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Abstract Macroeconomic work involving the agricultural sector takes the area of agricultural land as an input to production, but this assumption fails to match agronomic concepts regarding the production of crops. Having agricultural production depend instead on a “capital stock” of soil nutrients is more accurate, and suggests that agricultural production is better described by a neo-classical model of dynamic optimization. A model involving nutrient stocks is capable of explaining the observed relationships between population density and agricultural productivity, something standard models involving land area cannot do. Regression results confirm that the predictions of the nutrient stock model of production fit cross-country panel data on agricultural productivity. The implications of these results are that the growth rate of technology in agriculture is greatly overstated for many developing countries, due mainly to confusing population density growth with productivity growth. For sub-Saharan Africa, trend growth in technology is actually negative once properly adjusted. In addition, the results capture the fact that soil nutrient stocks are degrading over time in most countries, consistent with the agronomic and environmental literature.
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Introduction



Research on economic growth has recently returned to thinking about the role of agriculture in development. Unified growth models rely on fixed land resources to generate Malthusian stagnation prior to sustained growth (Galor and Weil, 2000; Hansen and Prescott, 2002; Galor, 2005). Accounts of contemporary differences in output per capita across countries can be seen as arising from differences in agricultural productivity, as in Gollin, Parente, and Rogerson (2007). Duarte and Restuccia (2010) examine the importance of structural transformation in determining the dynamics of aggregate productivity, while Caselli (2005), Chanda and Dalgaard (2008), Cordoba and Ripoll (2009), Restuccia, Yang, and Zhu (2008) and Vollrath (2009) do the same in cross-country settings. In general, the literature is finding that there are wide differences in agricultural productivity across countries and across time, and these differences appear to be important in understanding relative development levels. However, research involving an explicit agricultural sector has presumed that a key feature is the presence of land as a fixed factor of production. This formulation, however, overlooks the concept that agricultural production is closely tied to the management of a stock of nutrients available in the available soil. In other words, even if the actual area of land is held fixed for farming, the fertility of that land varies based on the accumulation and depreciation of soil nutrients over time. The presumption that land enters the agricultural production function as a fixed factor has implications for the calculation of agricultural productivity, and are central to models that involve Malthusian constraints on growth. Even if one allows for changes in land area over time, using hectares as the measure of the input to production imposes constraints on how agriculture is related to the broader economy.1 In contrast to this approach, understanding agricultural production as a process of accumulation and depreciation of soil nutrients is typical for agronomists, and farmers themselves actively make decisions regarding cropping, fallowing, and fertilizing to manage the soil nutrients available to them. Given that they are able to influence the future stock of nutrients through their actions regarding production today, it is more appropriate to model agricultural production as a dynamic optimization problem in which farmers choose the optimal consumption (i.e. crop production) and savings (i.e. fertilizing and fallowing) given the rate of return to these activities and a discount rate. The actual area of land cropped is less relevant that the stock of nutrients that happen to be housed in those hectares of land. 1 I am not concerned here with issues involving the extent of land used for agriculture, as in Vandenbroucke (2008), nor in the role that land plays as a store of financial wealth, as in Laitner (2000). Here I am looking at accumulating stocks of nutrients, but not at the dynamics of land prices or land area per se.
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This paper shows that a model of agricultural production in which a “capital stock” of soil nutrients is optimized over time is better able to match cross-country and cross-time data from developing countries than the typical naive model involving a fixed land stock. In particular, the data show a very strong link of measured agricultural TFP with population density even within countries over very short periods of time. Malthusian reactions to increasing agricultural productivity growth do not operate fast enough to explain this relationship. The formulation of agricultural production involving a stock of soil nutrients, however, is able to show why such a relationship between measured TFP and density will arise mechanically. In essence, we have been mis-measuring agricultural TFP and confusing it, in part, with increases in population density. The model involving the accumulation of soil nutrients is used to provide an accounting for the sources of measured TFP growth in agriculture over the period 1962-1994 for 114 countries. Panel regressions are used to estimate several critical parameters of the nutrient stock model, and the model is then applied to perform the accounting. The results show that increases in population density account for approximately half of the growth in measured TFP in agriculture for a set of developing countries, and about 40% of observed growth in TFP for more-developed countries. A particularly interesting set of results concerns the 35 sub-Saharan African countries in the sample, where measured TFP growth using a naive land area based model of production is 0.11% per year. The accounting indicates that this does not indicate any actual improvement in efficiency. Growth in population density, by itself, would have produced growth in measured TFP of 0.49% per year. The “true” rate of trend productivity growth was negative 0.11% per year, and in addition the model indicates soil nutrient stocks were shrinking at 0.27% per year. The combination of these three effects leads to the measured TFP growth of 0.11%, but as can be seen this naive measure is covering up several important trends. The result that soil nutrient stocks have been declining in this period is consistent with the agronomic literature that explores soil degradation in Africa (Drechsel, Kunze, and de Vries, 2001), and I discuss how this can be seen as the optimal forward-looking response to the upward shock to population growth rates following disease interventions in the post-war era. A broader implication of these results is that the variation in agricultural productivity across countries is actually widening over time, providing one element of an explanation for increasing divergence across countries. In addition, most Sub-Saharan African countries were actually moving away from the theoretical take-off point (as in Gollin et al, 2007) during this period, providing one explanation for why Africa failed to accelerate growth during this period. Incorporating soil nutrient stocks into standard models should prove to be a more accurate way of understanding the linkage of agriculture and economic growth. 2
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Figure 1: Agricultural Output per worker and Density Notes: Agricultural output per worker (in international dollars) is from the FAOSTAT database, for 1990. Population density is the total population of the country divided by the agricultural area (in hectares), both from the FAOSTAT database for 1990.



