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Abstract

‘Soil mining’ is believed to be pervasive in areas where the traditional, extensive form of cultivation, with long periods of fallow, is breaking down due to increasing population pressure, combined with poverty. Some of the technologies that are promoted as components of a solution to the problem are by nature lumpy and irreversible investments, with delayed and uncertain benefits. When making such investments, the farmer expects her household will become dependent on external consumption transfers the first few years after investment, but thereafter the household will experience above average yields. This paper conceptualizes the financial market available in traditional economies as a transfer arrangement that insures households against income deviations from a village mean. Here there are two critical periods. First, when the adopter goes through her lean period after investment, the whole social solidarity network shares this burden. But this support may be insufficient to protect her against subsistence risk. Second, after the lean period is over, the investor has an incentive to renege on her commitments, since she is now becoming disproportionately a contributor of transfers. However, if her success convinces her neighbors that they, too, should make similar investments, her membership in the solidarity network becomes critical for the ability of the network to help other members through their lean periods. This paper presents an analytical model to study these relationships. 

Introduction

The Green Revolution never reached Africa. Although desperate poverty is pervasive also on other continents, only in Africa are GDP and food output per capita declining. The failure of African agriculture to feed her growing population along with increasing concern about natural resource degradation, combine to paint a bleak picture of the prospects for poverty alleviation on this continent. 

Historically, most of the African continent has been sparsely populated, and therefore relatively land abundant. As a consequence of this, traditional, land extensive livelihood strategies have predominated, and continue to do so. Traditional agricultural practices are based on shifting cultivation, an alternation of ‘short’ periods of cropping, and relatively long periods of fallow. The fallow periods have two main functions; they allow the extracted soil nutrients to be replaced through biochemical processes of nutrient mobilization, and they generate a vegetation cover with few annual species that behave as ‘weeds’ in cultivated fields. As fallows grow shorter in response to increased population pressure, the benefits from fallows decline. Thus, shorter fallows lead to lower levels of soil fertility, and to lower productivity of weeding labor. Several studies find that the intensity of land use has increased during the last few decades, with land being in active cultivation for longer periods of time, and the duration of fallows growing shorter. A predictable result of this trend is an increasing need to compensate for shorter fallows by using externally supplied soil nutrients. Drechsel, Gyiele et al. (2001) report that given current levels of fertilizer application, on average for Africa a land-use intensity corresponding to land being left fallow four years out of five is required to avoid soil nutrient depletion. However, this situation has now become rare; their study finds that current agricultural production levels are sustained through high levels of soil nutrient ‘mining’, i.e. net extraction. There is a significant, negative relationship between rural population density and estimated balance of soil-N and -P.

To meet the dual goal of developing an agricultural sector that both feeds the population better than now, and does this in an environmentally more sustainable way, Africa needs what Gordon Conway has coined a “Doubly Green Revolution” (Conway 2001). That is, African agriculture needs to adopt new technologies that may not yet exist, or if they do, they have not been adopted on a large scale, for various reasons. Promising technologies do exist. An example is technologies that have the potential to increase yields of African agriculture manifold that Dr. Pedro Sanchez, as leader of the International Center for Research on Agroforestry (ICRAF), helped develop. This work earned him the 2002 World Food Prize. After his arrival in East Africa, Sanchez soon realized the importance of developing technologies to rejuvenate African soils. Now, thousands of farmers throughout East Africa are testing ICRAF’s systems of agroforestry and improved fallows, combined with small amounts of external fertilizers (in press, August 2002
). In large parts of Africa, soil moisture and soil nutrients alternate as the constraining factor for plant growth, so technological improvements need to address both soil and water conservation. In semi-arid areas of Africa, farmers are experimenting with water harvesting techniques that have been shown to generate significant yield improvements and more stable yields, especially when adopted in combination with better soil nutrient management and improved, drought-resistant crops (Sanders, Shapiro et al. 1996).

But experience has shown that the problem is not solved with the development of a higher-yielding technology. The next challenge is to disseminate such technologies, so they can be widely adopted. Unfortunately, the adoption record for improved technologies is mixed and disappointing. The reasons for non-adoption are varied and sometimes poorly understood. Clearly, market incentives are important (Polson and Spencer 1991; Kristjanson, Okike et al. 2000) BETTER REFS?; farmers are not motivated to experiment with new technologies if they do not expect to get any benefits from it. However, in Africa the macroeconomic environment has been biased against agriculture, crippling the demand-pull effect of development (Kayizzi-Mugerwa 1998). Technology adoption is further complicated by technical and learning externalities and income dynamics that may be difficult to analyze, but surely play an important role (Besley and Case 1993). Particularly disconcerting are examples of promising technologies that end up being disadopted after an initial tentative adoption (Moser and Barrett 2002). A better understanding of the adoption process and constraints to adoption is needed to guide policymakers in designing appropriate policies to stimulate technology adoption.


The doubly green technologies differ from the conventional green revolution technologies in that they require a more holistic view on the farming system as an agroecological system that interacts with its non-cultivated environment (Altieri 2002; Power and Kenmore 2002). Generally this does not make them more physical capital intensive, but they tend to be very labor and skill intensive (Fernandes, Pell et al. 2002). The need to adopt a complex technology package, with many interdependent components, turns doubly green technologies into lumpy investments that cannot be made little by little. The integrated tree-crop systems developed by ICRAF, which will not yield any benefits unless adopted at a sufficiently large scale, is an example. Another important feature of these technologies is that their benefits tend to materialize with a lag that is often of many years’ duration. Thus, their adoption will depend on people’s time preferences, and will require access to financial markets that enables farmers to transfer consumption through time. This makes the development of rural financial markets critical to facilitate necessary technology adoption.


