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ABSTRACT

This paper addresses the relationship between iagirebrsity conservation and sustainable
agricultural intensification. A stylised theoreticaodel is used to explore the conditions by
which both agrobiodiversity and conventional inpuénsification may increase through
optimal adjustments of input use in biodiversitppagroecosystems. The model shows that
this result can arise in quite general circumstandeere there is (1) an agricultural
production technology that allows a positive relaship between ecological integrity of a
given agricultural area and agricultural produdyivin that area, and (2) decision maker
preferences that recognise this positive relatignahd generate resource allocation decisions
that support it. While increase in agrobiodiversibnservation is a necessary condition for
optimal resource adjustments, whether input uskingtease or decrease along this optimal
path depends on the buffering effect of agrobiadiwye on ecosystem damage and the
relative societal welfare impacts of reduced adjical output and ecosystem damage. A
provocative hypothesis derived from the model moattthe possibility that ecosystem
damage (agrobiodiversity loss) can optimally deckwen while agriculture is being
intensified.
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Technology, preferences and the sustainable intensification of agricultural production

1. Introduction
It is widely accepted that agricultural productwhust increase to cope with the

increasing food demands from a rising populaticairesg a background of relatively
inflexible cultivable land area. At the same timesirecognised that the modern intensive
agricultural practices, that have been the maimcgoof productivity gains in recent decades,
may not be sustainable (McNeely and Scherr 2003)ridy et al. 2005; Jackson et al. 2007).
Further, as people confront population growth,eased food demand, climate change, and
the globalization of agricultural markets, agrioudl landscapes are undergoing
unprecedented transitions. Thus we face a challehg@sing productivity without
compromising the flow of valuable ecosystem ses/{ddEA 2005; Perrings et al. 2006;
FAO 2007; Perrings et al. forthcoming

A key issue here is the contrast between two opgogews of the interactions
between agricultural production and ecological psses. On the one hand the competitive
vision of agricultural production that has tradii@dly dominated agricultural practice,
especially in industrial countries, supports anrapph that adjusts the environment so that
growing conditions for a target species (the ‘cy@ve optimised while those for competing
species (e.g. ‘weeds’ and ‘pests’) are deliberatalysened. This approach is increasingly
being questioned since it ignores well-known intéoas between species as well as a range
of processes that contribute to short and long-egncultural productivity and stability
(Altieri 1999; Swift et al. 2004; Jackson et aD0Z). This alternative view suggests that long
run productivity and stability is more likely re¢at to maintenance of specific ecosystem
functions rather than the number of species pdfsher, agrobiodiversity is likely to
enhance agroecosystem functioning when assemhbdgescies are added whose presence
results in unique or complementary effects on estesy functioning (Tscharntke et al. 2005;

Jackson et al. 2007, Zhang et al. 2007).
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These contrasting effects indicate an ambiguoasioelship between productivity and
agrobiodiversity since the conservation of non-gpecies introduces a trade-off between
increased direct competition with crop species Idad, light, nutrients, moisture etc.) and the
increased support that these species provide foeagsystem functions (such as nutrient
recycling, biological pest control, pollination gtthat promote crop productivity. In fact,
there is a growing interest in empirically analgsthe productivity effect of agrobiodiversity
in the short and long run. Studies seem to contfiraih agrobiodiversity is instrumental to
increasing the mean level while at the same tinoeedesing the variance of crop yields (e.g.,
Smale et al. 1998; Omer et al. 2007; di Falco ahav@s 2003, 2008, di Falco et al., 2007).
This concurs with experimental and observationalagical studies about the role of
agrobiodiversity for the stability and productividy agricultural biomass (Loreau et al. 2002).
Additionally, there are some emergent theoretitadiss that create stylized ecological-
economic frameworks to better understand the rbbeaaliversity in agriculture (e.qg.
Baumgartner and Quaas 2008a; Baumgartner and (20886).