The paper continues first by showing how a naive model that incorporates a fixed stock of land is inconsistent with several cross-country relationships that appear in the data. The third section presents a brief summary of the concept of a soil nutrient balance from the agronomic literature, and then shows how one can incorporate this into a simple model of dynamic optimization. Section four then uses the model to put panel data on agricultural productivity into context and derive a breakdown of measured TFP growth into three components: population density growth, soil nutrient stock growth, and “true” efficiency growth. The final section concludes.
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Agricultural Productivity and Population Density



Before describing the model involving soil nutrients in detail, the empirical issues involved in using the naive model of fixed land stocks are worth going over in some detail. The implications of using land as a fixed factor of production can be seen in a very simple model of agricultural supply and demand:



YA



=



T F P [X αL1−α A ]



YA



=



aL



(1)



where YA is agricultural production, T F P is total factor productivity, X is land, LA is the number of 3
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Figure 2: Agricultural Labor Force and Density Notes: Agricultural population relative to total population is from the FAOSTAT database, for 1990. Population density is the total population of the country divided by the agricultural area (in hectares), both from the FAOSTAT database for 1990.



workers in the agricultural sector, and L is the total population. The value a is the per-person demand for agricultural products, and in this system is constant and invariant to income. While simple and stylized, this type of set-up is common to models that look at the role of agriculture in development. Solving these two equations together provides the following relationships YA LA LA L



=







TFP aα



1/(1−α) 



X L



α/(1−α)



=







a TFP



1/(1−α) 



L X



α/(1−α)



(2)



which show that output per worker in the agricultural sector is negatively related to population density (L/X). In comparison, an increase in density leads to a greater share of labor engaged in agriculture. Rising density means an increase in demand for food, and thus a greater proportion of individuals will be engaged in the agricultural sector. Due to the decreasing returns to labor, this lowers the output per worker in that sector. If we examine cross-country data, however, these simple relationships do not appear. Using data from the FAOSTAT database on the value of agricultural output as well as the size of the agricultural population, total population, and the amount of agricultural land, figures 1 and 2 plot these relationships across countries. In figure 1 we see that output per worker in the agricultural sector is, if anything, positively related to population density. The simple correlation is 0.175 with a p-value of 6.2%.
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Figure 3: Agricultural Productivity and Density Notes: Total factor productivity in agriculture is calculated as a residual using a production function incorporating land, agricultural labor, livestock, and fertilizer, see Vollrath (2009). Population density is the total population of the country divided by the agricultural area (in hectares), both from the FAOSTAT database for 1990.



