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On the Productive Value of Crop Biodiversity:
Evidence from the Highlands of Ethiopia

Jean-Paul Chavas and Salvatore Di Falco

ABSTRACT. This paper investigates the productive
value of crop biodiversity, with an application to a
farming system in the Tigray region in the highlands
of Ethiopia. We examine a general measure of the
productive value of crop biodiversity and its compo-
nents. Using Ethiopian farm-level data, agroecosys-
tem productivity is investigated empirically. The
analysis gives estimates of the value of diversity and
its components. The value of crop biodiversity is es-
timated to be positive. The complementarity compo-
nent is found to be large and statistically significant:
it is the main source of crop biodiversity value in this
agroecosystem of Ethiopia. However, the convexity
component is negative, indicating that nonconvexity
contributes to reducing the value of crop biodiversity.
(JEL D61, Q18)

L. INTRODUCTION

Biodiversity has been identified as an im-
portant component of ecological systems
(e.g., Heal 2000; Tilman and Downing 1994;
Tilman, Wedin, and Knops 1996; Tilman, Po-
lasky, and Lehman 2005; Wood and Lenné
1999). The relevance of biodiversity in the
provision of ecosystem services is highlighted
by growing evidence that it can support sys-
tem productivity and that its loss can have ad-
verse effects on the functioning of ecosystems
(e.g., Loreau and Hector 2001; Naeem et al.
1994; Cork et al. 2002; Hooper et al. 2005;
Tilman and Downing 1994; Tilman, Wedin,
and Knops 1996; Tilman, Polasky, and Leh-
man 2005; Zhu et al. 2000; Landis et al.
2008). Agroecosystems are an important part
of earth ecosystems. Indeed, about 40% of
earth land is used for agricultural purposes.
And agroecosystem services help support eco-
nomic livelihood everywhere, especially in
developing countries where the agricultural
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sector constitutes a large part of the economy.
Farmers in developing countries often face
poorly functioning markets and limited op-
portunities for technological progress. While
incomplete (or missing) markets reduce farm-
ers’ options, they imply an enhanced reliance
on nature’s services and emphasize the eco-
nomic importance of agroecosystem manage-
ment in developing countries. One-quarter of
undernourished people in the developing
world live in so-called biodiversity hot
spots, areas that are rich in crop biodiversity
(Cincotta and Engelman 2000). Loss of bio-
diversity and the consequent reduction in eco-
system services (i.e., food production) are
seen as a primary obstacle to the achievement
of Millennium Development Goals (Millen-
nium Ecosystem Assessment 2005).

In this paper, we investigate the productive
value of crop biodiversity with an empirical
application to an agroecosystem in the High-
lands of Ethiopia. We focus on one specific
subset of biodiversity in agroecological sys-
tems: crop diversity in managed agricultural
systems. The analysis seeks to examine two
questions. First, how important is crop bio-
diversity in agroecosystem productivity? Sec-
ond, what are the sources that generate
positive linkages between crop diversity and
productivity? These two questions have been
the subject of significant interest. Previous
research documenting positive effects of
biodiversity on agroecosystem productivity
(sometimes called overyielding) includes that
of Di Falco and Chavas (2009), Heisey et al.
(1997), Meng et al. (1998), Priestley and Bay-
les (1980), and Smale et al. (1998, 2002,
2003). But where do such benefits come
from? Two possible explanations can be

The authors are, respectively, professor, Department
of Agricultural and Applied Economics, University of
Wisconsin—Madison; and lecturer, London School of
Economics.



88(1)

found in the existing, broader, agroecological
literature:! complementarity effects and scale
effects (Callaway and Walker; Loreau and
Hector; Sala et al. 2000; Tilman and Downing
1994; Tilman, Wedin, and Knops 1996).2
Complementarity effects arise in an eco-
system when particular species perform better
in the presence of others, implying that bio-
mass production is greater in diversified sys-
tems (compared to more specialized systems).
This reflects positive synergies between spe-
cies. These synergies can have several
sources. First, they can come from more ef-
fective use of resources. For example, under
a rotation scheme, a crop benefits from higher
nitrogen content in the soil if planted after a
nitrogen-fixing legume. In addition, crop ro-
tations can help spread labor requirements
more evenly during the growing season, thus
possibly reducing labor bottlenecks. Second,
crop rotations help control pest populations,
thus contributing to lower pest damages and
higher yields. Third, diversification can help
maintain and/or enhance soil productivity
(e.g., fallowing in extensive farming systems
or the use of manure in mixed crop-livestock
farming systems). Finally, diversified systems
can benefit from a better adaptation to local
agroclimatic conditions. This can generate
complementarity benefits from niche parti-
tioning (Loreau and Hector 2001), especially
when environmental heterogeneity is large.
Indeed, different crop species may have dif-
ferent responses to temperature, soil condi-
tions, or resistance to biotic and abiotic
stresses (Zhu et al. 2000; Sala et al. 2000;
Landis et al. 2008). As such, farms facing a
diverse agroecosystem will have a broader
range of traits and be more likely to perform
under different environmental conditions
(Heal 2000; Sala et al. 2000; Cardinale, Ives,
and Inchausti 2004; Tilman and Kareiva
1997; Tilman, Polasky, and Lehman 2005).
Each of these sources can contribute to

' While we investigate the role of diversity in a managed
agroecosystem, note that the ecological literature has fo-
cused on the relation between plot biodiversity and produc-
tivity in unmanaged ecosystems.

2 Another possible explanation is the “sampling effect,”
stating that increasing diversity improves the chances that
specific species would be adapted to a particular ecological
condition (Tilman, Polasky, and Lehman 2005).
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synergies in the agroecological system, mean-
ing that farm diversification can generate
complementarity benefits and increase farm
productivity. While identifying the exact
mechanism(s) generating these synergies can
be difficult, evaluating the existence and mag-
nitude of complementarity benefits remains of
significant interest.

Scale effects arise when the functioning of
an ecosystem is affected by its size and its
degree of fragmentation. In general, these ef-
fects can be complex, as size, spatial density,
and spatial heterogeneity can interact in their
impact on ecosystem productivity (Bissonette
and Storch 2002; Giller et al. 2004; Tilman
and Kareiva 1997). On the one hand, scale
effects can reflect the presence of limited re-
sources, implying that the average productiv-
ity of an ecosystem may decline when it
becomes “too large.” At the other extreme, the
performance of an ecosystem may deteriorate
when it becomes “too small.” For example,
this can occur when the reproductive func-
tions of a species weaken below some mini-
mum population threshold.

In the context of a particular agroecosys-
tem, this raises the following questions: How
large are the effects of crop diversity on agroe-
cosystem productivity? How important are
complementarity effects in agroecosystems?
Does scale matter? Are there other important
factors influencing the effects of crop diver-
sity on agroecosystem productivity?