The present paper also presents a stylised repatisenof an agroecosystem. It
theoretically focuses on the relationship betweendasing use of inputs as a control variable
and the stock of biodiversity as the state variadohel addresses an issue that has not yet
attracted sufficient attention in the mainstreamcadfural, development and ecological
economics literature, i.e, the possibility of sustdale agricultural intensification. Specifically
we acknowledge recent studies about the positieeafoagrobiodiversity conservation as a
means of enhancing the buffering capacity of anegysystem. This assumption is built into
a stylized optimal control model that shows thesgmbty for supporting the sustainable
intensification of agricultural production processdong an optimal pathway that maximises
societal welfare. The main objective of this pagdp theoretically build up a testable

sustainable intensification hypothesis.
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The model shows that a sustainable intensificgteth can be achieved in already
agrobiodiversity poor agricultural landscapes pdedi that there is the possibility to sustain
(1) an agricultural production technology that supp a positive relationship between
ecological integrity of a given agricultural argadaagricultural productivity in that area, and
(2) decision maker preferences that recognisepthegtive relationship and generate resource
allocation decisions that support it.

The next section builds up the general optimalrmdmodel and Section 3 offers a
qualitative analysis of the dynamic relationshipasgen agricultural output and
agrobiodiversity levels. Then Section 4 furtherraddes the relationship between ecosystem
damage and input intensification along the optipah. Finally section 5 concludes and

provides policy interpretation of the theoreticgpbthesis built up in the model.

2. The agr oecosystem model

The present model focuses on maximizing the digeaupresent value of utility flows
to perpetuity where utility is assumed to depend@ custained flow of marketable
agricultural output, Y(t), with disutility arisinfjom agroecosystem damad¥}). The latter
is related to the use of artificial inpud(t). For the decision maker, the problem becomes to
optimally allocate resources on a given area af Erany period, between marketable
agricultural outputy(t), and environmental conservation effort or expemdg,C(t), in order
to enhance the current biodiversity stoBg).

The direct utility functionlJ=U[Y(t),D(t)], is assumed strictly concave, linearly
separable in Y and D, and with positive and dinfiimig marginal utility with respect to Y(t)

i.e.U, >0,U,, <O0. In addition, the marginal utility of D(t) is spéed to be negative and

decreasingu , <0,U,, <O.



2.1. Agrobiodiver sity and agr oecosystem damage

The stock of agrobiodiversitf(t), enters into the production function alongsidewbetor of
artificial inputs,X(t), thus assuming that biodiversity is a natural irfauburing crop
production. he agricultural production functiofi[ X(t),B(t)] , is assumed to be strictly
concave and twice differentiable, wkg > 0, F;; <0OandF, >0,F,, <0, and to exhibit
weak essentialityF (0) = 0. Due to the ambiguous nature of the relationskigvben

agricultural productivity and biodiversity, lineseparability assumed betwe¥mandB. The
latter separability assumption is used due to indefscale of the present analysis; a given
‘area of land’ is consistent with a range of potisids from field/farm level to
watershed/region level. Since each level has afstb-components and hence a different
interaction with production process, the main dffda change in stock of biodiversit),
on the marginal product of artificial inpu(t), is likely to be different at each level or
sublevel ofB(t). For instance, an increase in the diversity ofdétser soil micro-organisms is
assumed to increase the marginal product of adificput use, e.g. fertiliser, since it is
expected to enhance the soil productivity, kg, = 0. Alternatively, an increase in natural
vegetation diversity would decrease the marginatipct of fertiliser as it increases the

competition against the cultivated crops, giviRg, < 0. Similar examples could be stated for

other components of biodiversity. Generally to deiae the effect of an increaseBit) on
marginal product oX(t), requires detailed and specific information on mheomponent(s) of
biodiversity is changed. Hence, for simpliciBfX(t), B(t)], is assumed to be linearly
separable in B(t) and X(t). i.&,; = F5, =0.

The effect on agroecosystem services of intemsdgricultural production is
represented by the ‘damage (or ‘degradation’) fiom&t D(t)=D[ X(t), B(t)], to reflect that the
dynamics of such ecosystem service degradatioensity dependent. In this case, we assume

that increasing the stock of biodiversity make®sitve contribution to ecosystem resilience



and hence to its ability to better tolerate androome the adverse effect of agricultural

activities, henc®, <0,Dg; > 0. In addition, ecosystem damage due to applicatfofis
assumed to rise at an increasing rateDi,e> 0,D,, >0.

