008).

Their work was enhanced by Farrell (1957) by integrating multiple inputs in the efficiency

calculation. In his definition the point of technical efficiency “reflects the ability of a firm

to obtain maximal output from a given set of inputs” Coelli et al. (2005). The underlying

comparison of the current state of production with the technical efficient point, originates

either from the inputs reduction prospective – input-oriented – or the output enhancing

prospective – output-oriented. Both performance measures can be easily explained in a

situation of one input and one output under constant returns to scale (Figure 4.1 on the

left). Plotting the input on the horizontal axis and the output on the vertical axis, the

slope of the line reflects the frontier starting from the origin. The line represents the

maximum feasible output at the given input, hence the efficient frontier. All producers

therefore, lie either below the frontier or on the frontier, corresponding to efficient produc-

tion (Cooper et al., 2007). Points considered as inefficient, ergo lying below the frontier,

can reach the efficient frontier, either by enhancing their output or reducing their input.

The former movement is represented in a raise of output by the length of BBO and the

50



4

Soil Quality Parameters and their Effect on Efficiency

Output (y1) 

Output (y2) 

yB 

best- practice -
frontier  

yA 

yF 

yC 

y
D 

yE 

Output (y) 

Input (x) 

BI 

BO 

B 

A 

C 

D 
best- practice 
-frontier  

Figure 4.1: DEA input and output-oriented efficiency measure with 1 input and 1 output (on the
left); DEA output-oriented efficiency measure with 2 outputs and 1 input (on the right) (after
Farrell, 1957)

latter in the reduction of inputs by the length of BBI.

Extending the single input-single output to a one input and two output setting, we can

plot the efficient frontier in the form of a concave curve, which envelopes all producers

(Figure 4.1 on the right). The producers on the efficient frontier (yA, yC , yD, yE) show the

highest output with the smallest amount of inputs, therefore displaying the most efficient

producers with no distance to the frontier. The grade of the inefficiency of the producers

below the frontier, can be measured by the ratio of the length of the line 0yF/0yB.

Both depictions were given under the consideration of CRS. The assumption of CRS

would imply an adequate scale of production for the farm. Another possibility assumes

increasing or decreasing returns to scale. Here, the proportionate change between the

input and output can be either larger or smaller than 1. VRS are more likely in the sector

of agricultural production and especially in smallholder production, since the producers

seldom operate on optimal scale size. Estimating efficiency values at CRS will lead to

different values than an estimation under VRS. The ratio of the CRS efficiency to the VRS

efficiency is known as the scale efficiency (Figure 4.2). Under the assumption of CRS, the

measure of efficiency is equal for input-orientation and output-orientation (Banker et al.,

1984; Banker, 1984; Coelli et al., 2005). Over the past 50 years, various approaches to

estimate the frontier and the definition of the efficient unit, have been presented. An

extensive overview on this subject is given by Fried et al. (2008) and it appears that two

approaches have been repeatedly implemented to estimate the best-practice frontier for

diverse production; DEA and SFA. The difference between both approaches lies in the

way of computation of the frontier. The non-parametric approach, DEA, envelops the

given data, composed of input and output data, most closely, using linear programming

techniques. Here, the highest production points define the course of the frontier. The

SFA, however, uses parametric estimation to estimate a production frontier, most likely
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Figure 4.2: Efficiency under VRS and CRS (after Farrell, 1957)

to the underlying data set. Here, a specific form of the production function is assumed

and defined, of which the parameters are estimated, prior to the estimation. The SFA

factors in derivation of the data due to measurement errors or unobserved occurrences via

the estimation parameters, therefore reducing the sensitivity to outliers. Advantages and

disadvantages are seen in both estimation techniques (Fried et al., 2008; Cooper et al.,

2007; Coelli et al., 2005; Gubi, 2006).

4.2.2 Data Envelopment Analysis (DEA) construction

The construction of the mathematical program precedes the definition of our production

possibility set T , which describes our production. The production possibility set is defined

by

T = {(x, y) : ∈ x ℜ+| x can produce y}

All inputs and outputs included in the calculation, are inserted as weighted versions of

the producers’ inputs and outputs, derived from the underlying data. By applying these

variable weights and a priori assumption, measurement and scaling issues are avoided

(Cooper et al., 2007). The measurement of efficiency in DEA is defined by the ratio

of a producers performance point to the best observed performance, therefore the most

obvious way to set the problem is the construction of the ratio over all producers i= 1,...,I.

The mathematical problem is stated as follows,

Minυ,µ υTx0/µ
Ty0

Subject to υTxi/µ
Tyi ≥ 1, i = 1, ..., I

υ, µ ≥ 0

(4.1)
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with x0 and y 0 as the vectors of the inputs and the outputs which are evaluated. The

xi and yi stand for vectors of the inputs and outputs of the ith producer taken from the

sample. In this way, values for the multipliers υ and µ are calculated, which reassemble

the maximum efficiency for each ith-producer, at the given constraints. Rewriting this

linear problem in an envelopment version, to avoid infinite solutions, lead to the Charnes-

Cooper-Rhodes (CCR) model proposed by Charnes et al. (1978).

Maxϕ,λ ϕ

Subject to Xλ ≤ x0

ϕyi ≤ Y λ

λ ≥ 0

(4.2)

where ϕ represents a scalar and λ stands the weights of the inputs as an Ix1 intensity

vector. Rewriting the production possibility set, including the restrictions leads to

TCCR = (x, y) : y ≤ Y λ,Xλ ≤ x, λ ≥ 0

Similar to the linear programming solution over the ratio, the efficiency of each producer

is evaluated over the distance to frontier at the given constraints. Hence, the ϕ values are

equivalent to the efficiency level of the producer. A value of ϕ = 1 would indicate a fully

efficient producer, with no possibility to expand further to the best-practice frontier. A

value below ϕ < 1 on the other hand represents an inefficient producer and the potential

to expand output further to the frontier. This linear problem needs to be solved for each

observation in the sample, generating a set of ϕ, λ, υ, and µ.

As the preceding discussion on the returns to scale displayed, the assumption of VRS

might be more accurate in the case of imperfect operational scales of producers. Relaxing

the third assumption, constant returns to scale, by adding the convexity constraint to the

envelopment program, accommodates this problem.

Maxϕ,λ ϕ

Subject to Xλ ≤ x0

ϕyi ≤ Y λ

λ ≥ 0,
∑
i

λi = 1

(4.3)

The idea to relax the assumption of CRS was first introduced by Afriat (1972) and further

developed and popularised by the Banker-Charnes-Cooper (BCC) envelopment program;

named after Banker et al. (1984). The relaxed assumption, or added restriction, is also
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included in the adjusted production possibility set,

TBCC = (x, y) : y ≤ Y λ,Xλ ≤ x, λ ≥ 0,
∑
i

λi = 1

. With a slightly more flexible form of the linear problem, the best-practice frontier

envelops the points of observation more tightly, extending into the ’over floating’ area.

As a result the efficiencies of the BCC are higher than when compared to the CCR. The

variation between the CCR and BCC efficiency values are seen as the scale efficiency

(Figure 4.2). The divergence, stated by υ ≤ | ≥ 0, can either be positive or negative,

indicating increasing, constant or decreasing returns to scale (Fried et al., 2008). The

scale efficiency therefore depicts “the impact of scale size on the productivity” of the

producers under consideration (Thanassoulis, 2001).