In general, African farmers do not have access to formal financial markets. But in their absence, they rely on informal financial markets. Low-cost approaches to policy intervention in these markets could be to find ways to either assist or complement the informal services people do have access to. But to do that, policymakers need a better understanding of how informal financial markets actually work. The most important sources of informal finance in rural Africa are (or have been) (i) interlinked contracts, where input purchases and output sales are made through the same marketing channels, (ii) private money lenders, and (iii) transfers within social networks. Much of the interlinked inputs and outputs trade used to take place within inefficient parastatals, which were targeted for dismantling during the structural adjustment process following the debt crisis of the 1980s. As a result of this process, this source of credit has diminished its importance during the last couple of decades (REFS?). Furthermore, this source of credit can only be applied for a limited range of purposes that does not include large, lumpy investments. Private moneylenders are known to charge very high interest rates (Aleem 1993), at levels that preclude the use credit also from this source for the purpose of financing investments in doubly green technologies. So for the purposes considered in this paper, credit through social networks is the only source available to farmers in Africa. Indeed, studies find that it may be the only source of credit for any purpose in rural Africa (Udry 1994).


Borrowing through social networks tends to be very informal, with no written contracts, and no explicit agreements about the terms of repayment. Udry (1994) found in a study of informal credit through social networks in Northern Nigeria that both duration of loans and repayment amounts tended to be state contingent, with more favorable terms for borrowers who had experienced adverse shocks. Thus, he made the very interesting observation that informal credit could not be clearly distinguished from informal insurance. Whether we consider this market as one of credit or insurance, it does not offer people an opportunity to earn significant interests on loans, and the principle of reciprocity matters more in the long run than balance of payments. The costs of borrowing through such networks are not so much associated with a markup on the loan itself, as with the development and maintenance of the network as such. This is an area of study that has attracted more interest from anthropologists than from economists. The system of reciprocal transfers within social networks has been labeled “the Moral Economy of the Peasants” by the former (Scott 1976), while the latter express a less romantic view on social solidarity. Economic research on social solidarity has modeled traditional insurance in terms of game theory, searching for feasibility constraints for insurance arrangements in an informal context without the possibility of contract enforcement (Coate and Ravallion 1993).


Studies of social network effects on technology adoption have mainly focused on networks as communication cannels for dissemination of information (Rogers 1995), and on learning externalities in networks (Foster and Rosenzweig 1995). Seen in a structuralist perspective, networks also determine agents’ action space through collective norms, enforced through conformity pressure. Moser and Barrett (2002) found that conformity pressure played a role in Malagasy farmers’ decision to adopt what has been labeled the “System of Rice Intensification” (SRI). Here, this pressure was engineered by change agents, and worked initially in favor of adoption, although this effect did not last. Of greater concern to adoption proponents, are norms that discourage adoption. Blaming non-adoption on cultural constraints can easily become a residual explanation where research fails to reveal non-cultural constraints, but there are also cases where cultural constraints are straightforward to observe, such as norms that make plowing using animal traction an exclusively male activity that women farmers cannot perform themselves (Reij and Waters-Bayer 2001)
. But there also exists evidence that farmers can develop innovations that violate deeply rooted cultural norms without external enticement. One example is the case of the surprising revolution of the culture of agriculture represented by the rapid spread of conservation tillage in developed countries following the introduction of chemical herbicides some decades ago. This was an innovation not thought of by the inventors of the technology, and it violated millennia-old conventions about ‘good’ farming practices, i.e. the importance of plowing (Coughenour and Chamala 2000). 


This example contradicts the impression that farmers are conservative and uninventive. The good news is that African farmers have been found to be no less willing to innovate than their Northern counterparts. The many disappointing results from applying a top-down approach to development projects has lead to some soul-searching among development workers, and spurred a new generation of projects with a different approach. Now, the slogan is ‘participatory development’, and attempts to engage farmers directly in their own development have produced inspiring results (Reij and Waters-Bayer 2001). But this approach also has its limitations. When farmers innovate on their own or in collaboration with researchers, they tend to focus on low external input technologies that are very labor intensive. But sustainable agricultural development in the future will require that new technologies provide adequate returns to both labor and capital. To alleviate poverty, achieving more abundant returns to labor and capital needs to be a policy goal (Tiffen and Bunch 2002). And the challenge from the environment related to problems with natural resource degradation, cannot be addressed properly with capital-deficient intensification (Reardon, Barrett et al. 2001).


To enable the capital-led intensification that is needed, policies need to address the constraints that limit farmers’ choice sets, making beneficial technologies unadoptable. Over the last couple of decades, the search for binding constraints has focused on weak market incentives for improved productivity of agriculture, and market imperfections, in particular missing financial markets (REFS?). The lumpiness of doubly green revolution technologies makes farmers’ access to financial services critical. Another feature of lumpy technologies, is their capacity (in the presence of market imperfections) to sort a population into those who can and those who cannot afford to make the investment, thereby generating poverty traps (REF?). 


The effects of economic and technological externalities represent a relatively new area of research, particularly within development economics. In general, in the presence of externalities, market outcomes are not Pareto efficient, and Pareto improvements are possible to achieve through the establishment of appropriate institutions. But institutions that evolve in response to market imperfections may not lead to improvements; by alleviating one problem, the institution can generate another. In an economy with endogenous institution formation, some of which are dysfunctional, one can expect the existence of a vicious circle of dysfunctional responses to dysfunctional institutions (Hoff and Stiglitz 2001). There exists some research on endogenous institution formation in environments with information problems and without the possibility of contract enforcement, but little has been done on the importance of and market responses to externalities.