This paper answers these questions, with
an empirical focus on a farming system in the
Tigray region in the Highlands of Ethiopia.
Tigray is the northernmost of the nine ethnic
regions of Ethiopia. As the rest of Ethiopia,
Tigray has one of the highest rates of soil nu-
trient depletion in Sub-Saharan Africa (Grep-
perud 1996; FAO 2001). Coupled with harsh
climatic conditions, this has contributed to
frequent harvest failures and famines. Indeed,
during the last millennia, at least 25 severe
drought periods were recorded, and crop pro-
duction in most areas “never topped subsis-
tence levels” (REST/Noragric 1995, p137).
Agriculture is the source of livelihood for a
majority of the population. It employs more
than 80% of the labor force and accounts for
45% of the GDP and 85% of the export rev-
enue (MFED 2007). Cereals are staple food
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in the region, and Ethiopia is a recognized
global center of crop diversity for several ce-
real crops, including barley and teff (Vavilov
1949; Harlan 1992). All these characteristics
make this area a relevant case study of farm-
ers’ reliance on ecosystem services, with a fo-
cus on evaluating the productive value of crop
biodiversity.

Using farm survey data from Ethiopia, we
estimate the value of biodiversity and its com-
ponents in the Highlands of Ethiopia. Our
sample involves multiplot and multicrop
farms (Benin et al. 2004). This provides a
good opportunity to investigate the presence
and magnitude of complementarity effects at
the farm level. The analysis is presented in the
broader context of measuring the productive
value of crop biodiversity. It also provides a
basis for evaluating the factors affecting the
value of crop biodiversity at the farm level.

The technology underlying an agroecosys-
tem is represented by a multi-output produc-
tion function used to characterize the
productivity effects of biodiversity. Following
Chavas (2009), we evaluate the productive
value of diversity as the productivity differ-
ence between an integrated system and a less
diverse system, holding aggregate resources
constant. This captures how the value of an
ecosystem can be greater than the sum of its
parts. Following Chavas, the productive value
of diversity can be decomposed into four ad-
ditive components: one associated with com-
plementarity, one with scale effects, one with
convexity effects, and one with catalytic ef-
fects. Our application aims to shed light on
the role of crop diversity on productivity and
the factors affecting the value of diversity in
an Ethiopian farming system. Of special in-
terest is the investigation of the relative im-
portance of these effects (complementarity,
convexity, and scale). Our empirical analysis
will examine whether these effects play a sig-
nificant role in the value of crop diversity.

The empirical investigation of the produc-
tive value of crop diversity and its compo-
nents is a novel exercise. Note that our
approach does not rely on a specific biodiver-
sity index. This contrasts with other ap-
proaches that have appeared in previous
literature. One approach is based on relative
abundance or evenness of species. This is cap-
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tured by ecological diversity indices including
the Margalef index, the Shannon index, and
the Simpson index (e.g., Hill 1973; Lande
1996; May 1975; Simpson 1949). These in-
dices have been used extensively in the em-
pirical analysis of biodiversity issues (e.g., Di
Falco and Chavas 2009; Heisey et al. 1997,
Meng et al. 1998; Priestley and Bayles 1980;
Smale et al. 1998, 2002, 2003). Yet, they raise
several issues. First, different indices can de-
liver very different results, and there is a de-
bate on which diversity index is most
appropriate (e.g., Routledge 1979). At this
point, it appears that no particular index is al-
ways superior. This point is made clear when
the value of biodiversity is found to depend
on the presence and nature of complementar-
ity among ecosystem services (e.g., Faith et
al. 2003; Justus and Sarkar 2002; Loreau and
Hector 2001). Second, diversity indices do not
identify the sources of diversity value. This is
problematic to the extent that knowing the
source and nature of diversity value is often
important in evaluating alternative manage-
ment strategies for diversity. Another ap-
proach developed by Weitzman (1992, 1998),
Polasky and Solow (1995), and Solow, Po-
lasky, and Broadus (1993) measures biodiver-
sity through a diversity function based on a
measure of dissimilarity.?

We use the Ethiopian farm survey data to
estimate agroecosystem productivity. This in-
volves estimating a multi-output production
function. To deal with endogeneity issues, we
rely on an instrumental variable estimator.
The estimated coefficients are then used to in-
vestigate the magnitude and determinants of
biodiversity value. We find that the value of
biodiversity is positive. The complementarity
component is found to be large and statisti-
cally significant. This provides evidence that
complementarity is the main source of biodi-
versity value in this agroecosystem. The sta-
tistical evidence indicates that neither the
scale effect nor the catalytic effect is impor-

3 Brock and Xepapadeas (2003), however, have shown
that a more diverse ecosystem can be much more valuable
even when the increase in dissimilarity is small. This reflects
the complexity of ecosystems, indicating that simple diver-
sity indices may fail to capture accurately the value of
biodiversity.
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tant. However, the convexity component is
negative. This shows that nonconvexity con-
tributes to reducing the value of biodiversity
at the farm level.

II. THE PRODUCTIVE VALUE OF
DIVERSITY

The productivity of an agroecosystem can
be modeled in the context of a production pro-
cess involving a set of m goods z=(zj,
20,...,Zn) ER™. We use the netput notation,
where inputs are defined to be negative (with
z;=0) while outputs are defined to be positive
(with z;=0). The underlying production tech-
nology is denoted by the set ZC R"™, where
7€ Z means that z can be feasibly produced.
We do not assume that the set Z is convex.
This means that our analysis does not assume
that diminishing marginal productivity nec-
essarily applies. We are interested in provid-
ing a general representation of the frontier
technology given by the boundary of Z. Such
a representation is the shortage function pro-
posed by Luenberger (1995) and discussed by
Chavas (2009). Let g€ R™ be a reference
bundle of goods satisfying g=0, and g#0.
Below, we assume that the nonzero elements
of g are private goods. For a given g, the short-
age function S(z, g) evaluated at point z is de-
fined as

S(z.g) = ming {a:(z — ag) EZ},
if there is an a s.t. (z—ag) EZ},
= + o otherwise. [1]

The shortage function S(z, g) measures the
number of units of the reference bundle g re-
flecting the distance between point z and the
frontier technology. The general properties of
the shortage functions are discussed by Luen-
berger (1995). In general, z €Z implies S(z,
£2)=0. And under free disposal,* Z= {z: S(z,
g) =0}, implying that S(z, g) =0 provides a
complete characterization of the technology.
In this case, S(z, g) =0 if and only if z is on
the upper bound of the feasible set Z, with S(z,
2)=0 providing a multi-input multi-output

4 The technology exhibits free disposal if, for any z E Z,
7' =z implies that 7' € Z.
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functional representation of the underlying
frontier technology. To illustrate, consider the
special case where g=(1, 0,...,0). Then S(z,
g)=z—G(z.) where z.=(25,...,2,) and
G(zo) =max{z;: (z, 2c) € Z} is the largest pos-
sible z; that can be obtained given other net-
puts z.. When z; is an output, G(z;) is a
standard production function representing the
underlying technology, where feasibility is
given by z; = G(z¢). In this case, under differ-
entiability, dS/0z;,=1 and 9S/9z. = — dG/dz,
implying that — dS/dz. can be interpreted as
measuring the marginal product of z.. As dis-
cussed below, either S(z, g) or G(z¢) can pro-
vide an empirical basis to evaluate the
productivity of an agroecosystem.