The piecewise linear programing technique of the DEA approach is linked to a disadvan-

tage concerning the measurement of efficiency values. The inefficiency level of producers

operating below the best-practice frontier, will be measured, after Farrell (1957), by the

radial possible expansion to the frontier. In specific cases, the frontier runs parallel to

either the x or the y axis, indicating an equal level of output at different input levels

(Figure 4.1 on the right). Even so, with the expansion of the production to an efficient

point, such as yA′ with ϕ = 1 , the producer could further move to the production point

yA with an even higher input-output ratio. This setting is known as output-(input) slacks

(Coelli et al., 2005).

The Two-stage approach

Following the DEA efficiency estimation this analysis applies an additional step to account

for the effects of several explanatory variables on the DEA efficiency estimates. This two-

stage regression - first step DEA efficiency calculation, second step regression of DEA

efficiency estimates on covariates - has been applied in various forms and fields. The

limitation of the efficiency estimates being bounded by one (no producers lies above the

best practice frontier in DEA) fostered the discussion of an adequate regression model.

While some researchers neglect the limitation and apply an OLS model (e.g. Chirikos

and Sear, 1994; Stanton, 2002) or transform the DEA efficiency estimates to normal dis-

tributed values e.g. log, boxcox, etc., Lovell et al. (1994) choose to follow Andersen and

Petersen (1993) in their method to alter the comparison set for the unit under evaluation

by excluding the unit itself. As a result the efficiency estimates are no longer bounded

by 1. The most common approach to account for this lopsidedness is the application of a

censored model (tobit) for the second stage estimation. Nevertheless, the latter approach

still implies the possibility of observing values below the limit, although no such data

exists. In the case of DEA efficiency estimates no such values are possible, therefore we

follow Simar and Wilson (2007) and apply a truncated regression model, where no values
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are observable below (above) the truncation point. However, a general discussion was

started by Grosskopf (1996) and Simar and Wilson (2007) about correlation in all two

stage approaches. Grosskopf (1996) addresses the correlation between the second step

explanatory variables and the variables included in the DEA efficiency estimation which

causes problems in the distribution of the error terms. Additionally, Simar and Wilson

(2007) raises the concern of the serial correlation of the DEA efficiency estimates in finite

samples in all two-stage approaches, leading to an invalid estimation of inference. As a re-

sult Simar and Wilson (2007) propose a truncated regression model over a bootstrapping

method for a feasible and consistent inference with two algorithms. While the algorithm

#1 generates through single bootstrapping more consistent confidence intervals, the algo-

rithm #2 accounts next to the confidence intervals for the appearing bias through double

bootstrapping. Since the Monte Carlo results of both algorithm revealed an increase in

the Root-Mean-Square Error (RMSE) through the implementation of the bias correction

in smaller sample sizes, we follow the algorithm #1 in our application.

To increase the validity of results, we regress the DEA efficiency estimates on each soil

quality parameter.

4.3 Data and Study Area

This research was again carried out in the lowlands of Jambi province on the island Suma-

tra, Indonesia. Jambi province can be seen as an example of environmental degradation

as a result of economic development in terms of agricultural expansion and intensification,

highlighting the scarcity of land resources. The expansion of rubber and oil palm cultiva-

tion production has placed Jambi province fifth in oil palm production and third in rubber

production in Indonesia. While oil palm adoption, fostered by governmental PIR in the

early 1980s, came to a peak in 2007, the production area itself is still increasing, in terms

of production (McCarthy and Cramb, 2009). The Indonesian government aims to remain

one of the leading producers of oil palm and therefore the cultivated area is estimated

to expand to 20 million ha in the next four years (EIA and Telapak, 2012). Even so oil

palm plantations are growing steadily, rubber plantations cover over 3.5 million ha and

are expected expand further to meet the world demand.

The data was collected during a household survey, combining socio-economic data and

soil quality measurements1. The conducted survey includes 38 oil palm producers and

134 rubber producers2. stretched over five region of the province of Jambi (Sarolangun,

Batanghari, Muara Jambi, Tebo, and Bungo) which fit the classification of production

1The socio-economic data was collected in a household survey, covering a variety of socio-economic
and consumption data for 600 households, and is further described in the publications of Euler et al.
(2015); Drescher et al. (2016); Faust et al. (2013)

2Some observations had to be dropped from the total data set of 208 producers, because the plantations
were not harvested, yet
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criteria.q In each region eight villages were selected by a two-step random selection, where

the number of farmers were adjusted to the varying size of the villages to compensate over-

or under-sampling (Faust et al., 2013). One third of the originally selected farmers was

randomly re-selected for soil quality measures and a second smaller household survey. For

this purpose, on the main plot of each sub-sampled producer, a 25 square meter area was

established inside the plantation at a site which adequately represented the classification of

the plantation. Additionally, in each sample site four soil samples were taken according to

the plantations type, oil palm plantation, rubber plantation and extensive rubber (Figure

C.1)3.

4.3.1 Descriptive statistics

The descriptive statistics of all variables relevant for the analysis, extracted from the

data-set, are summarized in the appendix in Table C.1 and Table C.2. As the output we

include yield per plot over the last year (q). As inputs we include size of the plot (x1),

hours of labour per plot (x2), cost of fertilizer (x3), and in the case of rubber cultivation

we add the cost of fuel (x4 ). Additionally, the table displays the soil quality measures.

Our data shows a gap in distribution concerning some of the soil quality parameters. The

measured C-content range from 1.63% to 55.73% in rubber plantations and 0.59% to

58.84% in oil palm plantation, indicating the establishment of plantations on organic and

mineral soil. Although soils with a C-content up to 13% (9% in rubber) have values that

are more or less equally abundant, there appears to be a distribution gap for values from

13% to 58%. Following the definition of soil classification of the IUSS Working Group

WRB (2015), soils exploring a C-content above 20% are classified as organic soils which fits

with five of our 38 oil palm plantations and three of our 134 rubber plantation. Because

degraded organic soils can have a C-content lower than 18%, generating problematic soil

classifications, in combination with the exhibited gap in the distribution, we set the limits

of mineral soil at 13%, building the base data-set underlying the efficiency analysis. Those

observations above 13% (mineral soils) were excluded from further analysis concerning the

effects on efficiencies.

For the DEA all observations – rubber (n=134), oil palm (n=38) – are included, since we

could not warrant different underlying technologies. Even though the included variables

differ at their mean, the marginal number of observations with organic or unspecified soils

do not give any indication on the potentially differences underlying production. Further-

more, we separated the data-set into two subgroups of high (optimal) fertility measured

at a C-content between 3% and 6.5% and low (reduced) fertility4 with a C-content below

3Extensive rubber is not planted in rows, therefore we had to adjust the sampling frame
4Although a more accurate differentiation of the soil groups would be to use three groups; below 3% -

between 3 and 6.5% and above 6.5%, due to the low numbers of observation and the uncertainty about
the fertility level of the highest group, we decided, at least for the first round of analysis to use only two
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3% and above 6.5%. The descriptive statistics for these groups are displayed in Table C.4

in the appendix.

4.4 Results and Discussion

We estimate the best practice frontier for both production types using the DEA. For the

definition of the frontier we include the inputs plot size, cost of fertilizer, and hours of

labour to the respective output yield in kg per plot over the year (Table C.1 and Table C.2).

The specification of the model was tested via LR-test to avoid over- and underestimation

of the model.