Figure 2 shows that the fraction of labor employed in agriculture is, if anything, negatively related to the population density. Here the simple correlation is -0.266 with a p-value of less than 1%. From the figure, one can also see two distinct clusters of countries roughly divided between those with a labor share over 0.5 and those with a labor share under 0.5. Within each cluster, the negative relationship of agricultural labor share and density is even more pronounced. Across countries, then, the simplest version of agricultural supply and demand that the literature relies on does not match the data. To explain these empirical relationships, but maintain the simple model, something else is required. The extra element is a positive relationship between total factor productivity, T F P , and population density, L/X. If L/X and T F P are correlated strongly enough, then from the equations in (3) one can explain the relationships in figures 1 and 2. Figure 3 shows that in fact this positive relationship does exist, those countries with higher population density have higher total factor productivity in the agricultural sector. Importantly, this relationship holds when agricultural TFP is calculated as the residual from the agricultural production function found in (2). This positive association of density and productivity could arise for several reasons. Boserup (1965) suggests that it is the pressure of increasing density that induces economies to adopt more intensive techniques, moving from long-fallow agricultural systems to heavily irrigated continued cropping. From the other direction, Malthusian models of endogenous fertility in the presence of fixed factors of production suggest that when agricultural productivity goes up, population size follows due to the positive association of individual 5
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Figure 4: Agricultural Labor and Population Growth Notes: Agricultural population relative to total population is from the FAOSTAT database. Population growth is the log difference in total population size from 1989 to 1990 from the FAOSTAT database.



income and fertility rates. In both types of models, the positive relationship in figure 3 should arise. However, both Boserup’s theory and the Malthusian model refer to long-run processes. The switch to more intensive techniques of cultivation took place over hundreds, if not thousands, of years, and the Malthusian increase in population in response to productivity is a very slow process. Lee (1973) finds that over periods as long as 50 years the necessary income/fertility link in Malthusian models cannot be detected. Lee and Anderson (2002) and Crafts and Mills (2007) both suggest that while shocks to productivity may alter the equilibrium population size quite readily, the fertility and mortality responses will take a long time to reach that new equilibrium. Lee and Anderson suggest the half-life of the population process is about 107 years, so that it takes centuries for an economy to fully respond to changes in productivity. In addition, evidence appears to run contrary to the Malthusian predictions in the short run. Figure 4 shows that countries with a greater share of population in agriculture also tend to have high population growth rates. This is problematic if a Malthusian framework is supposed to explain the correlation of productivity and density. With high agricultural productivity we should see fewer individuals engaged in agriculture (given the low income elasticity of food consumption) but relatively high fertility as the population expands. However the data indicate that those places with low shares of individuals engaged in agriculture also tend to have low fertility rates. Now, it may be the case that figure 3 and 4 represent the long-run adaptation of economies to differences in inherent agricultural productivity - if we are willing to assume that fertility rates are everywhere positively
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Figure 5: Agricultural Productivity and Density, Selected Countries Notes: Total factor productivity in agriculture is calculated as a residual using a production function incorporating land, agricultural labor, livestock, and fertilizer, see Vollrath (2009). Population density is the total population of the country divided by the agricultural area (in hectares), both from the FAOSTAT database. Calculations are from the years 1961-1994.