Coordination problems is another category that remains under-researched in the context of developing economies. There are several reasons why technology adoption may require some coordination. First, the benefits from adoption may depend on how many other agents adopt the same technology. In one scenario, adoption is individually rational only if a sufficient number of others also adopt. At a macroeconomic level, this effect has been characterized as a ‘big push’ problem (Murphy, Shleifer et al. 1989). Few studies look at this problem in the context of village-level economies. Second, the individual agent’s benefits from adoption may depend on whether she is an early or late adopter, so the sequencing of adoption matters. One version of this problem is the ‘technological treadmill’ of agriculture, where technological progress is driven by farmers who try to capture benefits from being early adopters, but as new technologies become widely adopted, increased productivity combined with the low price elasticity of demand for agricultural outputs will drive down output prices, leading to an evaporation of benefits to the producers (REF?). One can also imagine other scenarios, where benefits may accrue mostly to late adopters rather than early adopters.


This paper will develop a model of the interaction between social solidarity networks as a source of finance, and investments in a lumpy technology. I will assume that the benefits from this investment are uncertain, and materialize with a lag. Thus, the adoption decision involves both a dynamic investment decision and an element of learning. Moreover, the transfer rules practiced by the social solidarity network translate the economic decisions of individual members into economic externalities that affect all members of the network. This externality generates a coordination problem for the group’s process to adopt a new technology. I am not aware of any previous studies on this or closely related topics. I consider this topic interesting in the context of adoption of doubly green technologies, which often exhibit these features.

Model

Endowments and technologies

A village has N identical households, with access to identical technologies. (The assumption that all households are identical will be relaxed as needed for the analysis). Households are infinitely lived dynasties, with an unlimited time horizon. Each household owns one unit of land, and produces one commodity, using land as the only input. Total money-metric output for household i in period t, qit, satisfies equation (1).

	(1)
	qit = Ait yit
	where

	
	
	Ait is area of land cultivated by household i in period t
	and

	
	
	yit is household i’s money-metric yield in period t; this is a random variable


The productivity of land is dependent on the soil conservation technology employed. In the original situation, no household has adopted soil conservation, but a soil conservation technology is being introduced, and households must decide whether to adopt this technology. The soil conservation technology I will consider, can be conceptualized as terracing, drainage channels, alley cropping, or improved fallows, all of which occupy some fraction of the farmland, so the amount of land available for cropping is reduced to α ( (0,1). I will assume all households cultivate all available land, i.e. Ait = 1 before investment, and Ait = α after investment for all i. I will also assume that yields will be depressed immediately after the establishment of soil conservation structures. If the technology employed is terracing, this effect can be attributed to a disturbance of the soil structure, leading to patchwise exposure of unwithered subsoil and burial of topsoil. Another source of yield depression immediately after the adoption of a new technology may be farmers’ need to learn, leading initially to an inefficient application of the new technology (Sherlund, Barrett et al. 2001). Thus, a positive effect may take considerable time to materialize, so an initial yield depression relative to the post-investment steady-state is a reasonable assumption. The establishment of soil conservation structures incurs a one-time cost c in the period when the investment is made.

Before investment, the distribution of yields is described by (2a i-iii) for all households. After investment, expected yield increases in the long run to βμ, with β > 1. But initially, expected yield follows a trajectory described by the function E(yit), see equation (2b-i). The expected output after investments is given by (3), and output before and after investment is illustrated by Figure 1. I will assume that intrahousehold variance of yields (i.e. variability between periods) and intravillage covariance of yields between households are not affected by the investment, but the expected value of the village mean will be affected by the pattern of investments made by the households. I make this simplification in order to make the analysis tractable. But adoption of higher means-higher variance types of technologies is also an interesting case worth studying. Finally, I will also assume that  > 1, or rather the even stronger assumption that the technology will be accepted as beneficial given discounted cost-benefit ratios whenever short-run subsistence constraints are not violated.

	(2)
	yit ~ fi(yit)
	where

	(a-i)
	E(yit) = μ
	

	(a-ii)
	Var(yit) = σ²
	

	(a-iii)
	Cov(yit, yjt) = ρ
	for all i and j (i ≠ j) before anyone has adopted and

	(b-i)
	E(yit) = βμ – λ1e
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	after adoption where

	
	
	ti0 is the period when household i adopted
	

	
	
	λ1 and λ2 are two positive parameters
	

	(b-ii)
	Var(yit) = σ²
	

	(b-iii)
	Cov(yit, yjt) = ρ
	unchanged after households have started adopting

	(3)
	qit ~ αfi(yit)
	after adoption, where

	
	(i)
	E(qit) = α(βμ – λ1e
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	(ii)
	Var(qit) = α² Var(yit) = α²σ²
	

	
	(iii)
	Cov(qit, qjt) = αρ
	if i has adopted and j has not and

	
	
	Cov(qit, qjt) = α²ρ
	if both i and j have adopted


Financial markets and risk management

The households have no possibility to save or borrow, i.e., transfer consumption through time. Thus, when an investment is made, its cost is covered at the expense of current consumption. However, households are able to smooth consumption and reduce risk through intravillage transfers between households. If consumption drops below a critical level ν, the household is experiencing a subsistence crisis, which all households seek to avoid by engaging in this risk sharing arrangement. With this arrangement, consumption depends on the sum of output and transfers in the current period, minus the cost of current-period investments. Because intravillage realizations of yields are positively correlated, individual household output and the village mean are also correlated. Thus, risk is covariate, which reduces the capacity of a risk-pooling arrangement to offer insurance. I assume that the decision to invest in soil conservation structures in a particular period must be made before the realization of yields in this period is known, so the decision is made under uncertainty.