Prior to the DEA calculation, we check for any possible inter-linkages between the soil

quality and the production process of oil palm and rubber. The constructed correlation

matrix between the outputs, the different inputs and the soil quality parameters (see

appendix Table C.5) do not show any significant differences. Comparing further the two

subgroups of soil fertility at the mean of the output and the considered inputs, we can

see marginal differences, but these differences are insignificant (Kruskal-Wallis and t-test

p =< 0.05 (Table C.6).

The density plots highlight graphically differences in the distributions between the two

soil fertility groups. In oil palm, the cost of fertilizer is generally lower but denser on more

fertile soils while on less fertile soils a wider range of cost is spent on fertilizer. It should

be kept in mind, however, that 19% of oil palm producers do not apply any fertilizer.

A wider range of cost per kilogram is spent on less fertile soils as opposed to the high

fertile soils (Figure 4.3). For rubber, where 28% apply fertilizer, farmers spend on average

less money for fertilizer on more fertile soils as opposed to on low fertile soils. Looking

closely, we can observe an distribution gap in the cost of fertilizer with a range from 13

125 000 Rp to 4 000 000 Rp. Concerning the cost of fertilizer per produced kilogram, the

distribution shows, a slightly wider and clinched range in comparison to the more fertile

grounds. There is a significant difference in the cost of fertilizer and the cost of fertilizer

per produced kilogram between low and high fertility soils (Kruskal-Wallis test p-value =

0.013 and p-value = 0.005).

4.4.1 Results of the efficiency estimation

Oil palm

Following the initial indications of small differences in soil quality parameters, we extend

the analysis to the efficiency of production. According to the size of our data-set, espe-

cially concerning oil palm production, we employ the DEA. The definition of the highest

production points and the consequential output-oriented comparison of each observation

with those points results in a mean inefficiency value of 1.457 (VRS) and 1.494 (CRS)

groups
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Figure 4.3: Distribution of fertilizer cost per kg yield over the C-value level – oil palm (A); Distri-
bution of fertilizer cost over the C-value level – oil palm (B); Distribution of fertilizer cost per kg
yield over the C-value level – rubber plantation (C); Distribution of fertilizer cost over the C-value
level – rubber plantation (D)
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when calculated following Farrell (1957); corresponding 0.79 (VRS) and 0.77 (CRS) effi-

ciency when calculated following Shephard (inverse of the Farrell inefficiency) (Bogetoft

and Otto, 2011). The efficiency indicates a possibility to increase output by 21% and

23% without allocating additional resources to production. The efficiency values range

Table 4.1: Efficiencies of oil palm and rubber, with separation in intensive and extensive production
(VRS)

Min. 1st Qu. Median Mean 3rd Qu. Max.
Oil Palm 0.30 0.61 0.92 0.79 1 1

ϕ = 1 11 (Obs.) 29.95%

Rubber 0.09 0.33 0.48 0.53 0.68 1
ϕ = 1 15 (Obs.) 11.19 %

Int. Rubber 0.09 0.34 0.51 0.55 0.72 1
ϕ = 1 14 (Obs.) 11.86 %

Ext. Rubber 0.12 0.30 0.37 0.41 0.42 1
ϕ = 1 1 (Obs.) 6.25 %

from 0.30 (VRS and CRS) to the outer frontier values of 1 (Table 4.1 and C.3)). Eleven

(VRS) and seven (CRS) farmers define the frontier as fully efficient producers, represent-

ing 28.95% and 18.42% of all observations. The distribution values (1st quantile, median,

and 3rd quantile) indicate a left skewed distribution. In the situation of VRS eleven out of

the twelve peers are actively compared to another observation, whereby two observations

work as reference points in more than 50% of the observations.

Rubber

The efficiencies for the rubber production are comparatively low compared with the oil

palm (Table 4.1 and C.3)). The mean is calculated as 0.53 (VRS) and 0.42 (CRS) with

fifteen producers on the outer border (11.19%) considering VRS and 5 (3.7%) for CRS.

A separation over the production intensities – extensive and intensive cultivation – shows

significantly lower efficiency levels for the extensive rubber than the intensive production

which coincides with the general assumptions (t-test p-value=0.018 and Kruskal-Wallis

p-value = 0.038). The efficiency level of extensive rubber reflects 14% more inefficiency

opposed to intensive production.

The comparison of efficiencies from mineral plantations to organic (peat) rubber planta-

tions reveals higher efficiencies for plantations on mineral soils (t-test p-value = 0.007)

The difference at the mean reflects 16 % more inefficiency for peat plantations. Oil palm

plantations do not reveal differences in efficiencies based on mineral and organic soils.
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Scale efficiency

The performance of a farm is contingent upon the scale size. An optimal scale size,

which is assumed to give CRS concerning this specific calculation, relates to the highest

productivity, possible under the given technology. A production below or above the

optimal scale size indicates scale inefficiency and as a result opportunities to ameliorate

performance. The results of the DEA calculation for oil palm production reveal that

76% of the farmers work below the efficient scale size, while the rest are on or above

the optimal scale size. In rubber 44% are below and 56% are on or above the optimal

scale size. Despite these numbers, an adequate guideline to adjust to the optimal scale

size is not possible, since the optimal scale size is not dependent on one of the included

inputs, but on the weighted inputs and output. The optimal adjustment to this subject

is therefore unique for each observation.

Prior to the subsequent estimation we test whether the general production underlies

constant or variable returns to scale (Simar and Wilson, 2002). Using the ’Silverman’

bandwidth as a smoothing parameter in sampling after Silverman (1986) the null hypoth-

esis of constant returns to scale in rubber production can be rejected at a p-value of

0.03 in favour of the alternative hypothesis of variable returns to scale. Thus we assume

that the production of rubber is labour-intensive rather than capital intensive. Oil palm

production seems to underlie CRS since we fail to reject the null hypothesis (p-value =

0.576).

4.4.2 Soil and efficiency

Since the DEA itself does not give any insight into the effect of soil quality on performance,

the next step is to combine the soil data with the economic data. The scatterplots in

Figure C.2 and Figure C.3 present an overview of the underlying relationship between

each soil quality and the output oriented Farrell efficiency.

The promiscuous and scattered disposal of the observation points does not reveal an

obvious relationship between soil quality parameters and efficiencies. In the case of rubber

and the C-Value a slight relationship was observed similarly for oil palm production and

C/N Ratio. Moreover, the scatter plot reveals the left-sided skew due to the one-sided

limited values of the Farrell efficiencies of one to infinity. This skew-truncation will be

discussed in more detail in the following sections.

A further possibility to reveal structural differences in the effect of soil quality parameters

on efficiencies lies in the group wise comparison. For this purpose, the calculated efficien-

cies are segregated by reference to the soil quality groups (e.g. low fertility, high fertility,

low bulkdensity, high bulkdensity). The application of the Kruskal-Wallis test allows us

to check for structural differences of the efficiencies in each sub-group. Due to the restric-
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tion of the efficiency values between one and zero leading to a non-normal distribution

and multiple samples, neither the t-test nor the Mann and Whitney are appropriate. The

results are mostly negligible except for the efficiencies of rubber plantation in the segre-

gation of bulkdensity (p-value = 0.021) and the C/N-ratio in case of oil palm plantations

(p-value = 0.063). In these cases, the Kruskal-Wallis test rejects the null hypothesis of

equal efficiency values at the mean of the sub-groups in favour of the alternative hypoth-

esis of structural differences in the efficiencies. The boxplot in Figure 4.4 reflects the
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Figure 4.4: Differences in efficiency over the bulkdensity, divided in four subgroups a) below 8.2, b)
8.2 -9.4, c) 9.4 to 1

results of the Kurskal-Wallis test. For rubber the bulkdensity is divided into sub-groups

of a) below 8.2, b) 8.2 -9.4, c) 9.4 to 1, and d) above 1. The two middle groups show

higher efficiencies as opposed to the low and high bulkdensity groups.