However the secondary relationship between the ¢cingfaX on ecosystem service
degradation and the stock of biodiversity (i.e. slgn ofDyxg) is harder to ascertain. On the
one hand this relationship may be negative as@ease in biodiversity stock increases
resilience of the agroecosystem and also redueedaimage generated by any given level of
X application. On the other hand the increased beydity stock could become more
accessible and thus more vulnerable to being dashnagecreasing, suggesting a positive
relationship. Given this ambiguity, the damage intganction is made linearly separable in
X(t) andB(t), i.e. D,z = Dg, =0.

The state variabld(t), is assumed to evolve according to a process tigfte@) the
natural dynamics of biodiversity, (ii) purposivebiversity conservation activities, and (iii)
conventional agricultural activities carried outle agroecosystem using conventional
inputs, yielding the following simple extended Istit function:

B=aB(l-B/K)+d& - X (1a)
wherea > 0 might reflect the natural dynamicsBfandK stands for the maximum diversity
that can be obtained in the land area under a gigtural evolution without artificial input
application. As in highly intensified agricultursystems it is typical to find relatively low
levels of biodiversity compared 6 the ternB/K is expected to be negligible, and without

loss of generality, equation (1a) can be approxachas:

B=aB+dC - X (1b)



whereq, d andy are all constants. Equation (1b) shows that bergity is enhanced
proportionally to investment in conservati@it), d being the rate of induced growtland
that biodiversity degraded proportionally to adidil input application. In addition, it is
assumed that no depletion in biodiversity occura essult of its support to the production

process.

2.2. Optimal intensification paths

The objective is to choose the time paths for th@rol variablesX(t) andC(t), that
maximise the value functiofty, considering the instantaneous effect on utityd the inter-
temporal impact on the state of biodiversity. Tikig effect a problem of identifying the
trade-off between consumption and biodiversity eovation that involves optimising the
production process by controlling the scale ofadtural intensificationX(t). The problem is

described as:
IY\/IXa%<W(Y(t), D(t)) = Te“"u(Y(t), D(t))dt (2)

wherep >0 is the utility discount rate, subject to (igtbquation of motion fda(t), (ii) the
non-negativity constraints, i.eX 20 and D = 0, (iii) the initial conditionB(0) = B,, (iv) the
impact functionD(.), and (v) the environmental conservation investnfiegm¢tion (3):

C(t) = F[X(1),B(O] - Y (1) 3)

yielding the current-value Hamiltonian:
He =U(Y,D) +g(aB + & () - oY — JX) 4)
and whereab stands for the current shadow value of biodivergihemaximum principle for

an interior solution shows that:

! The parameted can also be interpreted as the marginal degradatiB(t) caused by increase ¥ft) i.e. the
opportunity cost of @).
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owc =B =aB+J[F()-Y]- X (5a)
inc ~U, -3 =0 (Sb)
A ~UyD, +4(F, -1)=0 (5¢)
20,0, ~olo -, )=~ 1 50

Equation (5a) restates the state equation, (Shpksties that the current shadow value of
biodiversity () is positive, while (5c¢) states that X should Becated such that the marginal
utility and disutility of artificial input use argalanced. For an interior solution, the bracketed
term (éFX —y) is positive a® is positive and the first term is unambiguouslgateve.
Equation (5d) is the standard non-arbitrage comlivhich dictates that for an optimal
solution, no gain in utility can be achieved byll@zating natural capital in the form of
biodiversity from one period to another. This oscwhen the current marginal returnBgt)
equals its marginal cost.

In order to gain analytical insights into the dynaimehaviour of the relationship
between agriculture and its impact on biodiversatgualitative analysis that focuses on
[B(1),Y(t)] space for this agroecological system and a diffeal equation fok(t), is derived
from the optimal solution. From (5b-5%]t) can be defined as an implicit function¥¢f) and
B(t) giving equation (6), witiX; >0 and X, <0, i.e. X (Y, B) is the level 0K(t) that solves
the optimality conditions.

U, [, -y]+d,D, =0 (6)
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In addition, the optimal path fof(t) is derived by totally differentiating (5b) withgeect to

time?

Y:—U—Y[a—,0+dFB—[c5FX —y]%} (7)

UYY X
Equation (7), together with the state equation,(§&es a new set of non-linear
dynamic relationships for this agroecological systevith Y(0) left free. To examine the
dynamic behaviour of the system {iB(t), Y(t)] space a phase diagram can be
constructed.(c.f. Figure 1). Suppressing the tinakex, for readability, the dynamic system, at

equilibrium is denoted as:

B =g(B,Y)
Y = f(B,Y)

This system is assumed to have a unique solutetrsttisfies the initial conditions

B(0) = B,. Two demarcation curve8(= &ndY = 0) are drawn, that divide phase space
into four regions (I to 1V), with different time deatives forY and B. The slopes of these
isoclines are derived in a mathematical appendailalvie from the authors.