Transfers are practiced routinely in this village, where households follow the transfer rule given by equations (4a) and (4b). Since all households are identical, and there are no adopters in the initial situation, I assume that the initial transfer rule will not distinguish between the realized village mean and expectations for the individual household outputs. This ‘insurance’ arrangement only insures against deviations from the village mean. I assume that the parameter θ is fixed; it is an expression of the common level of generosity among households, and is assumed to be perfectly known by the villagers. 

	 (4a)
	qit > 
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	(4b)
	qit < 
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 is village mean of output, qit is output of household i, both in period t

	
	
	θ is a parameter representing the level of insurance obtained; 0 < θ < 1


Since this arrangement has been practiced over some period of time, people have developed expectations about the size of transfers they are entitled to, so the arrangement can be viewed as a form of an implicit insurance contract among the villagers, where (1-θ) is the participants’ co-payment rate. I will initially assume that participation in this arrangement is exogenous; all households participate by default following established customs. But where the stable equilibrium that sustains this arrangement is perturbed, it is reasonable to expect an endogenous reestablishment of the arrangement, so I will discuss both exogenous and endogenous group participation after adoption in my analysis.

With this arrangement, realized income after transfers for household i in period t, xit, is given by equation (5a). As long as all households remain non-adopters, E(qit) = E(xit) = μ. When some households have adopted, and some have not, E(
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) will depend on how many periods have passed since the investment was made for all adopting households, i.e. the entire adoption history of the village, which can be represented by the series
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) is given by equation (5b), where n(t) is the number of households investing in soil conservation in period t, assuming that the adoption process started in period 1. Under this assumption, expected income after transfers in period t for a household that adopts in period 1 is represented by equation (5c), and for a household that never adopts by equation (5d).

	(5a)
	xit = θ
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	E(
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	(5c)
	E(xit|ti0 = 1) = 

(1 - θ)α(βμ - λ1e
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	(5d)
	E(xit|ti0 = ∞) = 

(1 - θ)μ + θ
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Households want the probability of experiencing a subsistence crisis to be below a critical value, p, which holds for insured households (given ) in the initial, pre-adoption situation, when the household does not make investments. Clearly, this constraint is harder to satisfy, the larger an investment cost is, and the lower the parameter E(
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) is relative to the critical consumption level, ν. From this constraint, it is possible to deduce the highest investment cost a household can carry,
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 and qit, see expression (6a). Alternatively, the household’s risk preference can be expressed by the income buffer, ε(p), the household calculates with in order to maintain subsistence security, see equation (6b). 

	(6a)
	{ 
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	(6b)
	ε(p) = E(xit) - (ν + 
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	=>
	ε(p) + (ν + c) = E(xit) - (
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Analysis, Assuming Benefits are Known

Let us first assume that the benefits from adopting the new technology are known. This means that the parameters , 1, and 2 are perfectly known, which allows agents to make precise calculations of expected future benefits and losses.

Individual investment decisions

The individual household that contemplates adoption has a dichotomous choice regarding adoption of soil conservation; to adopt or not adopt. Adoption is optimal if the discounted net present expected benefits (including short-term losses) of the new technology exceed the investment cost c. I will assume that it is unambiguously beneficial to adopt if future incomes in each period are identical to expected incomes, conditional on remaining the only adopter in the village. If the number of participants in the insurance arrangement is 'large', and only one household adopts, then  continues to be a good approximation of E(
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). However, regardless of the household's own adoption decision, future incomes will be dependent on the decisions of other households, through their effect on E(
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). Thus, households must develop expectations about the behavior of others; it cannot assume E(
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) will continue to be equal to . If many other households adopt simultaneously, E(
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) will fall, and the adopting households’ subsistence may be jeopardized in the short run.

I will assume that if the household invests in soil conservation (incurring a fixed cost of c), then the subsistence constraint is not violated if that household is the only adopter in the village, but it is violated if all household adopt simultaneously. Thus, there exists a number m such that if the number of adopters in period 1 does not exceed m, the subsistence constraint is not violated for any of these adopters, but it is if the number of adopters exceeds m. After the first period of the adoption process, this cutoff number may change. So the cutoff may differ for each period, depending on the adoption history of the village, 
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. But for each period t there exists a number m(t) such that the double strong inequality (7a) holds. By using (5c), it can be shown that m(1) must satisfy (7b). Moreover, from (7b), it is easy to derive the minimum level of insurance, 
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, that allows m(1) to be positive. Here, it has been assumed that expected output indeed falls immediately after adoption, so the denominator is positive in both (7b) and (7c).
	(7a)
	P(xit ≤ ν + c|i is one of m(t) adopters) < p < P(xit ≤ ν + c|i is one of m(t) + 1 adopters)

	(7b)
	m(1) ≤ N 
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Although it may be individually optimal to adopt, adoption would be too risky in the short run if too many other households did the same. However, it would be beneficial for all households in the long run if all households adopted, because then the village mean output would increase, pulling up the individual household’s expected income after transfers. But in the short run, every new adopter would lead to a reduction in the village mean output, to the detriment of all. And new adopters in subsequent periods will prolong the period previous adopters will experience expected incomes after transfers below the long-term, post-adoption equilibrium, making the discounted benefits from adoption diminish. Indeed, the burden of supporting the risk-pooling arrangement after adoption, as new households become adopters each period, may push the expected benefits so much off into the future that the discounted net benefits fail to be positive for an early adopter. Thus, households will either want to be the only adopting household, or they will want to be among the last households to adopt.