The C/N-ratio is segregated into two groups representing ratios below and above 14%.

Soils above this threshold are categorized by partially higher decomposed plant material

similar to forest conditions (Ahl et al., 2006). The difference in the efficiency, at mean,

of the two groups with 0.74 and 0.84 shows higher efficiencies for larger C/N-ratio in oil

palm plantations (Kruskal-Wallis p-value = 0.063). This reflects a difference of 4361 kg

of FFB in the harvest.

The Two-stage approach

The structural differences highlighted by the Kruskal-Wallis test can only confirm dif-

ferences at the mean. Consequently, a regression of the DEA efficiency estimated on

the covariates is more appropriate for uncovering structural differences. A basic OLS

regression previous to further model specifications, comprising all DEA estimates with a
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C-content below 13%, reveals a marginally significant, positive effect on efficiency only

for the C-content in rubber plantations (printed in the appendix). Nevertheless, the OLS

estimation is of poor quality regarding the given p-value (0.151) and a R2 of 1% expla-

nation, indicating the models lack of validity. Structural differences due to bulkdensity

levels were found to be insignificant, despite the Kruskal-Wallis test. The OLS’s efficiency

estimation of the soil qualities in oil palm plantations do not show any effects. Similar

to the OLS model of the rubber plantations the explanatory power of the estimation is

poor.

However, the OLS estimation does not account for the skewness of the efficiency estimates

(no producers lie above the best practice frontier in DEA), hence occasionally larger values

than one are predicted during estimation. The ongoing discussion has led to a truncated

regression model which we apply in the next step. Nevertheless, the OLS estimation

results concerning rubber plantations dissolve themselves when accounting for the limited

dependent variable in the truncated regression, giving no indication of structural effects.

The results for oil palm plantations are similar, which is why the originally found structural

differences in efficiencies due to either C/N-ratio and bulkdensity or C-content differences

are not confirmed. Although not highly, significant the coefficients are larger in their

magnitude as opposed to the OLS estimation the coefficients suggested.

In virtue of serial correlation issues raised by Simar and Wilson (2007) and the likelihood

of inadequate approximation of the estimators true sampling variation, we apply the pro-

posed algorithm #1 to generate a consistent and valid confidence interval, but include the

complete set of δ̂i ≥ 1 (Table 4.3 and Table 4.2). By applying the algorithm a consistent

confidence interval for the estimated coefficients of β are calculated additionally to the

bootstrapped β̂∗. The margin of the effect on efficiency cannot be clearly understood,

but the coefficient’s sign already gives insight into the effect’s direction. The C-content

of rubber plantations, regarding the bootstrapped estimation, appears to influence the

efficiency bivalent. The combined coefficients display a convex curvature implying at first

a diminishing in the Farrell efficiency estimate with C-content augmentation and later an

increase in the Farrell efficiency value with a stronger augmentation of the C-content in

the soil. Hence, up to a certain threshold, efficiency increases with C-content augmenta-

tion. The bootstrapped confidence intervals clearly exclude zero for the β̂∗ of C-content,

C-content squared, and also σ̂∗ attributing at the covariate a significant influence on the

inefficiency of production.

Applying the bootstrap algorithm #1 in combination with the truncated model on the

efficiency estimates and the oil palm plantation C/N-ratio yield confidence intervals which

imply a significance for C/N-ration in plantations. Similarly, the negative coefficient of

the C/N-ratio reduces the inefficiency in a linear way and hence augments the efficiency.
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Table 4.2: Estimation of truncated model and bootstrapped model for rubber

Variable β̂ β̂∗ CIlower Cupper

Intercept 4.28 1.66 -32.84 31.025
C-content -21.38 -11.98 -54.09 -8.05
C-content sq. 1.91 1.017 0.63 4.84

σ̂ σ̂∗ CIlower Cupper

8.31 5.91 4.67 14.8

Table 4.3: Estimation of truncated model and bootstrapped model for oil palm

Variable β̂ β̂∗ CIlower Cupper

Intercept 21.05 4.82 1.37 45.25
C/N-ration -10.01 -1.64 -19.03 -8.15

σ̂ σ̂∗ CIlower Cupper

7.72 2.34 5.88 13.96

4.4.3 Discussion

The control for correlations between the inputs of production and the soil quality param-

eters did not suggest any linear relationship. However, marginal distributional differences

indicated adjusted fertilizer application in rubber plantations. On soils demarcating lower

fertility, based on C-content levels, larger sums are spent on fertilizer application. The

lower C-content indicates less organic matter, hence less nutrients, calling for a higher

fertilization of the plantations which is observed in our setting. This would indicate an

adjusted application of fertilizer to the soil quality in rubber plantations. It is not clear

whether the adjusted management is carried out in full awareness by the producer or

whether it occurs as a result of lower yields and the subsequent single known modulation.

However, the effect of fertilization is not reflected by an elevated or at least equal level of

soil fertility. As a result, one could question the effectiveness of the fertilizer application

or look to other soil-related issues, such as water stress or nutrient leaching. Even though

similar trends were found in oil palm plantations no significant differences were revealed

to strengthen this hypothesis.

Regarding the efficiency levels, our results present lower levels in rubber production as

opposed to oil palm plantations which coincides with results from previous studies and

are therefore not further explained. The variation in efficiency levels between intensive

rubber production and extensive rubber production can be explained by less intensive

utilization of inputs and the establishment mode. The most striking difference reflects

the investment in fertilizer; extensive producers allocate no money to fertilizer (Table

C.1). These findings are also reflected in previous studies.
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The results present divergent efficiency levels for mineral and peat (organic) plantations,

coinciding with findings from Alwarritzi et al. (2015). The less efficient peat plantations

may be subject to water logging problems in the plantations reducing the decomposition

and nutrient uptake due to a lack of oxygen. Moreover, these soils are likely to be

less affected by fertilization due to a lack of absorbing sites for the nutrients. Various

hypotheses may be applicable here and all are interlinked with each other, making one

correct explanation difficult. The conversion of peatlands, and the observed augmenting

conversion of highly degraded soils, for the establishment of new plantations in virtue of

the lack of free land, is ill-fated in two ways. Firstly, because of the high amounts of C

stored in peatlands the conversion results in higher greenhouse gas emissions as opposed

to the conversion of mineral soils. Secondly, the results show a lower efficiency in peatland

soils.

Rubber

Structural differences in the efficiencies on the ground of variations in soil quality param-

eters are reflected in two ways by our results; bulkdensity and C-Value.

Even though bulkdensity could only explain small variation in the efficiencies, the results

are important. The level of bulkdensity represents the weight of a soil at a given vol-

ume, and hence the level of a soil’s compaction. A low value indicates a low level of

compaction while a high value represents heavily degraded and compacted soils (Cress-

well and Hamilton, 2002). Low efficiencies at low levels of bulkdensity is coherent with

the earlier discussion on the low efficiency of the organic soils. Similarly, low values of

efficiency at high levels of bulkdensity is understandable due to highly compacted and

degraded soil. The latter restricts the growth of roots which in turn negatively affects the

productivity of the tree.