For a given z, the shortage function S(z, g)
in [1] provides a convenient basis for analyz-
ing productivity. Following Chavas (2009),
the productivity effect of a change from z! to
72 can be measured by

P(z',2%,9) = 8!, g) — S(%,9). [2]

P(z!, 72, g) in [2] measures the number of
additional units of the reference bundle g that
can be obtained by moving from point z! to
point z2. When the private goods in g are mar-
ket goods with prices g, then a monetary eval-
uation of a change from z! to z2 is given by
P(Zl’ Zz’ g)(p : g) = (S(Zl’ g) - S(Zz’ g))(P : g)’
with (p-g) denoting the monetary value of
value of one unit of g. If we choose the ref-
erence bundle g such that (p- g) =1, then P(z!,
72, 8)=5(z!, g) — S(z2, g) in [2] has a monetary
interpretation and changes in the shortage
function give a general measure of the pro-
ductive value of a change from z! to z2.

To evaluate diversity, we follow Chavas
(2009) and consider dividing the original sys-
tem into K separate subsystems, the kth sys-
tem involving netputs z°, k=1,...,K, 2=
K=m. Each of the K systems is “more spe-
cialized” than the original system and satisfies
Z#0 and zk#z/K, k=1,...,K. We want to
compare the productivity of the original sys-
tem versus the K “more specialized” subsys-
tems. To keep the analysis meaningful, we
focus our attention on the case where the ag-
gregate netputs are held constant, with
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K

2 =2z In this context, using the shortage
k=1
function [1], Chavas proposed the following
measure of the productive value of diversity:

K
D(z,8) = kgls(zk,w —5(z,8) (3]

K
where z= E . Equation [3] compares two
k=1

situations: one where the netputs z are in-

volved in an integrated production process;

and the other situation where there are K

“more specialized” production processes,

with z; being the netputs used in the kth pro-

duction process. Note that the restriction
K

7= E zk implies that, in each situation, the
k=1
same aggregate amounts of resources are used
to produce the same aggregate netputs. It
means that D(z, g) in [3] provides a measure
of the number of units of the reference bundle
g that can be obtained by producing z in an
integrated system (compared to producing the
same aggregate netputs z in K separate and
“more specialized” production processes). In-
tuitively, D(z, g) >0 if there are productivity
gains associated with an integrated use of the
netputs z. This reflects that D(z, g) >0 corre-
sponds to situations where the function S(z, *)
is subadditive’ and “the whole is worth more
than the sum of the parts.” And as discussed
above, when the reference bundle g is chosen
such that p- g =1, then D(z, g) in [3] provides
a monetary measure of the value of diversity.

Our analysis considers situations where di-
versity concerns focus on specific goods. Let
I={1,...,m} denote the set of netputs. To an-
alyze the productivity of the K “more spe-
cialized” systems in [3], rewrite the netput set
las I= {Ia, Ibl» IbZ’ cee ’IbK}v where Ib: {Ibl’
Ly, ..., Ipk} is the subset of netputs relevant
in the evaluation of diversity, and Iy is the set
of goods that the kth production process spe-
cializes in, k=1,...,K, with 2= K=m. From
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equation [3], let X denote the netputs involved
in the kth system, k=1,...,K, and satisfying
K

E F=z Let Br € (1/K, 1] characterize the

degree to which the kth situation is specialized
in the goods in Iy, k=1,...,K. Following
Chavas (2009), we consider the following pat-
tern of diversification:

K=zIK ifi€l, [4a]
and
=z =Pz if i ELy, [4b]

=z =z;(1 = B)I(K — 1) if i € Iy # Ly, [40]

for some B,€(1/K,1], k=1,...,K.% First,
equation [4a] divides the goods in I, equally
among the K production processes. This
means that we focus our attention only on the
diversity of goods in I,. Second, equations
[4b] and [4c] establish the patterns of spe-
cialization for the goods in [},. To illustrate,
consider the case where I,={1, 2, 3} and
K=3. Then, equations [4b] and [4c] give (z;',
', zY=Bz, (1-PB1z/2, (1-B3)z/2),
(2% 2% D) =((1=B)z/2, Baza, (1 —B3)zs/
2), and (z/%, 22, %) = (1 = B)z/2, (1 = Bo)zo!
3

2), Bsz3), which always satisfy Ez,-kzz,-,
k=1

i € I,. When ;=1 for all &, this implies com-
plete specialization in /[, with k=2 for
i€l and zF=0 for i € Iy # Iy Alterna-
tively, when 3 € (1/K, 1), this allows for par-
tial specialization. Thus, the parameter
Br € (1/K, 1] allows for varying amounts of
specialization in the netputs gz, in other
words, varying amount of diversity among the
K processes. In general, the degree of spe-
cialization in the kth process increases with
B This means that the loss in diversity in the
K processes also increases with the B’s.

With 2= (z,X, ) given in [4a] and [4c],
equation [3] becomes

5 This is similar to the subadditivity of the cost function
discussed by Baumol, Panzar, and Willig (1982) in the con-
text of economies of scope.

6 This extends the analysis presented by Chavas and Kim
(2007). By allowing the B’s to vary, our approach can cap-
ture heterogeneous patterns of specialization.
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_ koo text, Chavas showed that the value of diver-

D(z,8,8) —IES(Z :8) = 5(z.8), [5] sity D(z , B, g) in [5] evaluated at netputs

where 8=(By,...,Bg). When applied to an
ecosystem, equation [5] provides a measure of
the productive value of diversity.” It measures
the number of units of the reference bundle g
that can be obtained when the goods z are part
of a joint production process in the ecological
system (compared to the case where goods z
are part of K specialized production processes
satisfying [4a] and [4c] and producing the
same aggregate netputs z).

While equation [5] provides a basis to eval-
uate the productive value of diversity, it is of
interest to identify the sources of this value.
Following Chavas (2009), the value of diver-
sity can be decomposed into additive com-
ponents. First, let S(z, g) =S(z, &) + St (z, 2).
This decomposes the shortage function S(z, g)
into two parts: a “variable function” Sy(z, g)
assumed to be continuously differentiable in
z, and a “fixed function” S¢(z, g) assumed to
be a step function that is constant for z 7 0 and
satisfies S¢(0, g) =0 (with possible disconti-
nuities at z=0). Thus, S¢(z, g) (and hence S(z,
g)) can exhibit jump-discontinuities in z when
any netput z; changes between zero and an
arbitrarily small nonzero number. As dis-
cussed by Chavas (2009), the jump-disconti-
nuities reflect the presence of catalysts (or
repressors) when the presence of a small
quantity of z; generates a large increase (de-
crease) in productivity. It follows that the
fixed function S§(z, g) can capture “catalytic
effects” when a small increase in some netputs
from O has a large effect on productivity.