When choosing whether to adopt, decisionmakers must take into account uncertainties for both the short and the long run. The most pressing short-term concern, is that of the possibility that adoption can threaten short-term survival if too many adopt simultaneously. But looking beyond that, households will expect that continued participation in the risk-pooling arrangement after adoption will mean they cannot enjoy the benefits from adoption until some distant future after all other households have adopted as well. Seen in this perspective, a beneficial new technology does not appear beneficial for an early adopter. So although adoption is beneficial for a single household acting alone, the economic externality generated by other adopters will discourage adoption. In equilibrium, no household adopts.

The socially optimal adoption trajectory

Since the technology is beneficial, in the socially optimal solution, all households adopt. In an ideal world, with perfect financial markets, the optimal adoption trajectory maximizes the discounted expected village mean output, see (8). In the unconstrained solution, all households adopt simultaneously, the moment the technology becomes available. However, we know this violates the subsistence constraint for all adopting households. An infinite range of possible adoption trajectories can be imagined, where preferences over trajectories will depend on time and risk preferences. The issue of risk aversion can be handled in a variety of ways, among which the extremes would be that (i) the village adopts this technology at the highest possible rate that does not violate the subsistence constraint for any household, or (ii) the village adopts the technology at the highest rate that ensures the expected village mean will never again drop below  after the first adopter has achieved E(qit)>. Solution (i) is a ‘quick and dirty’ process, which minimizes the time that passes between the first and last adoption. This is consistent with a high discount rate. Solution (ii) is ‘slow and timid’, minimizing risk, but requiring a low discount rate.

This socially optimal adoption process requires that all households in the village continue to participate in the risk-sharing arrangement throughout the adoption process, and that transfer rules are not updated to adjust for the dispersion of individual household means during the process. Implementing this solution would require some mechanism to ration adoption, to make sure the right number of households adopt in each period. Since households are identical, there is no way they can self-select into adoption-year groups of optimal sizes, so the solution requires some other mechanism to select the households that may (and will) adopt each year. Clearly, the village faces a formidable coordination problem!

	 (8)
	Maximize 
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Group dynamics

A much simpler coordination problem would be for ‘mature’ adopters, whose expected outputs have returned to and surpassed the pre-adoption steady-state level, to defect from the village-wide group, and form their own insurance pool. This group of defectors would consist of members who could easily identify each other, and whose expected outputs are above those of non-adopters and recent adopters (whose outputs have not yet recovered). If this is allowed to happen, then the remaining group will gradually shrink, and may eventually reach a size where the next household that is ready to invest in the technology, faces a binding constraint (8iii). This constraint depends on the size of N, i.e., the number of households participating in the j’th household’s risk sharing arrangement, and it grows tighter the fewer members the group has. When (or if) this constraint becomes binding, the adoption process will grind to a halt among the remaining non-adopters. If adopters tend to leave the village-wide risk-pooling arrangement immediately after adoption, all new adopters will face a social solidarity network with no other adopters. In that case, by (7b), the lowest N that will enable one more household to adopt, is 1/ξ(p).


In order to hold on to the early adopters, the recent adopters and non-adopters may consider a change in the transfer rule, to adjust for this more complicated situation than the one before the adoption process started. An obvious candidate for a new transfer rule would be to use the individual expectations as benchmark, instead of the realized village mean. But this will have much the same effect as defection, or even worse. Under this rule, early adopters whose output satisfies (9a) will be entitled to a positive transfer, while under the original rule, this household would be a contributor. Likewise, a recent adopter whose output satisfies (9b) will have to contribute, while under the original rule, the household would be a beneficiary.

	(9a)
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The reason why early adopters have an incentive to defect is that in the mature stage, they will become disproportionately contributors to the risk-sharing arrangement. But that is exactly why it is so important to keep them in the group. Without them, the adoption process cannot be completed in the sense that all households eventually adopt. This result conforms with a study of risk and technology adoption, where the erosion of social capital was attributed to greater mobility in developing economies. This study found that risk exposure among West African farmers rose sharply with decreasing endowments, and raised the question whether the least endowed farmers would be able to adopt new technologies (Carter 1997). 

Analysis, Assuming Benefits are Unknown

The learning stage

Now let us assume that the long-term benefits and short-term losses from adopting the technology are unknown, but let us also assume that the villagers know that the variance and covariance of yields will not be affected by the technology. Thus, what they don't know, but need to learn before making an investment, are the values of the parameters , 1, and 2. The parameter  is also important; the future steady-state expected output is determined by the product , where we need  > 1 to have a beneficial new technology. But the amount of land set aside for adoption of the new technology, is directly observable, and therefore not a problem. If there exist some experiments with the new technology at a location where the villagers are able to observe realized yields, they will form subjective expectations about the values of the parameters in question, and update these expectations with each new realization of yields. (The villagers may, for example, use Bayesian updating of expectations about parameter values). Thus, the parameters β, λ1 and λ2 would be revealed gradually through the experimentation process.


For the individual household, undertaking such experiments without any prior expectation about these parameters may involve a positive subjective probability for achieving below-subsistence level output in the short run after starting the experiment, and also a positive subjective probability that  < 1, i.e., adoption proves not to be beneficial even in the long run. A household that chooses to go ahead with an experimental adoption of the technology must take these probabilities into account. The knowledge generated by this experimentation will be a public good, which all villagers can acquire free of cost (Foster and Rosenzweig 1995). Clearly, all households will have an incentive to free-ride by leaving the experimentation to others. If all households are identical, and they expect that simultaneous experimentation (adoption) by all will expose the whole village to an unacceptably high risk of subsistence crisis, then again, in the equilibrium no household adopts.