The bootstrapped results of the two-stage regression for the rubber plantations imply a

convex curvature for the effect of the C-content in the plantation on efficiency; an increase

in the C-content reduces the inefficiency up to a certain threshold and reverses with fur-

ther augmentation of the C-content. Dependent on the slope of the curvature, the effect of

an augmentation in the C-content defines the extent to which the efficiency decreases and

increases before and after the threshold. The variation between the bootstrapped and the

non-bootstrapped coefficients lies exactly in this point. By applying the bootstrapping

algorithm, the slope of the curve is flattened and the incline is reduced. This convex

structure can be explained by soil fertility due to the C-content. Soil organic content,

reflected by the C-content, is a benchmark for soil fertility, indicating levels of microor-

ganisms responsible for soil decomposition, plant residues and humus. The importance of

balanced organic content lies likewise in physical, chemical, and biological characteristics.

Each has its best performance (water holding capacity, good decomposition rate minerals,

activeness of soil microbes) at an intermediate level between 3 and 6%. Below and above
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this threshold, the mode of action in each segment is obstructed and hence reduces the

fertility through a reduced water holding capacity, microbial imbalances and infiltration of

the soil. Therefore, the convex curvature, presented by our estimation, fits to the course

of soil fertility in virtue of the organic content. The efficiency is thus affected by the

fertility of the soil, leaving our producers a margin for output augmentation by adapting

to the soil fertility in rubber plantations.

Oil Palm

C/N-ratio in the oil palm plantations, as the quotient of the weight portion of the organic-

bounded carbon and nitrogen, can partly explain structural differences in efficiency. The

first results from the Kruskal-Wallis test reveal a higher level of efficiency in plantations

with a higher C/N-ratio than 14. The subsequent bootstrap estimation also reveals an

augmentation of efficiency with an increase in the C/N-ratio. These results are partially

antithetical to the general assumptions about C/N-ratio. Regarding low values of C/N-

ratio our results are still consistent in the point that a low C/N-ratio yields low fertility

in the soil; low soil fertility can easily be coherent with inefficiency by reducing the

production level. Up to a certain point the linear augmentation of C/N-ratio and the

efficiencies, displayed by our results, are further consistent with the literature. Above

a certain threshold – mostly a ratio above 14 – a high amount of poorly decomposed

organic matter is assumed due to acid and anaerobic conditions. These conditions lower

the efficiency which would further suggest a reduction in efficiency. Nevertheless, the

estimation results predict a monotone linear relationship.

Consistency of Estimation

Even though the bootstrapping results are partly consistent with literature, the results

should be read with careful consideration. The explanatory power of the precedent OLS

estimation results with a p-value above 0.1 and 0.2 were not convincing. One reason

for this inconsistent estimation may be found in the wide spread efficiencies contrary to

the rather less varying soil quality parameters. Subsequently, the high variation in the

dependent variable is unlikely solely due to the implicated covariates. Moreover, the

low numbers of observations, especially for oil palm plantations, increase the sensitivity

towards outliers on both sides of the equation, enhanced by the DEA approach. The

effect of soil parameters are present, after careful consideration of our results, but may

play a marginal role next to other covariates. Stronger structural difference due to soil

quality parameters are thus preferably found in ranges of higher efficient producers. An

extension of the analysis by segmenting the producers by efficiency levels, therefore amplify

our results.
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4.5 Conclusion

The aim of this study was to analyse, if the observed degradation of the soils through

the intensification of land-use further influences the production itself, by affecting the

efficiency. The soil quality as measured by parameters such as C-content, N-content,

C/N-ratio, and bulkdensity was included in a two-stage regression, after calculating the

efficiencies of the production with the use of the DEA.

The analysis of the inputs reveals an adjusted fertilizer application towards the C-content

level, reflected by high investments in fertilizer on soils with low C-Values at least in rubber

plantations. Furthermore, peat soils and highly degraded mineral soils experience lower

efficiencies as opposed to mineral soil, bringing into question the persistent conversion

of forest in these areas due to land scarcity. Focusing on the mineral soils, the soil

quality parameters do affect the efficiency of production at a certain rate. For rubber

we find a convex curve, describing the impact of C-Value on efficiency while in oil palm

plantations the impact is reflected via a linear relation between the C/N-Ratio and the

efficiencies. However, given estimation results, we assume a marginal effect compared to

other covariates.
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CHAPTER 5

Conclusion

5.1 Summary

This dissertation has addressed the question of differences and determinants of technical

and environmental efficiency in and between the two main agricultural crops produced

in Sumatra, Indonesia: rubber and oil palm. By analysing the determinants of efficiency,

we hoped to indicate a way for producers to move closer to the best-practice frontier in

order to minimize pressure on land and the expansion of cultivation areas into lowland

rainforest. Based on a combined data set, including a household survey and an environ-

mental assessment of the corresponding plot sites conducted in 2012, we find potential

in increasing yields by enhancing the efficiency levels of production through farm-specific

characteristics, such as farmer support and institutional arrangements.

With an expected population growth of nearly 10 billion in 2050, growth in wealth and

with that shifts in dietary compositions the demand on global agriculture and land use are

likely to increase. Persistent challenges on agriculture, growing losses of natural resources

in light of degradation, declining gains of the new hybrids and climate change along with

land scarcity will increase the compulsion for furthering land transformation mainly to

the expense of natural ecosystems. Additionally, agriculture intensification will persist to

meet the global demand for goods and services provided by land which most likely will

result in decreases the functionality of the ecosystems it relies on. As a result, reconciling

agricultural production with environmental and social integrity is a hurdle that needs

to be overcome with future development via thorough assessments in research, assisting
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political efforts for amelioration.

Despite the highly discussed sustainability of oil palm and rubber production, and the

urgency to reconcile the demand for agricultural products such as palm oil and rubber with

the environmental and social integrity in a sustainable production, scarce resources have

been devoted to empirically quantifying the determinants of production and especially

efficiency, much less so, the direct trade-off between production and ecosystem disturbance

linked to environmental efficiency in Sumatra, Indonesia.

By addressing this gap, the work at hand identifies and analyses, based on four guiding

questions, determinants of technical and environmental efficiency using plot-level data

of smallholder producers in Jambi, Sumatra, Indonesia. Moving smallholders closer to

the best-practice production frontier via efficiency improvements contributes to the sus-

tainable development of oil palm and rubber production by providing possibilities for

minimizing ecosystem disturbance while maximizing economic outputs. This can be seen

as an approach to reduce the pressure on land and reducing the necessity to expand into

new areas. Therefore, identifying the relevant determinants of efficient production as well

as the inter-linkages with environmental services form the focus of this research. This

may shed light on methods for the sustainable and economically profitable production of

oil palm and rubber.

Key findings of this research:

Chapter 2 of the presented study, addresses the first two research questions

“What determines, if present, differences in technical efficiency between small-

holders within the same transformation system?”

“To what extent are these differences presented in distributional differences of

technical efficiency between different transformation systems?”

In regards to the first question, our analysis showed that the historical development of the

oil palm and rubber sector separated producers in autochtone and transmigrant groups,

leading to significant differences in their production techniques in the case of oil palm. As

a result, the TSP, patronizing producers financially and via training, affects the level of

efficiency. Operating with less inefficiencies, producers were able to transpose the advan-

tages of given support to their production process. The comparison between the different

transformation systems raised by the second question, revealed that rubber producers are

exposed to substantial higher inefficiencies, as well as autochthone oil palm producers.