related to income, which seems unlikely. Regardless, within countries over a short period of time we should not expect to see a tight relationship of productivity and population density as the Malthusian effects at work have not had a chance to work themselves out. Figure 5 plots both agricultural TFP (solid lines) and population density (dashed lines) for four countries: Chile, Mexico, South Korea, and South Africa. Empirical work later in the paper will establish this relationship more concretely, but the figure shows that within countries over relatively short periods of time there is a strong positive relationship of agricultural TFP and population density. While there are greater fluctuations in agricultural TFP, due most likely to weather shocks, the trend in productivity is clearly closely related to the trend in population density. These tight relationships within countries over a period of only 33 years are not compatible with the longrun stories of Boserup and Malthus. Population responses are not sufficiently fast to explain how density would rise in near lock-step with productivity, and nor are these countries in the process of moving from
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slash-and-burn agriculture to intense cultivation. So why are population density and productivity so tightly linked, even within countries over very short periods of time? The explanation provided by this paper is that the correlations in figure 5 are due to mischaracterizing the agricultural production function to depend on the area of land, as opposed to the stock of nutrients. The following section will establish more formally that once we model agricultural production more accurately, the TFP/density relationship is a mechanical correlation driven by the assumption of a fixed stock of land. .



3



Nutrient Stocks in Agricultural Growth



Incorporating information on the accumulation of nutrients in farmland will provide a richer model of agricultural sector growth, and will also be able to explain the observed data on productivity and population density. Before presenting the dynamic optimization model and its implications, some background material on the agronomic science behind this concept of agricultural production is presented.



3.1



Agronomic Basics



One of the main factors influencing crop production is the availability of what are known as the macronutrients: nitrogen (N), potassium (K), and phosphorus (P). Plants take up these nutrients through their root systems, and thus their growth depends on the presence of these nutrients in the soil. Of these, nitrogen is the most important nutrient, and many of the concepts involved in calculating soil nutrients refer specifically to this element. The “soil nutrient balance” is a concept used in agronomy to capture the accumulation (or depreciation) of these soil nutrients not only from the uptake of plants but from natural processes. There are several variations of the methodology used to calculate these balances, but most are based on the initial work of Stoorvogel and Smaling, 1990, Smaling and Fresco, 1993, and Smaling, Stoorvogel and Windmeijer, 1993. Subsequent work (Henao and Baanante, 1999; OECD, 2001; Sheldrick, Syers, and Lingard, 2003; FAO, 2003; Van der Pol and Traore, 1993; Roy et al, 2003) has refined the process by including better data on soil types, erosion, and other factors to calculate soil nutrient balances. Regardless of the specific techniques, soil nutrient balances rely on a common framework that involves inflows of nutrients versus outflows. The inflows of nutrients come from five sources: mineral fertilizers, manure, deposition, biological nitrogen fixation, and sedimentation. Fertilizer is generally classified by its
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“NPK” content, which refers specifically to the amounts of nitrogen, phosphorus, and potassium that it contains, and is designed precisely to restore nutrients lost to crop production. Similarly, animal manure is a rich source of soil nutrients. One way of viewing livestock is as ambulatory storage tanks for soil nutrients. By feeding in existing crops, livestock store the nutrients for future use, and the application of these nutrients involves applying manure to fields where crops will be grown. Deposition refers to the process by which atmospheric nutrients (typically nitrogen) are deposited into surface soil. Some of this takes place as wet deposition (through rain or snow) while dry deposition takes place when large particles and/or gaseous molecules interact with the soil to deposit nitrogen. The literature on nutrient stocks generally assumes that most deposition takes place through precipitation. Biological nitrogen fixation refers to the process by which plants draw inert nitrogen (N2 ) from the atmosphere and make it available for uptake by plants. Leguminous crops (e.g. soybeans) as well as wetland rice are the main avenues of this inflow of nitrogen. The legumes fix nitrogen into ammonia compounds through their symbiotic relationship with Rhizobia bacteria. Wetland rice is able to fix nitrogen through algae that exist in the paddies. All crops take advantage of nitrogen fixed by the presence of other types of non-symbiotic bacteria in the soil as well as the presence of specific types of trees near agricultural land. The final source of nutrients to the soil consists of sedimentation, which occurs mainly in flooded or irrigated areas where nutrients are carried by water and allowed to settle over agricultural land. The five inflows of nutrients can be interpreted as “savings” behavior if we consider soil nutrients as a stock of capital. Fertilizer is perhaps most clearly seen in this manner - it is an investment in future soil fertility. Raising livestock and not eating them is forgoing consumption in order to provide future nutrients (manure) to cropland. Crop rotation and fallowing invest in soil fertility by planting crops (or forgoing production entirely) that fix nitrogen in place of more desirable food crops. Against these inflows of soil nutrients are five main outflows of soil nutrients. The first, and clearly the most important, is crop harvesting. Knowing the chemical content of different types of crops, agronomists can calculate the “consumption” of soil nutrients by agriculture. In addition to crop production, the removal of crop residues is an outflow of nutrients. For many crops much of the structure of a plant remains on the field following harvest - a corn stalk is a classic example. If this residue is left on the field or fed to livestock the nutrients can be recycled back to crop production. However, for many crops the straw and residue remaining is used for fuel, roofing, or manufactured goods and so extracts nutrients from the soil. The additional outflows of soil nutrients operate in a manner similar to classic depreciation. Leaching is the process through which water seeping through soil draws along nutrients to depths that are unavailable to 9