Second, consider ordering the netputs such

that (z1,....zp) =z i€ L} {z: i€ 1y },...,
{zit i€Ipk}). Let zu={z;: i€L}, zr={z
i€y}, =(2p1s-->2bK)> bk = (Zbls--->
Zbk—1> Zbk+1o---520K)> and  Zp = (2,

Tb,i+ 15+ -+ 2b, j— 15 Zbj) for i <j. Using this no-
tation and equations [4], it follows that
&= (z/K, ZpiZowi)s k=1,...,K. In this con-

7 1t should be noted that the methodology is very general.
It can be used to measure biodiversity value under general
conditions. This includes crop biodiversity as a special case,
as analyzed below in the context of a farming system in
Ethiopia.

2= (24, 2p) can be decomposed as follows:

D=Dc + Dy + Dy + Dy, [6]
where
K1 Zpk

aSy N N
Dc= kEl @(Za/K»Zb,lzkfl 2 YsZok+1:K-8)dY

<bk
Zﬁkas
- J T;(Za/K’ZB,I:k— 15 Y Zbk+ 1;K,g)d7}, [7a]

ok
Dr=KS(Z/K.8) — S(z.8). [7b]
and

Dy=S(z/K,zp ,8)
+ (K — 1)S(za/K,z5.8) — KS(z/K,g), [7c]

K
DfEkEl St(za/K, Zbk» Zb\bk» &)

— S¢(za/K, 2 ,8) — (K — 1) S¢(za/K, 25 ,8).  [7d]

Equation [6] decomposes the value of di-
versity D(z, g) in [5] into four additive terms:
D¢, DR, Dy, and Dy. As discussed by Chavas
(2009), each term characterizes a different
component of D. The term D¢ in [7a] is the
complementarity component, with Dc>0 in
the presence of complementarity, that is,
when zp; has positive effects on the marginal
product of zppi (implying positive synergies
between zp; and zppi), k=1,...,K. This es-
tablishes that complementarity (as reflected
by the term D¢) is one of the components of
the value of diversity. This supports the ar-
guments that complementarity is an important
contributing factor to the value of diversity
(e.g., Faith et al. 2003; Justus and Sarkar
2002; Loreau and Hector 2001). In the context
of agrobiodiversity, complementarity comes
from positive externalities across agricultural
activities due to more effective use of re-
sources (e.g., labor, nutrients), reduction in
pest infestation, increases in soil productivity,
and/or better adaptation to local agroclimatic
conditions. While the empirical identification
of the exact source of complementarity re-
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mains challenging, our analysis will provide
a basis for evaluating both the presence and
magnitude of complementarity effects among
crops (see below).

The term Dy in [7b] captures scale effects.
As shown by Chavas (2009), Dg vanishes un-
der constant return to scale (CRTS) but is
positive under increasing return to scale
(IRTS) and negative under decreasing return
to scale (DRTS). This establishes how returns
to scale (as captured by the term Dg) can af-
fect the value of diversity. For example, under
IRTS, scale effects generate a positive value
of diversity because fragmented systems are
“too small” to function effectively. This sup-
ports the arguments that scale effects can play
an important role in the evaluation of ecolog-
ical functioning (e.g., Debinski and Holt
2000; Bisonette and Storch 2002).

The term Dy in [7c] reflects the effect of
convexity. Chavas (2009) showed that Dy =0
under a convex technology. Intuitively, a con-
vex technology means diminishing marginal
productivity, a standard characterization of re-
source scarcity. [t means that the term Dy cap-
tures the role of resource scarcity. This shows
that resource scarcity contributes positively to
the value of diversity. Alternatively, our anal-
ysis indicates that Dy <0 can arise only under
a nonconvex technology. The identification of
such effect seems to be new in the literature.
Its empirical relevance will be evaluated
below.

Finally, the term Dy in [7d] reflects catalytic
effects associated with discontinuous produc-
tivity effects. In the absence of discontinuity,
St(z, g)=0, implying that D=0 in equation
[7d]. Associating discontinuities with cata-
lytic effects around z =0, this shows that cat-
alytic effects can affect the value of diversity.
However, such effects are expected only
around z=0. From equation [7d], it means
that 8 € (1/K, 1) implies Dy= 0. Alternatively,
the catalytic component D¢ can be nonzero
only when some ;= 1, that is, only under a
complete loss of diversity.

From equations [7], the value of diversity
can arise from complementarity among envi-
ronmental goods in zp (D¢ > 0), from increas-
ing returns to scale (Dg >0), from a convex
technology (Dy = 0), and/or from catalytic ef-
fects (when Df=0). This identifies the role of
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complementarity as an important contributing
factor to the value of diversity. However, it
also shows that the presence of complemen-
tarity is in general not sufficient to generate a
positive value for diversity. For example,
when Dg < 0 under decreasing returns to scale
(DRTS) or when Dy <0 under a nonconvex
technology, it becomes possible to obtain
D <0 even in the presence of complementar-
ity. This indicates a need to evaluate each of
the components identified in equations [6] and
[7]. To the extent that the relative importance
of each component may vary across ecosys-
tems, this stresses the need for empirical
analyses.

II1. EMPIRICAL APPLICATION

This section presents an empirical illustra-
tion of the methodology discussed above. Our
empirical analysis focuses on an agricultural
system where inputs x = (x, xp,...) are being
used to produce outputs y=(yy, y2, ¥3,.-.),
with z=(y, —x) € Z. Choosing g=(1, 0,...,
0) and assuming that y; is an output satisfying
free disposal, it follows that the production
technology Z can be written as Z= {(y, —x):
SO Y2, Y3005 — %, =0, (y, —0)ER™ "),
where S(y{, ¥2, ¥3,..., — X, g) is the shortage
function defined in [1]. Letting S(y{, Yy,
V3,..0s — X, 8)=y1 — F(yp, y3,...,x), the fron-
tier technology is represented by the multi-
output production function y;=F(ys, y3,...,
x). An empirical application of our method-
ology then requires the specification and es-
timation of the production function y; = F(y»,
V3 eesX).

First, we specify a parametric form for the
production function: F(y, y3,...,x)=f(y2,
y3,...,X, 3), where 3 is a set of parameters to

estimate. Second, we add an error term to gen-
erate the econometric model

y1=f(2,y3,-..%B) T e, (8]