Figure 1. E* is a saddle point equilibrium in (B, Y) space

Yi

B B,

% See the Appendix (available from the authors)aféull illustration of the two partial derivativet addition
the second order conditions, required for optinalitthis solution are met, i.e. both the utilitydaproduction
functions are strictly concave.
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The qualitative analysis focuses on the propedids®y variables along the
converging path illustrated by Isosectarlh particular we look at the dynamics of
agricultural input use as it adjusts towards elriilim over timeX , and the corresponding

adjustment of ecosystem service degradaban,

3. Therelationship between ecosystem damage and input intensification
The optimal adjustment of agricultural input useéscribed by the following
expression:

X =+ {[d:x _y]UWY+dJDDDXDBB} A N, +N,
{_JJYFXX_dJDDXX_dJDD(DX)} L

(8)

According to the sign conventions previously addptecan be shown that while the

denominator (L) in (8) is positive, the sign of t@merator is ambiguous. The first term in
the numeratorN, = (dFX —y)UWY <0, can be rewritten aéﬁFx —y)/7YUY % <0, where

n, =Y., /U,) measures the elasticity of marginal utility of auttpThis elasticity shows

the percentage change in marginal utility for a paecent change in output and can be
interpreted as a measure of how tolerant the decrsiaker is to reductions in agricultural
output. Intuitively this would be measured by tixéeat to which declining utility levels due

to reductions in output are cushioned by offsetthgnges in the marginal utility of output.
This term represents the ‘weighted’ effect of argein X on utility, through its impact on
biodiversity stock and output, where the weighhis rate of output growtN /Y . Given the
assumptions about the nature and derivatives diimetions in the model (see section 2), this

term is negative.

% There is also a converging path in Isosector Here initial levels of biodiversity are higher atmhvergence
requires that both biodiversity and output decbrer time. Analysis of relationships in this Isasecthat could
be relevant to biodiversity-rich agroecosystemsgisthe focus of this paper.

* This expression is obtained by totally differetitig equation (6) with respect to time and reariaggerms.
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In a similar wayN, = dJ ,,D, DB > Omay be rewritten agD , (/y./7,U D—: where
n, =D, /U,) measures the elasticity of marginal utility of egsiem damage (the
decision maker’s tolerance to ecosystem damageyapd DB% measures the damage

elasticity with respect tB. The latter elasticity shows the percentage redngtiecosystem
damage for a one percent increase in biodiversityithus reflects the relative impact of
changes in biodiversity stock in cushioning ecamystiamage. This second term in the
numerator represents the ‘weighted’ effect of angeainX on utility, through its impact on

biodiversity stock and ecosystem damage, wheravéight is the rate of growth in the stock
of agrobiodiversityB/ B . Given the assumptions detailed in section 2,t#1is is positive.

Input use will be increasing along the optimalatinent path X > Pwhenever N>
N; and the numerator as a whole is positiVkis will depend on the extent to which the
decision maker is either less tolerant to redustioroutput (N smaller) or more tolerant to
increases in ecosystem damage l@¥ger) where tolerance is measured by the extemhich
reductions in utility occasioned by either of thebanges is cushioned by offsetting changes
in the corresponding marginal utilities. The implion is that preferences displaying greater
tolerance to ecosystem damage (or less toleramegltmtions in output) would tend to
support increased input use along the optimal fma#guilibrium and thus the intensification
of agricultural production processes. This tendemoyld be further supported in an
agroecological system where the damage elastitibyodiversity is greater (increasing the
value of N above) so that biodiversity has a greater cushgimpact on ecosystem damage.