Households not identical

To break the deadlock generated by the social learning externality, we need to relax the assumption that all households are identical. So let us assume that households may be identical in all other ways, but they differ in their aversion to risk. Risk aversion is commonly represented by the curvature of utility functions, but in this case I will let the reservation probability of suffering a subsistence crisis represent risk aversion. If households are not equally risk averse, then they will have individual reservation probabilities, pi. Without loss of generality, I will arrange the households such that household 1 (N) is least (most) risk averse, as reflected in the multiple (strong) inequality (10a). There is no theoretical reason to assume that all these inequalities are strong, it just simplifies the analysis. 

	(10a)
	p1 > p2 > ... > pN-1 > pN
	


A household may be willing to experiment if its reservation probability is so high that the constraint (8iii) is not violated, even if the household's own output is zero in the adoption year, given equilibrium strategies of other households. Due to the incentive to free-ride, only the least risk-averse households will be willing to experiment. These households are willing to experiment if inequality (10b) holds for them. 

	(10b)
	Pj
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This experimentation will provide some information about the unknown parameters , 1, and 2. However, the parameters will not be revealed with equal accuracy. As time goes by, there will be many observations that contribute to a determination of , while the effect of the two 's will diminish, so that each experimenter will only provide a few observations that can help determine them. Thus,  can be determined with greater accuracy than the two 's. After some time with experimentation, households will have a better idea of the long-term benefits from adoption, than the short-term risks. (As is the case with all estimation of population parameters, a greater number of observations will yield a smaller dispersion of statistics; variance of parameter estimates is inversely related to the number of observations). 

Let us assume that household 1 did experiment, and that this experiment has led to the discovery that  > 1. Now, the villagers know that the technology is at least potentially beneficial; output will increase in the long run. But net present benefits from the technology also depend on the discounted expected short run losses incurred by the investment, which remain unknown, due to poor determination of the ’s. By the time this much has been discovered, household 1 must have reached the ‘mature stage’, where its output has surpassed old steady-state, and is approaching the new steady-state. Assuming that household 1 does not defect from the village-wide insurance arrangement, the villagers now benefit from an expected village mean that lies above . But the adoption process may end there if there are no other households that are willing to carry on the experimentation process, and help determine the ’s. 

Now let us assume that household 2 also does experiment, and that when this household reaches the mature stage, the ’s have been determined with sufficient accuracy that household 3 finds that it can take the process one step further, provided that both households 1 and 2 remain in the insurance arrangement, and so on for households 4, 5, etc. Let us assume that households choose to continue the experimentation process, and all adopters remain in the village-wide insurance arrangement, until the villagers feel the ’s have been determined with sufficient accuracy to allow a proper evaluation of the benefits from the technology, after which the adoption process may pick up speed. Until then, the least risk-averse households adopt the technology on an experimental basis, as long as inequality (10b) holds and there are positive net present discounted benefits from adoption, for each new step. In the process, knowledge about the unknown parameters is generated, to the benefit of all.

The post-experimental stage

As knowledge about the parameters is generated, gradually the situation converges toward the situation analyzed in the section about known benefits. In that section I assumed that all households were identical, that they all considered the technology to be individually beneficial for themselves, and that they would all want to adopt it immediately, provided that it was the only ‘immature’ adopter when it adopted. But since the risk-pooling arrangement in the village would pass the losses in the immature stage on to all villagers, a coordination problem arose, that lead to an equilibrium where nobody adopted.

Due to the social externality from experimentation, there will typically be undeprovision of experimentation, so households adopt slowly, maybe one by one, until adoption ceases to be experimental. Then all remaining non-adopter households are able to make an informed evaluation of the technology and the benefits from adopting it. Let us again assume that all households find that the technology is beneficial, and that they all would want to adopt it immediately if they were able to do it without being exposed to an intolerably high risk of a subsistence crisis. The same coordination problem as before arises, but the dynamics may be different if households vary with respect to their degree of risk aversion. When households have individual reservation probabilities for subsistence crises, it will be possible to sort them by which of the inequalities (11a-c) hold for them.
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Given these assumptions, all households for whom (11a) hold, will adopt immediately, and all households for whom (11c) hold, know they will not adopt unless the cost of adoption is reduced, or expected transfers after adoption are increased. The latter may become possible when a sufficiently high number of other households have adopted and reached the mature stage, without leaving the group. But for the households for whom (11b) hold, the situation is more complicated. Within this group, it is possible to sort households by how many immature adopters they can tolerate, given the ratio of mature adopters to non-adopters in the village. Let us define a parameter mi(t) for each household i satisfying the double inequality (11b-i), which needs to be updated each period to take into account recent adopters.

	(11b-i)
	P(xit ≤ ν + c|
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Here we have a potential sorting mechanism that can enable the villagers to coordinate adoption. As the least risk averse have adopted, and the number of mature adopters in the village gradually increases, more households no longer find their constraints to adoption binding, so they too can adopt. Thus, provided that all households remain the same risk-pooling arrangement, all households may eventually be able to adopt. But this rests critically on the continued participation of the mature adopters in the same risk pool as that of the remaining non-adopters. If mature adopters tend to defect, and form their own group, adoption among the remaining non-adopters will grind to a halt.

Discussion and Conclusion

In this paper, I have developed a model that underpins the hypothesis that in traditional economies, where people must rely on informal credit and insurance without the ability to enforce contracts, group dynamics may generate traps where people are unable to make beneficial investments. I have also shown that groups that participate in risk-sharing arrangements need to have a minimum number of members in order to provide sufficient risk dispersion to enable people to make costly beneficial investments. The type of trap presented here may be of particular relevance to the adoption of lumpy technologies, such as investments in soil conservation structures like terraces and improved fallows.