where e is a random variable distributed with
mean p and finite variance. Equation [8] is an
econometric model that can be used to gen-
erate a consistent estimate 3¢ of 8. When the
error term reflects only measurement errors,
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then we can assume that ¢ has mean zero, with
1 =0. But in the presence of technical ineffi-
ciency, one can expect w <0, as u reflects the
distance (measured in number of units of y;)
between an actual production plan and the up-
per bound of the feasible set (see Kumbhakar
and Lovell [2000] for a review of the literature
on stochastic frontier estimation). Except for
the intercept, equation [8] can then be esti-
mated econometrically to give a consistent es-
timate B¢ of the parameters 8. The associated
mean shortage function is E[S(y{, Y2, ¥3---»
- g)] =) _f(y29 Y3s.es X, Be) - M. Below,
we assume that technical inefficiency remains
constant between the original situation and the
K specialized scenarios used in the evaluation
of diversity. This means that the inefficiency
effects cancel each other in the empirical eval-
uation of equations [3], [6], and [7], in other
words, that technical inefficiencies do not af-
fect the empirical estimation of the value of
diversity and its components. This assumption
is used in the empirical investigation of the
value of crop biodiversity presented below.
The estimation of equation [8] poses at
least two econometric challenges. First, we
would like f(ys, y3,...,x, B) to provide a flex-
ible representation of the effects of outputs
(v2, y3,...) on the productivity of the ecosys-
tem. This is feasible when the number of out-
puts remains small. However, this becomes
problematic if the number of outputs becomes
large (e.g., more than five). Indeed, a flexible
representation of output effects with a large
number of outputs requires a large number of
parameters, implying the prospects of facing
severe collinearity problems. Second, when
applied to an agroecosystem, equation [8] in-
volves netputs that are subject to direct man-
agement. This means that the choice of (y, x)
generates the possibility of endogeneity is-
sues. Indeed, if the netput decisions for (y, x)
depend on information that is not available to
the econometrician, then they would become
correlated with the error term e in [8], imply-
ing the presence of endogeneity bias. This
bias means that standard estimation methods
(e.g., least squares) will provide biased and
inconsistent parameter estimates. This sug-
gests the need to address endogeneity issues
explicitly in the econometric analysis. This
can be done by using instrumental variable
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estimation methods that provide consistent
parameter estimate in the presence of
endogeneity.

Our empirical analysis focuses on analyz-
ing the productivity effects of diversification
among three outputs (as further discussed be-
low). Three is “large enough” to allow the in-
vestigation of the benefit of diversity in an
agroecosystem, yet “small enough” to avoid
collinearity problems. In this context, with
three outputs, we specify [8] to be quadratic
function of outputs y. This provides a parsi-
monious specification allowing for a flexible
representation of how each output affects the
marginal product of other outputs. We also as-
sume that inputs x enter [8] in log form.® To
address endogeneity issues, we adopt an in-
strumental variables estimation approach. A
detailed discussion on the choice of instru-
ments and testing procedures is presented in
Section V below. We also adopt village fixed
effects to control for village-specific unob-
servable characteristics.

IV. SITE DESCRIPTION AND DATA

Our empirical analysis focuses on the pro-
ductivity of an agroecosystem in Ethiopia. It
relies on a dataset from a farm survey con-
ducted in 1999 and 2000 in the Tigray region
of Ethiopia. The data were collected by re-
searchers from Mekelle University, the Inter-
national Food Policy Research Institute, and
the International Livestock Research Institute.
The survey involved a stratified sampling of
farm households, with the strata being chosen
according to agricultural potential, market ac-
cess, and population density (Pender et al.
2001). In the Tigray region, peasant associa-
tions (PAs) were stratified by distance to the
woreda town (greater or less than 10 km).
Three strata were defined, with 54 PAs ran-
domly selected across the strata. PAs closer to
towns were selected with a higher sampling
frequency to assure adequate representation.
From each of the remaining PAs, two villages
were randomly selected, and from each vil-
lage, five households were randomly selected.

8 Alternative specifications were also estimated. They
provided results that were qualitatively similar to the ones
reported below.
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TABLE 1
Descriptive Statistics
Variable Definition Mean Std. Dev. Min. Max.
Teff Quantity produced (kg) 151.007 207.685 0 1,292
Barley Quantity produced (kg) 179.521 235.828 0 1,363
Wheat Quantity produced (kg) 82.1179 142.365 0 777
Animal traction Animal traction (oxen-days) 28.825 19.8131 2 144
Land Land for cereals (m?2) 6,631.93 4,694.81 612 43,194
Labor Labor (person-days) 86.2286 53.1831 15 429
Fertilizer Fertilizer use (kg) 18.8431 23.1647 0 150
Rainfall Rainfall (mm/year) 648.909 120.912 420.4 893.55
Soil fertility Share of land classified as high 0.092857 0.290752 0 1
fertility
Soil erosion Share of land affected by severe 0.442857 0.497613 0 1
erosion and waterlogging
Slope Share of land on steep slope 0.088525 0.219294 0 1
South Location dummy 0.264286 0.441742 0 1
East Location dummy 0.275 0.447314 0 1
West Location dummy 0.128571 0.335324 0 1
Improved seeds Adoption of improved seeds (Yes=1; 0.107143 0.309849 0 1
No=0)
Soil conservation Share of land under reduced tillage 0.10861 0.263086 0 1
Farmer’s experience Number of years of farming the plots 9.25 2.36 2 20
Other crops Land in other crops (Yes=1; No=0) 0.44 0.6 0 1

A total of 50 PAs, 100 villages, and 500
households were surveyed. Usable data were
available for 96 villages. After dealing with
outliers and observations with missing values,
292 households remained.

The survey data provide a basis for evalu-
ating the effects of diversification on farm
productivity. Cereals are the most important
crops grown in the Tigray region of Ethiopia.
The three most cultivated crops are teff, bar-
ley, and wheat. Ethiopia is a “biodiversity hot
spot’: it is a recognized global center of ge-
netic diversity for cereals (Vavilov 1949; Har-
lan 1992). This is reflected in the farm
diversification strategies documented in the
survey data. Our analysis of the productivity
effects of crop biodiversity focuses on three
outputs: teff, barley, and wheat. They are pro-
duced, respectively, by 61%, 50% and 34% of
the farms in the sample. About 45% of farm-
ers in the sample grow other crops (other than
these three crops). The use of conventional
inputs is minimal. Farmers rely mostly on la-
bor and oxen power. Table 1 reports the vari-
ables used in this analysis, along with their
descriptive statistics. Agroecological condi-
tions in the Tigray region are challenging be-
cause of pervasive land degradation and
erratic rainfall. It has been argued that biodi-

versity benefits may be larger when agroecol-
ogical conditions are more difficult (Callaway
and Walker 1997). This provides a strong mo-
tivation for our empirical analysis and its
documentation of the productivity effects of
crop biodiversity.

V. ECONOMETRIC RESULTS

Using farm-level data from the Ethiopian
survey, equation [8] was specified and esti-
mated by instrumental variable method. The
analysis considers the three main outputs:
y; =teff, y, =barley, and y3=wheat. The in-
puts x include animal traction, land, labor, fer-
tilizer, and rainfall. To address the issue of
potential heterogeneity across farms, a num-
ber of additional variables were added to cap-
ture the variations in agroclimatic conditions
across observations in the sample. They in-
clude soil fertility, soil erosion, slope, loca-
tion, the use of improved seeds, and the
presence of soil conservation practices. We
also include other crops and farmers’ experi-
ence as additional explanatory variables. The
relevance of these last two variables was eval-
uated econometrically by estimating the
model with and without such variables. We
also included village fixed effects in the
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model. The inclusion of village fixed effects
controls for unobserved heterogeneity related
to institutional factors and location-specific
factors (Di Falco and Chavas 2009). As noted
above, equation [8] was specified to be qua-
dratic in outputs (y, y3); linear in the loga-
rithm of land, labor, and animal traction; and
linear in other variables. The quadratic output
terms allow for flexible patterns of marginal
productivity, including the effect of any out-
put on the marginal product of other outputs.