We also investigate the relationship between optageoecosystem degradation and
agricultural intensification by considering the iopl co-evolution ofX and D along the

convergent path in this Isosector. Totally diffdrating the damage functiob, (X,B), with

respect to time, i.eD = D, X + DB, the effect of the change in inputs Dralong the
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optimal path, can be derived by substituting ¥orfrom equation (8)pbtaining the following
equation of motion for ecosystem damage as a fumact agroecological effects, the motion

of biodiversity and agricultural output and theffieets on utility:

{[dJDPxx +dJYFxx]DBB_[d:x _y]DxUWY}
{0, Fq +0U 5Dy +dU 5 (Dy )}

D= 9)

From (9) and based on the assumptions about theenand derivatives of the functions in the

model (see section 2J) is unambiguously negative where b@&l> afdY > Q i.e. for a

biodiversity-poor agroecosystem that could be regmted by Isosector I. That is, in Isosector

|, D <0 and this will be the case even wh¥n> . l0implies that along the optimal path to
the long run equilibrium, in biodiversity poor agiltural landscapes, ecosystem damage
would decline even when input use increases. Timg othus that along the optimal
adjustment path, at relatively low levels of biaatisity, increasing input allocation can be
consistent with reductions in ecosystem degradalibis result is more likely to arise when
biodiversity stock has a strong cushioning effeceoosystem damage and when decision

maker preferences show greater tolerance for emaygamage than for reductions in output.

4. Conclusions

The theoretical model presented here rests on stytized assumptions regarding the
role of agroecosystem on a fixed area of land. Adiog to such assumptions it is possible to
show that in principle it should be possible talfam optimal path of agricultural
intensification that is consistent with a reductinrecosystem damage (or lowering
agrobiodiversity loss) as the system adjusts tosvird long run equilibrium. This trajectory
would maximise welfare for a decision maker overdi In this vein we show that (1)
decreasing ecosystem damage is a key characterfiskics adjustment and that (2) only in
certain circumstances this can be accompanied lrycagase in the use of artificial inputs

leading to intensification of agricultural prodwiiprocesses. While the former result is
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unsurprising, this latter result suggests thatelsfiould be room to explore the existence and
the conditions accompanying sustainable agriculintansification processes.

This result relates to farming systems where agdiersity has been greatly
depleted. Thus, the potential for recovering higbeels of agrobiodiversity through
conservation activities while at the same timenigytio enhance agricultural production is
possible. More specifically, while a decrease iosgystem damage is a characteristic of the
optimal adjustment path across all the circumstaatlewed by the current model, whether
input use will increase or decrease as the ecanygptimally adjusts along this pathway will
depend on the nature of the production technol@gg@and on the preferences of the decision
maker. Increasing input use (intensification) issiritkely to arise as an optimal strategy
where the existing low levels of biodiversity havgreater impact in cushioning ecosystem
damage so that the ecosystem is more resilierdrttade from agricultural production
processes. Sustainable intensification is also rilely to arise when the decision maker is
more tolerant to ecosystem damage and less toleraatiuctions in available output, where
tolerance is measured by the elasticity of marginiéity with respect to ecosystem damage
and output respectively. This is a key parametatr phovides an index of the extent to which
the effects on utility, of changes in output andssstem damage, are cushioned by offsetting
changes in marginal utility.

The result implies that the sustainable intenaifan of agricultural production
processes, that would help support security of &quply in the face of increasing demands
from an increasing and increasingly affluent popataunder further competition for
agricultural land, could be facilitated by policidst encouraged agroecosystem resilience
and greater tolerance by the decision maker toyste®m damage.

While the analysis is consistent with policies tag aimed at reducing ecosystem
damage (e.g., environmental stewardship schemtbe &AP in the EU), the implications go

further than this. First of all, these results shbat (especially for regions in developing
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countries that have become highly intensified atdkpense of agrobiodiversity), change in
agricultural production practices that enhancedtiféering influence of biodiversity on
ecosystem damage could promote food security, Evére short term, by supporting
sustainable intensification. This lends suppofutther expanding the call for research on
agroecosystems and environmentally friendly farnsypstems (Altieri 1999; Perrings et al.
2006; Jackson et al. 2007). Secondly, these resigitdight the characteristics of individual
preferences and their influence on input use datssicalling attention to research on
incentives and economic mechanisms for agrobioslityeconservation (e.g. Pascual and

Perrings, 2007; Perrings et al., forthcon)irgdltimately the feasibility of sustainable

intensification will depend on the relative extémivhich welfare responds to ecosystem
damage versus potential reductions in agricultougbut. It is not clear whether this
characteristic of individual and societal prefeenmight be altered by information and

education programmes.
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