plants. In tropical areas the heavy rains are responsible for a massive amount of leaching, one of the reasons that agricultural productivity is generally low is these areas. Similar to leaching is gaseous loss, by which nitrogen is lost to the atmosphere. Finally, erosion removes nutrients directly by removing the soil itself. Depending on the relative size of inflows versus outflows, soil nutrients are either being accumulated over time or run down. For the OECD countries, there is evidence that stocks of nutrients are being built up. In 1990-92, the OECD average kilograms of nitrogen accumulated per hectare of agricultural land was 88, while in 2002-04 it was 74. Thus the OECD was accumulating nitrogen, but the rate of increase was slowing down. Phosphorus was also being accumulated, increasing at the rate of 10 kilograms per hectare in 2002-04 (OECD, 2001). Studies in developing countries vary in their outcomes, and tend to be at the farm or district level rather than national balances. Roy et al (2003) provide a summary of several studies, and in many cases the stocks of nitrogen, potassium, and phosphate are declining through heavy crop production. Overall, the idea that considering soil nutrients as a stock that is subject to a consumption and savings decision akin to neo-classical growth theory is well supported by the agronomic literature. The next section replaces a fixed stock of land in the agricultural production function with the concept of a stock of soil nutrients that can change over time and considers how this alters the measurement of agricultural productivity over time.



3.2



A Dynamic Model of Nutrient Accumulation



Let agricultural production be determined by the following function



YAt = G(St , Et ut Lt )



(3)



where St is the stock of soil nutrients at time t, Et is an efficiency term, Lt is the population size and ut is the share of population working in agriculture. The function G is presumed to be constant returns to scale and concave in both arguments. Note that Et represents the “true” level of efficiency in agricultural production, and later we will see that typical measures of TFP do not accurately capture this term. The accumulation of soil nutrients proceeds in a manner similar to that used for physical capital



St+1 = YAt − CAt + (1 − δS )St



(4)



so that soil nutrients in period t + 1 depend on total production minus the amount of agricultural goods
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consumed and adjusted for the rate of depreciation that occurs to the nutrient stock naturally (deposition, sedimentation, leaching). Several points are important to make regarding the interpretation of this accumulation equation. The value YAt should be interpreted as the total production of nutrients in period t. Of these total nutrients, some are extracted from the agricultural sector in the form of food (crops and livestock), which form consumption, CAt . The nutrients not consumed (“savings”) will not show up in agricultural production statistics. That is, what the FAO reports as the value of agricultural output in an economy is equivalent to the value CAt , food extracted from the agricultural sector. The total output of nutrients, YAt , is thus some value different than what the FAO reports as the value of total agricultural production. Of this aggregate output of nutrients, some are returned to the agricultural sector for future production. In a fallowed field, for instance, YAt > 0, but CAt = 0, and an accumulation of soil nutrients occurs. Fallowing is equivalent to savings - forgoing consumption in order to increase future production. This interpretation, though, means that data on agricultural output is telling us about the consumption portion, CAt , and not about YAt as written here. With that digression aside, we can specify the remainder of the economy. Let non-agricultural production take the form of YN t = F (Kt , Bt (1 − ut )Lt )