As mentioned earlier, we rely on instru-
mental variable (IV) estimation to address en-
dogeneity issues. The choice of instruments
can, notoriously, be complex. The instruments
should all be correlated with the set of endog-
enous variables but not correlated with the er-
ror terms. We identified a set of suitable
instruments following both theory and exist-
ing literature (Pender et al. 2001; Di Falco and
Chavas 2009). Farm agroecological hetero-
geneity and land share under conservation
measures can be used as instruments for the
output variables, the adoption of conservation
measures, and the interaction terms. We ex-
tend the matrix of instruments using also the
information on the distance from the input
supplier. This is a measure of access to the
seeds market that should be correlated with
the acreage allocation decisions among crops,
but uncorrelated with the error terms.

Using these instruments, we tested for en-
dogeneity of outputs (barley and wheat), their
interactions, and the soil conservation mea-
sure. The C-test statistic for endogeneity is re-
ported at the bottom of Table 2: it provides
strong evidence of endogeneity for these vari-
ables. On that basis, the IV estimation method
is used to obtain consistent parameters esti-
mates. To assess the validity of these instru-
ments, both the Hausman test and regression
residuals tests for endogeneity were applied.
The Sargan-Hansen test of overidentifying re-
strictions was used to investigate whether the
orthogonality conditions between the instru-
ments and the error term are satisfied. We
failed to reject the null hypothesis of ortho-
gonality. Therefore these instruments appear
to be uncorrelated with the error term. We
then addressed the issue of the “relevance” of
the instruments, meaning that the instruments
should be partially correlated with the endog-
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enous regressors. We used the underidentifi-
cation Kleibergen-Paap LM test to check
whether the equation is identified. The test re-
sult is 10.9 (with p-value =0.05). We comple-
mented the diagnostic with a Stock-Wright
test statistic where the null hypothesis is that
the coefficients of the endogenous variables
in the structural equation are jointly equal to
zero. The test statistic is 81.46 (p-value
<0.01). These statistics provide evidence
that the instruments seem both relevant and
not correlated with the error term. Therefore
the choice of instruments seems appropriate.

A number of specification tests were con-
ducted (they are reported at the bottom of
Table 2). The null hypothesis of homoskedas-
ticity was tested against the alternative hy-
potheses of (1) general heteroskedasticity, and
(2) multiplicative heteroskedasticity. Tests
results confirmed the presence of heteroske-
dasticity and that multiplicative heteroskedas-
ticity was present. To obtain efficiency gains,
we therefore implemented a weighted esti-
mation method using weights obtained from
the consistent estimate of the error variance.
We report below the results for both robust
White standard errors and weighted regres-
sion. The estimation results are reported in Ta-
ble 2. For comparison purpose, the ordinary
least squares estimates are shown in Column
(a). The IV estimates reported in Table 2 in-
clude three specifications: IV without and
with controls for farmer’s experience and
“other crops” (in Columns (b) and (c), respec-
tively), and IV with village fixed effects (in
Column (d)).

The empirical estimates appear qualita-
tively robust. Indeed, comparing the results
from the different estimators, we find that
the conventional inputs (animal traction,
land, labor, and fertilizer) are all positive and
statistically significant. Also, the estimated
coefficients for outputs show statistical sig-
nificance. The coefficient of the linear term for
barley is negative and statistically significant
at the 5% level in three different estimations.
It is significant at the 10% level in the re-
maining estimator (IV with controls). The in-
teraction term (barley X wheat) is positive and
statistically significant at the 5% level for all
the estimators. This indicates the presence of
positive interaction effects across crops. Such
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TABLE 2
Shortage Function Estimation
1V, Village Fixed
OLS, Weighted IV, Village Fixed  Effects, Weighted
OLS Least Squares v Effects Least Squares
Variable (a) (b) (©) (d) (e)
Barley — (.42 — 0.477 %% —0.52%* —0.688%* — 0.648%:#:*
(0.08) (0.0939) (0.3) (0.269) (0.0940)
Barley? 0.000287%** 0.000319%3:* —0.00017 0.000190 0.000423%3#*
(8.30E-05) (0.0000767) (0.0004) (0.000258) (0.0000834)
Wheat —0.273%%* —0.350%** —0.6 — 1.234%* — 0.469%%#*
0.1) (0.114) (0.7) (0.492) (0.0614)
Wheat? 6.83E-06 0.0000176 —0.0029* 0.0000409 0.0000856°%**
(0.00015) (0.000126) (0.0017) (0.000403) (0.0000311)
Barley X Wheat 0.0003 3% 0.000277 %33 0.0045%:* 0.002597%:* 0.000534%3#:*
(0.0001) (0.0001) (0.0018) (0.00104) (0.000140)
Animal traction 60.18%* 71.93%#% 121.36%%* 89.34 %% 84.04%#*
(15.68) (18.28) (30.7) (25.09) (5.025)
Land 16.85%: 7.338 10.62 0.596 —2.566
(8.3) (9.005) (12.9) (8.671) (2.450)
Labor 87. 3% 75.57%5%:% 60.97* 81.03%* 84,83
(15.19) (21.66) (33.52) (26.95) (10.73)
Fertilizer 111 1.363%* 0.94* 1.405%* 1.425%%:*
(0.436) (0.649) (0.56) (0.712) (0.116)
Rainfall 0.11 0.0154 0.178 0.0600 0.441
(0.157) 0.177) (0.33) (0.415) (0.407)
Soil fertility 14.42 19.40 31.02 37.40 36.42% %%
(25.02) (38.55) (43.86) (40.83) (6.138)
Soil erosion —13.2 —15.59 —18.9 —-3.219 —3.394
(14.6) (18.61) (26.2) (19.31) (4.482)
Slope —37.09 —48.67 —96.61* —54.29 — 4920
(30.59) (30.79) (57.7) (37.71) (12.24)
South —23.1 3.570 —274
(20.1) (27.39) (35.99)
East — 3.7 — 63.42%5#:% — 123.4%:
(19.9) (21.81) (51.14)
West 59.09* 59.78 13.85
(25.97) (38.76) (45.73)
Improved seed — 154 —19.30 1252 70.84 —7.963
(23.08) (24.76) (81.03) (47.14) (8.655)
Soil conservation 59.7* 61.01* 241.80%%** 154.7%%* 70.34%3%*
(34.2) (34.50) (86.8) (59.27) (9.315)
Experience —0.636 2.639 —1.458
(5.2) (3.230) (1.408)
Other crops — 107.2%%* — 98.12%#* — 50.29%:#*
(32.71) (28.75) (4.799)

Note: Dependent variable: teff production. N=292. Hansen J-test: chi-square test statistic 3.56 (with 2 degrees of freedom), p-value =0.168.
C-test for endogeneity of Barley, Wheat, Barleyz, Wheat?2, Barley X Wheat, Soil conservation: 17.31 (p-value = 0.008). Underidentification
test, Kleibergen-Paap LM-statistic: 10.9 (0.05). Breusch-Pagan test for heteroskedasticity: chi-square test statistic 193.92 (with 18 degrees of
freedom), p-value <0.001. Robust standard errors have been used in Columns (a), (c), and (d). IV, instrumental variable; OLS, ordinary least

squares.