Furthermore, extensive rubber producers exhibited an even higher degree of inefficiency

in the production as opposed to the intensified cultivation systems. In addition to strong

regulation through land and labour scarcity in both production systems, a producer’s

efficiency is additionally affected by the distance to processing facilities.
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The combination of all these effects leads to the assumption that producers aim for se-

curity in their production, especially in choosing vertically closer institutional settings.

The early advantages of transmigrant support programs are substituted by risk sharing

arrangements, ownership of land, and contractual security at the present time. However,

the estimation results show a decline in efficiencies in virtue of a strong bondage to local

traders resulting in local price manipulation and losses to the middleman in the supply

chain.

Expansion of the two most prominent productions, oil palm and rubber, entails consid-

erable environmental threats which are defined by an underlying trade-off dependency.

Linked to the third and fourth research question

“How is the trade-off between environmental disturbances and economic ben-

efits defined?”

“What are the main drivers affecting differences in environmental efficiency?”

Chapter 3 addresses the environmental efficiency in the context of rubber production.

The analysis of rubber production reveals an outward-bending trade-off curve between

the desired output and the undesired output. As the latter is depicted by the abundance

of invasive plants, their higher diffusion aligning with a higher disturbance of the natural

ecosystem is associated with an increase in the desired output. Substantial inefficiencies

imply room for amelioration of the production processes by expanding towards a higher

rubber output and reducing the number of undesired invasive plants. A crucial potential

to affecting this modification originates from farm-specific characteristics such as contrac-

tual arrangement, education, slash-and-burn techniques, and chemical herbicides, with a

special focus on glyphosate.

Soil fertility losses as critical environmental threats posed by oil palm and rubber estab-

lishments are assessed in chapter 4, presenting an addition to the previous chapter1. The

analysis of soil quality parameters and their interdependency with productions efficiency

revealed that the expansion of cultivation area aggrandizes towards peat soil and water-

saturated mineral soils. Theses soils, postulating even stronger effects in conjunction with

climate change, experience lower efficiencies as opposed to mineral soil, questioning even

the persistent conversion in these areas due to land scarcity. Focusing on the mineral

soils, quality parameters such as C-Value, C/N-ratio and bulkdensity do affect efficiencies

of production at a certain rate. Enhancing the C-content in rubber plantations up to a

certain threshold results in efficiency gains, which reverses after a threshold, following a

convex curve. In oil palm plantations, a linear relation reflects the inter-linkage between

the C/N-ratio and the efficiencies. Adjusted management was found in rubber plan-

1This chapter is linked to the paper Guillaume et al. (2016a)

69



Conclusion

5

tations considering fertilizer application toward the C-content level, reflected by higher

investments in fertilizer on soils with low C-content.

5.2 Policy Implications

As the results show, the expansion and intensification of rubber and oil palm cultiva-

tion accounted for unbalanced production development and lacked in various aspects.

Changing this development into a sustainable one is dependent on the involvement of

the government, non-governmental organizations (NGOs), the private sector, producers,

and their ambition to reduce environmental issues without deducting the possible positive

economic benefits. On the basis of the above presented results, we provide several recom-

mendations to these stakeholders to contrive a sustainable and more efficient rubber and

oil palm cultivation.

At the time being, the general strategy to evade the additional transition of land is to

enhance the yield capacity of existing plantations. In general, policy makers should be

aware that the potential to amplify the yields does not lie per se in production intensi-

fication on existing plots, involving a change of the input set, as suggested by Borlaug.

Another strategy, is to enhance the overall output by increasing efficiency via adjustments

of relevant individual production settings. Following our results, an essential precondition

for efficient production is the advisory services and structural support for producers. The

development of governmental or private agencies supporting producers independently, not

only with genre-specific knowledge but further engaging in the establishment of secure

institutional settings, might affect the overall efficiency of production. In the context of

independent land transformation: autochthone producers mostly located in areas distant

to estate schemes are endangered by insecurity, and with that unbalanced development.

The gradual independent transition from more traditional land use practices, such as rub-

ber agroforests to oil palm, is mostly accompanied by inefficient plantation establishments

due to limited resources and management knowledge. Independent supportive agencies

could prevent this and also reduce environmental efficiency.

Ensuring the environmental efficiency of the producers requires substantial policy efforts

from this point onwards. The strong focus of policies embarking on strategies enhancing

smallholder participation is, in terms of environmental-friendly and sustainable cultiva-

tion, a positive development. As our results show, there is considerable potential in the

augmentation of environmental efficiency, which implies diminishing ecosystem distur-

bance whilst simultaneously enhancing economic output. One necessary step would be

to adjust the production in terms of the individual settings of the farmers. Small-scale

farmers, as our results imply, exhibit a higher level of environmental efficiency, which well

go along with the already existing governmental policies’ aims to support small-scale farm-
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ers. Even though small-scale farmers exhibit a higher level of environmental efficiency, the

profit maximization orientation of producers will not lead to a voluntary reduction in the

economic output for the reduction of the incidental ecosystem disturbance2. Consequently,

governmental policies and the private sector should emphasize the implementation and

development of market-based policy instruments, such as certification schemes (exceeding

RSPO) or promote management systems such as Good Agricultural Practice. Moreover,

bonus regulations (e.g. subsidies) that compensate producers, which purposely lower their

economic output in virtue of an enhanced ecosystem function, might further promote the

willingness to switch towards production systems considering higher ecosystem functions.

Considering the falling rubber prices since the beginning of our survey, the total expenses

for the government for coupled compensation payment are dropping. Simultaneously,

farmers could demonstrate a higher level of willingness to extensifying their production

and accept the payment, in virtue of lower production benefits.

In general, underdeveloped support and knowledge distribution have led to a marginal

awareness of and care for ameliorating environmental disturbance, up until now. Consid-

ering the environmental efficiency of production, policy makers would gain from further

developing producers’ knowledge and production genre-specific scope.

The aforementioned general expansion of land as a solution to increase the overall output

and the independent transformation of land in the face of general land scarcity on Suma-

tra has pushed the transition frontier towards peatland. This new development, has due

to elevated greenhouse gas emissions through peatland transformation, raised substan-

tial concerns in light of climate change. Our results reveal an indication towards lower

efficiencies on these highly risky soils. In this context, policy makers are advised to be

more attentive concerning the distribution of land in these areas. In combination with

the independent transition of land, producers would benefit from structured concessions

policies, allowing benefits from agglomeration effect and existing infrastructure.

5.3 Limitations and Scope for Further Research

Despite the strengths of the accurate representation of the environmental factors in the

estimations due to the unique data set, this study also has a number of limitations con-

cerning the partly abstract consideration of a complex interconnectedness of ecosystem

and agricultural production, which should be addressed by further research.

The results of determinants of the technical efficiency concerning the oil palm farmers,

presented in Chapter 3, revealed a substantial decrease in the efficiency levels for farmers

involved in both production branches. However, the analysis only accounts for the output

of one production, oil palm, without further incorporating economic benefits from the

2at this point we imply a similar trade-off curve for rubber and oil palm cultivation
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second, rubber production. Further research accounting for institutional settings, and

other farm-specific characteristics and their effect on the overall efficiency of the aggregate

household, for instance by spatial analysis, could provide further insight into the spillover

effect between the production fields. The necessity of this is further brought to light by

contrary results of the household’s income diversification.