In the model presented here, the poverty trap is generated by an economic externality that operates through the informal insurance arrangement, and leads to a coordination failure. A success story from Machakos, Kenya can serve as an example of a strategy that had the capacity to address these exact issues. Here, as population pressure on the land increased, and problems with pervasive soil erosion emerged, farmers became increasingly more interested in soil conservation, and some spontaneous adoption of terracing and tree planting took place, later followed up with government projects to stimulate adoption. During the 1980’s most of the conservation work in Machakos was carried out by mwethya women’s groups, i.e., traditional work parties practiced by women. Supporting these groups with provision of planting materials and hand tools contributed to their success, leading to an increased number of trees on farms (Kamar 1999). CHECK BOOK! The success of these groups can be interpreted as a result of their ability to coordinate adoption through the group’s endogenous supply of exchange labor, which was perhaps in their view a form of credit rather than insurance; the recipients of exchange labor were expected to repay this service in the form of reciprocal labor exchange with other members of the group.


There are also other possibilities for coordination problems, for example linked to externalities generated by the technology itself. Say, terracing may not produce the expected benefits unless all farms located on the same slope are terraced simultaneously. This type of coordination problems has not been considered here. Coordination problems for technology adoption are rarely, if ever, addressed by policies. This fact can be attributed to both a lack of knowledge about the importance of such problems, and about possible ways to handle them through policies.

Another issue that I have not considered is how a social solidarity network will respond to risky technology adoption if , the parameter that determines the size of transfers under the insurance arrangement, is made dependent on recipients’ past transfer histories, and/or of perceived self-inflicted risk exposure. That would represent contingencies on insurance payments of a similar nature as those commonly applied in formal insurance arrangements.

Policy implications

If technology adoption seems clearly economically beneficial, and adoption rates fail to meet policymakers’ expectations, there is a need to address constraints to adoption, and what can be done to relax them. This paper suggests that coordination problems may be involved in the particular situation described. But there does not exist any practically implementable mechanism that enables households to self-select into adoption groups of optimal sizes. This coordination problem could possibly be solved by organizing the households, and leave the responsibility for coordinating adoption to the organization. This organization would have to require that households submit the power to choose their period of adoption, and also that households stay committed to the adoption process (remain in the same social solidarity network) for a minimum amount of time.


If the main reason for a slow or derailed adoption process is associated with imperfections in the markets for credit and insurance, policy makers should focus on that. I have suggested that erosion of social solidarity networks in response to a dispersion of productivities following technology adoption can generate traps where people find themselves unable to invest in a lumpy technology. If this is the case, policies need to target the ones that are thus trapped, and perhaps offer them a ‘backup’ safety net. One possibility is to design a finite duration insurance program for adopters that would provide the social insurance benefits without the group dependence. If one targeted this toward those with small networks (e.g. recent in-migrants) it would limit the subsidy required, taking advantage of groups where they might work.


In my analysis, there are two parameters that play a key role for generating this trap. If the number of participants in the remaining social network, N, is too low, transfers are too low to allow another household to adopt, i.e., m(t) < 0, see inequality (7b). If 
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(p) is too low (
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(p) < c), the technology is too expensive to allow adoption. A solution to the problem could be to manipulate both of these parameters by combining a policy that stimulates enlargement of informal networks (and perhaps formalizing them), with some form of subsidy that lowers the short-term investment and/or adoption cost. 
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Figure 1. Expected output of household i in period t, given ti0. The relative position of  determines how tight a household’s subsistence constraint is.
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		24.12		18		23.4447463053				5		18.6447463053

		24.12		18		23.5150846903				5		18.7150846903

		24.12		18		23.5780962166				5		18.7780962166

		24.12		18		23.6345440928				5		18.8345440928

		24.12		18		23.6851120272				5		18.8851120272

		24.12		18		23.7304125089				5		18.9304125089

		24.12		18		23.7709942268				5		18.9709942268

		24.12		18		23.8073487149				5		19.0073487149

		24.12		18		23.8399163064				5		19.0399163064

		24.12		18		23.8690914665				5		19.0690914665

		24.12		18		23.8952275709				5		19.0952275709

		24.12		18		23.9186411853				5		19.1186411853

		24.12		18		23.9396159004				5		19.1396159004

		24.12		18		23.9584057661				5		19.1584057661

		24.12		18		23.9752383692				5		19.1752383692

		24.12		18		23.9903175896				5		19.1903175896

		24.12		18		24.0038260701				5		19.2038260701

		24.12		18		24.0159274279				5		19.2159274279

		24.12		18		24.0267682374				5		19.2267682374

		24.12		18		24.0364798046				5		19.2364798046

		24.12		18		24.0451797579				5		19.2451797579

		24.12		18		24.0529734731				5		19.2529734731

		24.12		18		24.0599553493				5		19.2599553493

		24.12		18		24.0662099522				5		19.2662099522

		24.12		18		24.0718130391				5		19.2718130391

		24.12		18		24.0768324755				5		19.2768324755

		24.12		18		24.081329058				5		19.281329058

		24.12		18		24.0853572501				5		19.2853572501

		24.12		18		24.0889658421				5		19.2889658421

		24.12		18		24.092198542				5		19.292198542

		24.12		18		24.0950945049				5		19.2950945049

		24.12		18		24.0976888074				5		19.2976888074

		24.12		18		24.100012872				5		19.300012872

		24.12		18		24.1020948485				5		19.3020948485

		24.12		18		24.1039599541				5		19.3039599541

		24.12		18		24.1056307793				5		19.3056307793

		24.12		18		24.1071275616				5		19.3071275616

		24.12		18		24.1084684303				5		19.3084684303

		24.12		18		24.1096696262				5		19.3096696262

		24.12		18		24.1107456986				5		19.3107456986

		24.12		18		24.1117096809				5		19.3117096809

		24.12		18		24.1125732491				5		19.3125732491

		24.12		18		24.1133468631				5		19.3133468631

		24.12		18		24.1140398928				5		19.3140398928
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Ark1