2 10% two-sided test; robust standard errors in parentheses.

* Significant at the 10% level; ** significant at the 5% level; *** significant at the 1% level.

positive interaction effects on productivity
capture the presence of complementarity in
the agroecosystem. Such effects and their im-
plications for the value of diversity are further
evaluated below. In Table 2, while the coef-

ficients related to agroecological conditions
are consistent with expectation, none of them
are statistically significant at the 10% level in
any of the estimated models. Among the lo-
cation dummies, only the dummy for “east”
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TABLE 3

Simulated Value of Diversity D and its Decomposition (Complementarity Effect D¢, Scale Effect Dg, and
Convexity Effect Dy)

Diversity D=Dc + Dgr + Dy D¢ Dr Dy Dc + Dy
Diversity measure 56.75 99.18 —1.15 —41.28 57.90
Standard error 134.47 29.78 107.99 14.14 34.31
p-Value for testing D=0 0.34 0.001 0.507 0.001 0.090

Note: Evaluated at a farm size equal to 1.75 times the sample mean, and at a degree of specialization 3=0.8.

displayed a negative and strongly significant
coefficient. This is consistent with evidence
that the eastern part of the region has the worst
conditions for agricultural production (Gebre-
medhin, Smale, and Pender 2006). The use of
improved seeds does not have a statistically
significant effect. The share of land under re-
duced tillage is found to have an important
impact on productivity. The estimated coeffi-
cient, indeed, is always positive and statisti-
cally significant. This result indicates that soil
conservation measures can be a win-win strat-
egy in this agricultural system. Finally, the
farmer’s experience is not statically signifi-
cant, while the amount of land allocated the
other crops is negatively and significantly re-
lated to teff production.

We also investigated whether the produc-
tion function f(-) in [8] exhibited disconti-
nuities at y=0. This was done by introducing
dummy variables equal to 1 if y;=0 and zero
otherwise, followed by testing their statistical
significance. Using a Wald test and a 10% sig-
nificance level, we failed to reject the null hy-
pothesis that these dummy variables have a
significant effect on productivity. Thus, we
did not find statistical evidence that the pro-
duction function f(-) was discontinuous at
y=0. This means that we did not find statis-
tical evidence of significant “catalytic ef-
fects.” On that basis, our analysis proceeds
assuming that the production function f(-) in
[8] is continuous everywhere.

VI. IMPLICATIONS

The estimated production function (re-
ported in Table 2) provides a basis for investi-
gating the productivity of the agroecosystem.
Of special interest are the implications for the
value of diversity D given in [5] and its com-

ponents given in [6] and [7]: scale effect Dy,
complementarity effect D¢, and convexity ef-
fect Dvy.° In this context, based on the esti-
mated production function, a Monte Carlo
simulation is used to evaluate the distribution
of D and its components. This provides a basis
for assessing both the magnitude of the diver-
sity measures and their statistical significance.
Based on the parameter estimates reported in
Table 2 (Column (c)),!0 the simulation results
are presented in Tables 3, 4, and 5.

Table 3 shows the diversity measure D and
its components: complementarity D¢, scale
Dg, and convexity Dy, evaluated for a farm
of a size equal to 1.75 times the sample mean
and facing a degree of specialization 3 equal
to 0.8.11 Table 3 shows that both the convexity
effect and the complementarity effect are sta-
tistically significant. The complementarity ef-
fect D¢ is found to be positive and significant
at the 5% level. This provides evidence that
each crop tends to have a positive effect on
the marginal productivity of other crops.
Comparing Dc=99.18 with an average teff
production of 151, the productivity benefit as-
sociated with complementarity amounts to a
65% boost in productivity. These large effects
are presumably capturing the positive effects
of niche partitioning and crop rotation on soil
fertility. Thus, our analysis documents that the
complementarity component of diversity pro-
vides significant productivity benefits to the
functioning of the agroecosystem.

9 Given the lack of statistical evidence about catalytic
effects, the estimated model implicitly assumes that D¢=0.

10 The simulation was also conducted using the other IV
estimates reported in Table 2. While this affected the quan-
titative results, the qualitative conclusions were similar.

T Alternative degrees of specialization were also ex-
plored. See below.
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The scale component Dy in Table 3 is neg-
ative (— 1.15) but not statistically significant.
As discussed above, Dg =0 is obtained under
constant returns to scale (CRTS). This indi-
cates that the scenario evaluated in Table 3
corresponds to a situation where CRTS cannot
be rejected. We also conducted the analysis
reported in Table 3 under different farm sizes.
We did find some evidence that Dg became
positive and statistically significant for very
small farms. This indicates the presence of in-
creasing returns to scale (IRTS) for very small
farm sizes, where Dg >0 under IRTS means
that scale effects can contribute positively to
the value of diversity. However, such evalu-
ations involved simulating farm sizes that
were at the lower bound of observations from
the sample. This means that the statistical evi-
dence in favor of IRTS has to be interpreted
with caution: it is not wise to extrapolate out-
side of the sample information. We found that,
within the range of most farm sizes observed
in the sample, Dg was not statistically differ-
ent from zero (as in the case reported in Table
3). This means that, for most farms, the tech-
nology of the agroecosystem seems to exhibit
CRTS (in which case Dg =0).12 Thus, the evi-
dence against CRTS is weak, implying that
the scale effect Dr does not appear to be an
important part of the value of diversity in our
agroecosystem.

Table 3 shows that the convexity effect Dy
is negative: —41.28. And it is statistically
significant at the 1% level. As discussed
above, Dy is expected to be positive under
convex technology (i.e., a technology exhib-
iting decreasing marginal returns). This pro-
vides evidence that our agroecosystem does
not exhibit decreasing marginal returns in
outputs, and that its underlying technology is
not convex. Moreover, this nonconvexity
means that the convexity component Dy pro-
vides an incentive to specialize. Comparing
Dy = —41.28 with an average teff produc-

12 We also conducted the analysis assuming CRTS. This
was done by defining all inputs and outputs on a per-hectare
basis. As discussed above, this implied Dg =0. The esti-
mates of the value diversity and its components were similar
to the ones reported in this paper. This is consistent with the
results reported in Table 3 showing no strong evidence
against the CRTS hypothesis (where Dg =0).
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tion of 151, the productivity loss associated
with (non)convexity amounts to a 27% de-
cline in productivity. Besides being statisti-
cally significant, this also appears to be
economically important. In other words, our
empirical analysis indicates that nonconvex-
ity in the technology of the agroecosystem
provides disincentives to diversify and con-
tributes to reducing the value of diversity. We
conjecture that such effects are related to the
fact that diverse systems can become more
complex to manage, suggesting that mana-
gerial difficulties may provide incentives to
specialize.