The degree of vertical integration along the supply chain of oil palm production was found

to have a positive effect on efficiency, considering contractual arrangements. However,

the extent of the effect is likely to depend further on the parties involved, especially on

the demanding site and the type of contract. Often the contractual arrangements are

initiated and executed with the support of farmer organizations. Due to data limitations,

a detailed differentiation between the farmer groups and organization, and thus the variety

of contractual details, could not be further analysed. Future research on the determinants

of efficiency in oil palm should aim to gather more detailed information about the seller-

buyer agreements including the subcontracts with farmer groups and organizations.

Our estimation of the environmental efficiency of rubber producers is based on a data

set collected on plot sites. Even though this is a unique data-set and seldom found in

economic analysis, it constitutes a limitation to our research. In the estimation of the

third chapter, the abundance of invasive plants constitutes a proxy for the ecosystem dis-

turbance. Invasive plants may, however, be only one factor lowering ecosystem functions.

As ecosystem function relies on a suite of various factors such as soil, climate, biodiversity,

etc., picking one factor might capture only a small fraction of the effect on the ecosystem.

A combination, in the form of an index consisting of various factors with potential ef-

fects on the ecosystem (Environmental Performance Index (EPI), biodiversity index, soil

measures, etc.) could extend our findings to more profound cultivation recommendations

concerning eco-efficiency. In the scope of this extension a wider collaboration with other

sub-projects of the CRC 990 would be beneficial.

One focus of this research was to quantify the trade-off underlying the production of

desired output and the environmental influences it has. In the course of the environmental

data collection, and analysing the abundance of plants on the plot-site with respect to the

economic benefit and efficiency, revealed a large scatter of plant diversity over relatively

similar revenues. While some of the occurring plants are classified as invasive species, a

large amount is seen as production-supportive, such as leguminous plants. It is of interest

to what extent the share of supportive plants in ground covered cultivations influence the

variation in economic benefit with an equal abundance of plants.

In light of the establishment history of plantation, the plantation grounds are diffused

through a wide variety of landscapes. The area surrounding the plot site can thus vary

from intensive to extensive plantations, with degrees in between, up to forest or eradicated
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landscapes. These neighbouring land-use systems can emphasise a strong impact on the

diversity and especially the uniqueness of the plant composition. Including these factors

may diminish the possibility to a biased estimation by omitting important information.

Concerning the applied methodologies, the limitations of this research lie in the merging

of the environmental and the economic data sets. The uniqueness of the environmental

data set led to restrictions in a number of observations due to time and monetary bound-

aries. Applying stochastic estimation methods was often encountered with difficulties in

convergence due to a limited number of observations, especially concerning the oil palm

set. Thus, for further analysis, particularly approaches to analyse the environmental ef-

ficiency, i.e. through the by-product estimation, a more elaborated data set would allow

for more precise estimations. Moreover, to assess the effects of soil quality parameters

or the impacts of diverse plant communities on the efficiency, projects with controlled

experimental designs could be helpful, even if they are realistically difficult to conduct on

a large scale.

Despite the limitations of this research, the conducted survey and accomplished research

provides an advance towards the sustainable development of the highly demanded com-

modities sustaining a large share of the economic benefits of the Indonesian population.

Their potential should, in conjunction with the study at hand, further encourage re-

searchers to investigate the possibilities of efficient productions in terms of sustainability.
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Table A.2: Estimation results: STATA output of the oil palm transmigrant frontier including the
z-variabels; plot size (x1), hours of labour (x2), plantation age (x3), cost of herbicides (x5),
capital (x7).

Variable Coefficient (Std. Err.)
Equation 1 :ln y

ln x1 0.581∗∗ (0.170)
ln x2 0.304∗ (0.129)
ln x3 -0.277† (0.144)
ln x5 -0.148∗∗ (0.056)
ln x7 0.079∗ (0.035)
D TC Herb TOP 0.110 (0.077)
sqln x1 0.476 (0.330)
sqln x2 0.313 (0.199)
sqln x3 -1.074∗∗ (0.358)
sqln x5 0.104 (0.101)
sqln x7 -0.075 (0.047)
ln x1 ln x2 -0.542∗∗ (0.187)
ln x1 ln x3 -0.035 (0.193)
ln x1 ln x5 -0.247 (0.168)
ln x2 ln x3 -0.271† (0.153)
ln x2 ln x5 0.085 (0.125)
ln x3 ln x5 0.311∗∗ (0.110)
ln x1 ln x7 -0.105 (0.129)
ln x2 ln x7 0.146 (0.105)
ln x3 ln x7 -0.051 (0.097)
ln x5 ln x7 0.024 (0.037)
1b.Region1 TOP 0.000 (0.000)
2.Region1 TOP 0.490∗∗ (0.084)
3.Region1 TOP 0.594∗∗ (0.107)
4.Region1 TOP -0.290 (0.266)
5.Region1 TOP 0.207† (0.121)
Intercept -0.192 (0.140)

Equation 2 : lnsig2v
Intercept -2.612∗∗ (0.146)

Equation 3 : lnsig2u
logSizep TOP 3.316∗∗ (1.274)
Index Herf TOP -25.769∗∗ (8.814)
DDual TOP1 4.693∗∗ (1.311)
ContSupport1 TOP1 -5.104∗∗ (1.468)
Intercept 0.817 (0.852)

87



Appendix Chapter 2

A

Table A.3: Estimation results: STATA output of the oil palm autochtone frontier including the
z-variables; plot size (x1), hours of labour per plot (x2), plantation age (x3), cost of fertilizer
(x4).

Variable Coefficient (Std. Err.)
Equation 1 : y

ln x1 0.511∗∗ (0.116)
ln x2 0.372∗∗ (0.100)
ln x3 0.293∗∗ (0.108)
ln x4 0.174∗∗ (0.061)
D Fert NOP -0.117 (0.115)
sqln x1 0.102 (0.257)
sqln x2 -0.545∗∗ (0.130)
sqln x3 -0.756∗ (0.324)
sqln x4 -0.018 (0.064)
ln x1 ln x2 0.256 (0.156)
ln x1 ln x3 -0.043 (0.201)
ln x1 ln x4 -0.161 (0.105)
ln x2 ln x3 -0.093 (0.159)
ln x2 ln x4 0.142 (0.087)
ln x3 ln x4 0.117 (0.108)
1b.Region1 NOP 0.000 (0.000)
2.Region1 NOP 0.120 (0.109)
3.Region1 NOP 0.259∗ (0.108)
4.Region1 NOP 0.275 (0.231)
5.Region1 NOP 0.141 (0.220)
Intercept 0.522∗∗ (0.189)

Equation 2 : lnsig2v
Intercept -2.323∗∗ (0.388)

Equation 3 : lnsig2u
ContSupport1 NOP1 -1.566∗ (0.747)
Landshare NOP -0.876† (0.493)
Distance NOP 0.132∗ (0.054)
Distance NOP2 -0.003∗ (0.001)
DDual NOP1 1.274∗∗ (0.416)
Intercept -1.487∗∗ (0.546)
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Table A.4: Estimation results: STATA output of the rubber frontier including the z-variables; plot
size (x1), hours of labour per plot (x2), plantation age (x3), cost of fertilizer (x4).