		t		bm		m		E(yit)		E(yit)		n		qit		qit		1.34		alpha*beta

		1		24.12						18		5				12		55		lambdaone

		2		24.12						18		5				12		0.11		lambdatwo

		3		24.12						18		5				12		0.8		alpha

		4		24.12						18		5				12		6		sigma

		5		24.12						18		5				12

		6		24.12						18		5				12

		7		24.12						18		5				12

		8		24.12						18		5				12

		9		24.12						18		5				12

		10		24.12						18		5				12

		11		24.12						18		5				12

		12		24.12						18		5				12

		13		24.12						18		5				12

		14		24.12						18		5				12

		15		24.12						18		5				12

		16		24.12						18		5				12

		17		24.12						18		5				12

		18		24.12						18		5				12

		19		24.12		18		9.4275583919		18		5		4.6275583919		12

		20		24.12		18		10.9580092766				5		6.1580092766

		21		24.12		18		12.3290394215				5		7.5290394215

		22		24.12		18		13.5572550259				5		8.7572550259

		23		24.12		18		14.6575324897				5		9.8575324897

		24		24.12		18		15.6431986002				5		10.8431986002

		25		24.12		18		16.5261919479				5		11.7261919479

		26		24.12		18		17.31720753				5		12.51720753

		27		24.12		18		18.0258262901				5		13.2258262901

		28		24.12		18		18.6606311642				5		13.8606311642

		29		24.12		18		19.2293110397				5		14.4293110397

		30		24.12		18		19.7387538843				5		14.9387538843

		31		24.12		18		20.1951301744				5		15.3951301744

		32		24.12		18		20.6039676336				5		15.8039676336

		33		24.12		18		20.9702181854				5		16.1702181854

		34		24.12		18		21.2983179317				5		16.4983179317

		35		24.12		18		21.5922408843				5		16.7922408843

		36		24.12		18		21.8555470984				5		17.0555470984

		37		24.12		18		22.0914257929				5		17.2914257929

		38		24.12		18		22.3027339793				5		17.5027339793

		39		24.12		18		22.4920310658				5		17.6920310658

		40		24.12		18		22.6616098575				5		17.8616098575

		41		24.12		18		22.8135243278				5		18.0135243278

		42		24.12		18		22.9496144959				5		18.1496144959

		43		24.12		18		23.071528714				5		18.271528714

		44		24.12		18		23.1807436321				5		18.3807436321

		45		24.12		18		23.2785820838				5		18.4785820838

		46		24.12		18		23.3662291086				5		18.5662291086

		47		24.12		18		23.4447463053				5		18.6447463053

		48		24.12		18		23.5150846903				5		18.7150846903

		49		24.12		18		23.5780962166				5		18.7780962166

		50		24.12		18		23.6345440928				5		18.8345440928

		51		24.12		18		23.6851120272				5		18.8851120272

		52		24.12		18		23.7304125089				5		18.9304125089

		53		24.12		18		23.7709942268				5		18.9709942268

		54		24.12		18		23.8073487149				5		19.0073487149

		55		24.12		18		23.8399163064				5		19.0399163064

		56		24.12		18		23.8690914665				5		19.0690914665

		57		24.12		18		23.8952275709				5		19.0952275709

		58		24.12		18		23.9186411853				5		19.1186411853

		59		24.12		18		23.9396159004				5		19.1396159004

		60		24.12		18		23.9584057661				5		19.1584057661

		61		24.12		18		23.9752383692				5		19.1752383692

		62		24.12		18		23.9903175896				5		19.1903175896

		63		24.12		18		24.0038260701				5		19.2038260701

		64		24.12		18		24.0159274279				5		19.2159274279

		65		24.12		18		24.0267682374				5		19.2267682374

		66		24.12		18		24.0364798046				5		19.2364798046

		67		24.12		18		24.0451797579				5		19.2451797579

		68		24.12		18		24.0529734731				5		19.2529734731

		69		24.12		18		24.0599553493				5		19.2599553493

		70		24.12		18		24.0662099522				5		19.2662099522

		71		24.12		18		24.0718130391				5		19.2718130391

		72		24.12		18		24.0768324755				5		19.2768324755

		73		24.12		18		24.081329058				5		19.281329058

		74		24.12		18		24.0853572501				5		19.2853572501

		75		24.12		18		24.0889658421				5		19.2889658421

		76		24.12		18		24.092198542				5		19.292198542

		77		24.12		18		24.0950945049				5		19.2950945049

		78		24.12		18		24.0976888074				5		19.2976888074

		79		24.12		18		24.100012872				5		19.300012872

		80		24.12		18		24.1020948485				5		19.3020948485

		81		24.12		18		24.1039599541				5		19.3039599541

		82		24.12		18		24.1056307793				5		19.3056307793

		83		24.12		18		24.1071275616				5		19.3071275616

		84		24.12		18		24.1084684303				5		19.3084684303

		85		24.12		18		24.1096696262				5		19.3096696262

		86		24.12		18		24.1107456986				5		19.3107456986

		87		24.12		18		24.1117096809				5		19.3117096809

		88		24.12		18		24.1125732491				5		19.3125732491

		89		24.12		18		24.1133468631				5		19.3133468631

		90		24.12		18		24.1140398928				5		19.3140398928

		91		24.12		18						5

		92		24.12		18						5

		93		24.12		18						5

		94		24.12		18						5

		95		24.12		18						5

		96				18

		97				18

		98				18

		99				18

		100				18

		101				18

		102				18

		103				18

		104				18

		105				18

		106				18

		107				18
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