When putting all components together,
Table 3 shows that the value of diversity D
remains positive: D=156.75. This amounts to
a 37% contribution to productivity. This re-
flects the fact that the complementarity com-
ponent (Dc=99.18) is large enough to
dominate the negative convexity component
(Dy = —41.28). Even if we ignore the (non-
significant) scale component Dg, note that
D¢ + Dy=57.90 is positive and contributes
to a 38% boost in productivity. However, nei-
ther D nor (D¢ + Dy) is statistically different
from zero at the 5% significance level. This
means that the evidence of significant overall
value of diversity in our agroecosystem is
weak. The reason is that, even in the presence
of significant complementarity benefits, such
benefits are canceled out by opposite effects
from the (non)convexity component.

Table 4 presents simulation results evalu-
ating the effects of the degree of specializa-
tion B on the complementarity component
D¢ and the convexity component Dy. It
shows that both D¢ and Dy are small under
mild specialization (e.g., 8=0.4). However,
their magnitude increases rapidly with 3, re-
flecting large effects on productivity. In all
cases, the magnitude of the complementarity
component dominates the magnitude of the
(non)convexity component. This means that
their combined effect (D¢ + Dy) is always
positive. However, these two effects tend to
cancel each other, implying that their com-
bined effect tends to be smaller and is no
longer statistically significant. Thus, the evi-
dence of nonsignificant overall value of di-
versity reported in Table 3 remains valid
under alternative diversification schemes.
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TABLE 4

Simulated Effects of the Degree of Specialization 8 on Complementarity D¢ and Convexity Dy
Measure of be by Dc + Dy
Diversity: Degree Diversity Diversity Diversity
of Specialization 8 Measure Std. Err. Measure Std. Err. Measure Std. Err.
B=04 2.02%%* 0.81 — 0.84%%% 0.29 1.18 0.70
B=0.6 3237k 12.99 — 13.48## 4.62 18.91 11.20
B=0.8 99.18% 29.78 — 4128w 14.14 57.90 34.31
B=1 202.41%%%* 81.19 — 84.25%%* 28.85 118.17 70.01

Note: Evaluated at a farm size equal to 1.75 times the sample mean.
##% Significant at the 1% level.

TABLE 5

Simulated Effects of Farm Size on Complementarity D¢ and Convexity Dy
Measure of D¢ Dy D¢ + Dy
Diversity: Farm
Size (Proportion of Diversity Diversity Diversity
Sample Mean) Measure Std. Err. Measure Std. Err. Measure Std. Err.
0.5 8.097##* 3.25 — 337k 1.15 4.72 2.80
1 32.39sskk 12.99 — 13.49%#* 4.61 18.91 11.20
1.5 7287k 29.33 —30.33%%* 10.39 25.20 25.20
2 129.54%%%* 51.96 —53.92%%* 18.46 75.62 44.81

Note: Evaluated at a degree of specialization 8=0.8.
##% Significant at the 1% level.

Table 5 presents simulation results evalu-
ating the effects of farm size on the comple-
mentarity component D¢ and the convexity
component Dy. It shows that, although they
remain statistically significant, both D¢ and
Dy tend to be small on small farms. However,
their magnitude increases rapidly with farm
size. This indicates large and significant im-
pacts of each component on larger farms. Ta-
ble 5 provides evidence that, in absolute
value, both the complementarity component
and the (non)convexity component increase
with farm size. In all cases, the magnitude of
the complementarity component dominates
the magnitude of the (non)convexity compo-
nent. This means that their combined effect
(Dc + Dy) is always positive. Again, these
two effects tend to cancel each other, implying
that their combined effect is no longer statis-
tically significant. This indicates that the evi-
dence of nonsignificant overall value of
diversity reported in Table 4 remains valid for
a wide range of farm sizes.

VII. CONCLUDING REMARKS

We have presented an analysis of the value
of crop biodiversity in an agroecosystem, with
an application to food production in the High-
lands of Ethiopia. The approach applies under
general conditions. For example, it allows for
a nonconvex technology (where diminishing
marginal productivity may not hold). The
analysis relies on Luenberger’s (1995) short-
age function to provide a measure of the pro-
ductive value of crop biodiversity. When
positive, this value reflects the fact that an
ecosystem is worth more than the “sum of its
parts.” Following Chavas (2009), this value
can be decomposed into four additive com-
ponents, reflecting complementarity effects,
scale effects, convexity effects, and catalytic
effects. These components provide a useful
framework to better understand the role of di-
versity in agroecosystems. For example,
complementarity comes from positive exter-
nalities across agricultural activities. These
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externalities can be associated with more ef-
fective use of resources, reduction in pest in-
festation, increases in soil productivity, and/
or better adaptation to local agroclimatic
conditions. While identifying the exact source
of complementarity remains challenging, our
analysis provides a basis for evaluating both
the presence and the magnitude of comple-
mentarity effects among crops. This is illus-
trated in an application to an agroecosystem
in Ethiopia.

The empirical analysis involved specifying
and estimating the shortage function as a rep-
resentation of the underlying technology. Re-
lying on an instrumental variables estimator,
the estimates were used to evaluate the pro-
ductive value of crop biodiversity and its
components. Results show that the value of
crop diversity is positive. The complementar-
ity effect was found to positive and significant
at the 5% level. In the context of the Ethiopian
agroecosystem, this provides evidence that
each crop tends to stimulate the marginal pro-
ductivity of other crops. Our analysis shows
that complementarity provides a positive and
significant contribution to the productive
value of crop diversity in the Ethiopian agroe-
cosystem. We also found evidence that the
convexity component of diversity value is
negative and statistically significant. This cor-
responds to a technology that is not convex,
that is, where marginal products of outputs are
not diminishing. This means that the convex-
ity component provides an incentive to spe-
cialize. In general, the (negative) convexity
component is dominated by the (positive)
complementarity component, generating a
positive overall value of diversity. However,
as these two terms tend to cancel each other,
our estimate of the overall value of diversity
is not statistically significant.

Our empirical analysis did not find statis-
tical evidence that either the scale effect or the
catalytic effect played a significant role in the
value of crop biodiversity. The lack of evi-
dence of a scale effect means that farm size
does not have a large impact on the function-
ing of the agroecosystem in Ethiopia. How-
ever, our empirical results did suggest that
both complementarity effects and convexity
effects may increase with farm size.
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While our investigation focused on the pro-
ductive value of crop biodiversity, we should
note that this value is only a part of the total
value of the biodiversity of an ecosystem.
This indicates that biodiversity issues need to
be analyzed in a broader context (i.e., includ-
ing nonagricultural activities). Additional re-
search is also needed in evaluating the role of
uncertainty, risk preferences, and their impli-
cations for the design and implementation of
risk management schemes. In a dynamic con-
text, this would mean addressing the issue of
how new information that becomes available
over time is used in ecosystem management.
It should also be noted that, while we have
documented the importance of some drivers
behind the positive value of diversity, disen-
tangling the exact mechanisms behind com-
plementarities remains a challenging task.
This is a good topic for future research. Fi-
nally, while our analysis of an Ethiopian
agroecosystem illustrated the usefulness of
our approach to biodiversity valuation, we
should keep in mind that our empirical find-
ings may not apply to alternative ecosystems.
There is a need for additional empirical in-
vestigations of the productivity implications
of ecosystem functioning. These appear to be
good topics for future research.
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