Variable Coefficient (Std. Err.)
Equation 1 : y

ln x1 0.368∗∗ (0.050)
ln x2 0.348∗∗ (0.042)
ln x3 -0.011 (0.049)
ln x6 0.070∗∗ (0.025)
ln x8 0.081∗∗ (0.021)
D TC Chem RP -0.161∗∗ (0.043)
sqln x1 0.094 (0.075)
sqln x2 0.074∗ (0.032)
sqln x3 -0.458∗∗ (0.123)
sqln x6 0.052 (0.036)
sqln x8 0.003 (0.023)
ln x1 ln x2 0.002 (0.051)
ln x1 ln x3 0.058 (0.073)
ln x1 ln x6 -0.004 (0.044)
ln x1 ln x8 -0.092∗ (0.041)
ln x2 ln x3 -0.080 (0.055)
ln x2 ln x6 -0.103∗∗ (0.037)
ln x2 ln x8 0.083∗∗ (0.031)
ln x3 ln x6 -0.015 (0.043)
ln x3 ln x8 0.021 (0.037)
ln x6 ln x8 0.041† (0.024)
Intercept 0.517∗∗ (0.083)

Equation 2 : lnsig2v
Intercept -1.788∗∗ (0.104)

Equation 3 : lnsig2u
Landshare RP -0.663∗ (0.273)
Distance RP 0.046∗ (0.023)
Distance RP2 -0.001∗ (0.000)
1b.Cycle2 RP 0.000 (0.000)
2.Cycle2 RP -0.523† (0.284)
3.Cycle2 RP -2.030∗∗ (0.399)
Share RP1 -1.051∗∗ (0.318)
Intercept -0.122 (0.264)
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Figure B.1: Scatterplot of the individual shadowprice against the labor input over both management
intensity (red dots = intensive , blue triangle = extensive)

90



B

Appendix Chapter 3

Shadowprice over size
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Figure B.2: Scatterplot of the individual shadowprice against the size input over both management
intensity (red dots = intensive , blue triangle = extensive)
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Figure B.3: Distribution of invasive plant and non-invasive plants on average on the sampled plots
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Table B.1: STATA output of the directional output distance function including the z-variables; size
of the plot (Size ), hours of labor per plot (Labor), plantation age (Pl. Age), cost of all chemicals
(TC. Chemicals), and the bad output times the directional vector and the translation value θ ,
(bstar = (bi − θigb)).

Variable Coefficient (Std. Err.)
Equation 1 : n theta

b star 0.166∗ (0.098)
Size 0.565∗∗∗ (0.212)
Labor 0.055 (0.169)
Pl. Age 0.363 (0.281)
TC. Chemicals -0.066 (0.085)
Dummy Chemicals -0.017 (0.056)
b star2 -0.129∗∗∗ (0.019)
Size2 -0.443∗∗ (0.204)
Labor2 -0.138∗∗ (0.058)
Pl. Age2 -0.319 (0.205)
TC. Chemicals2 -0.004 (0.007)
b star*Size 0.133∗∗ (0.056)
b star*Labor 0.138∗∗∗ (0.041)
b star*Pl. Age 0.150∗ (0.084)
b star*TC. Chemicals 0.009 (0.018)
Size*Labor 0.178 (0.145)
Size*Pl. Age -0.048 (0.206)
Size*TC. Chemicals -0.004 (0.039)
Labor*Pl. Age -0.147 (0.171)
Labor*TC. Chemicals 0.057 (0.035)
Pl. Age*TC. Chemicals 0.020 (0.081)
Intercept 0.055 (0.185)

Equation 2 : lnsig2v
Intercept -3.462∗∗∗ (0.212)

Equation 3 : lnsig2u
Size 1.945∗∗∗ (0.389)
Chem. Weeding -1.277∗∗∗ (0.451)
Glyphosat 1.302∗∗∗ (0.498)
TSP -4.602 (5.300)
Contract Supp. -3.561∗ (1.901)
Education -0.119∗∗ (0.059)
Burning -0.745∗∗ (0.372)
Intercept -1.703∗∗∗ (0.640)
∗∗∗

Estimate is significant at 1% level of significance

∗∗
Estimate is significant at 5% level of significance

∗
Estimate is significant at 10% level of significance
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Figure C.1: Soil sampling frame
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Table C.2: Descriptive statistics of economic and soil inputs for oil palm

Oil Palm(n=38)
Variable Unit Mean std. dev. 25% 75%
Yield kg 43,692 34,620 21,864 46,600
Size ha 2.413 1.89 2 2
Labor hours 413.4 296.53 216.8 442.0
Cost Fertilizer .000 RP 3563 4041.89 570 4627
Fuel .000 RP
CN-Ratio 14.71 4.38 12.03 14.93
Bulkdensity 1.01 0.28 0.88 1.1941
C-content 6.92 11.64 1.66 5.7624
N-content 0.37 0.43 0.13 0.4401

Table C.3: Efficiencies of oil palm and rubber, with separation in intensive and extensive production
(CRS)

Min. 1st Qu. Median Mean 3rd Qu. Max.
Oil Palm 0.30 0.55 0.87 0.77 0.99 1

ϕ = 1 7 (Obs.) 18.42%

Rubber 0.09 0.24 0.35 0.42 0.55 1
ϕ = 1 5 (Obs.) 3.7%

Int. Rubber 0.091 0.25 0.37 0.43 0.56 1

Ext. Rubber 0.11 0.21 0.29 0.33 0.32 1

Table C.4: C-Values distributed over the production types and fertility group (IR = Intensive Rubber,
ER = Extensive Rubber, OP = Oil Palm)

Crop Soil fertility Mean std. dev. 25% 75% Observations
IR Low 3.80 2.42 2.40 2.93 40
IR high 4.33 0.85 3.59 2.32 76

ER Low 2.23 0.49 2.02 2.32 4
ER High 4.03 0.78 3.48 4.52 12

OP low 2.84 3.02 1.34 2.26 26
OP High 3.98 1.10 3.40 4.24 7
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Figure C.2: Oil palm efficiencies over soil quality parameters
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Figure C.3: Rubber efficiencies over soil quality parameters
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Table C.5: This table displays the correlation matrix of soil quality parameters and all inputs and
output

Yield Size Labour TC.Fert Fuel.SRP

O
il
P
a
lm CN-ratio 0.058 0.015 0.062 -0.224 -

N-value -0.109 -0.070 -0.131 -0.305 -
C-value -0.112 -0.091 -0.123 -0.249 -

Bulkdensity 0.176 0.092 0.230 0.348 -

R
u
b
b
e
r CN-ratio 0.048 -0.034 0.046 -0.098 -0.074

N-value -0.067 -0.104 -0.115 0.032 -0.023
C-value -0.059 -0.094 -0.104 0.024 -0.022

Bulkdensity -0.076 -0.077 -0.077 0.041 0.059

Table C.6: The separation of cost of fertilizer and labor over the fertility groups

Crop Variable Unit Mean std. dev. Min Max Obs.

O
il

P
a
lm Cost Fertilizer Low .000 RP 3,873 4,596 0 585 4,626 25

High 4,173 2,283 2,875 5,796 7
Labor Low hours 399.4 310.8 201.8 435 26

High 500 343.1 354 593 7

R
u
b
b
e
r Cost Fertilizer Low .000 RP 581.8 1,311 0 532.5 44
High 496 1,795 0 0 87

Labor Low hours 1,577 1,095 724.3 2,092 44
High 1,639 1,184 865.5 2,049 87
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