(5)



where Bt is total factor productivity in the non-agricultural sector, and Kt is the capital stock. The typical assumptions apply to the function F : constant returns and concavity. From the individuals perspective, let them be forward-looking and with a utility function of



Vt =



∞ X U (cAs , cN s ) s=t



(1 + θ)s



(6)



where individuals gain utility from consumption of both agricultural and manufacturing goods. They discount the future at the rate θ. Putting the accumulation equation for soil nutrients into per-capita terms, and providing a similar accu-
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mulation equation for physical capital, the optimization problem for the representative individual is



max



cAt ,cN t ,ut



s.t.



∞ X U (cAt , cN t ) t=0



(7)



(1 + θ)t



st+1 = g(st , Et ut ) − cAt + (1 − δS − n)st kt+1 = f (kt , Bt (1 − ut )) − cN t + (1 − δK − n)kt k0 , s0 .



This is a textbook optimization problem, with the additional feature that individuals will optimally choose the fraction of labor effort, ut , expended in each sector.2 Euler equations describe the growth rate of both cAt and cN t , as is typical. A steady state with technology levels (E and B) held constant will require that cAt , cN t , kt , st and ut be constant. In this case we will have that



gs (s∗ , Eu∗ ) = fk (k ∗ , B(1 − u∗ ))



=



θ + n + δS



(8)



θ + n + δK



which says that the steady state levels of both soil nutrients and the physical capital stock are determined by the discount rate θ, the population growth rate, n, and the respective depreciation rates. In steady state, total measured output of the agricultural sector will be



c∗A = g(s∗ , Eu∗ ) − (δS + n)s∗



(9)



because, as noted above, only the amount consumed directly will be captured in the statistics. One thing to note here is that δS will be a relevant factor in the steady state level of agricultural consumption. While we typically assume that depreciation occurs at a similar rate for physical capital across countries, this would not be the case here. Climate and geography will be of central importance to the size of δS due to the effects of rainfall on leaching, elevation and slope on soil erosion, as well as temperature and rainfall conditions on atmospheric deposition of nitrogen. In other words, variation in δS will be important in explaining variation in steady state agricultural production.3 2 One could easily adapt this simple model to incorporate non-agricultural output as a potential input to the accumulation of soil nutrients (i.e. fertilizer). This would not fundamentally change the nature of the problem, and the empirical conclusions drawn would be similar. 3 One can easily introduce trend growth in productivity to the model, allowing E to rise at the rate g each period. As is t
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What are the implications of this model for the role of population density, which the naive land-based model is not able capture empirically? First, consider the level of agricultural output per worker. This will be measured as CAt /LAt , which at a steady state will be equal to c∗A /u∗ . While c∗A will depend on individuals preference for agricultural goods, and u∗ will depend on relative demand for agricultural goods, neither of these values depends on the size of the population (and therefore do not depend on population density). Because the economy is capable of accumulating soil nutrients over time, soil nutrients per capita reach a steady state (s∗ ) and the economy can continue to feed individuals without having to resort to falling output per worker in that sector as the naive land-based model would predict. Thus the relationship in figure 1, in which there is no distinguishable relationship between output per worker and density, is readily accommodated by this model of soil nutrient stocks. Similarly, because the value of u∗ is constant in steady state, there is no relationship of the share of population engaged in agriculture to population density. This matches the data in figure 2, while the naive model based on a fixed land stock would have predicted u rising in population density. Now, u∗ may decline over time as E increases, but in this model of agricultural production it should not be related to population density directly. An additional fact that can be accommodated in the current model is the positive relationship of fertility and the share of labor in agriculture, as in figure 4. From the first order conditions defining steady state, if the fertility rate (n) goes up, then it requires that the marginal product of the nutrient stock has to rise. This occurs through two channels. First, the equilibrium nutrient stock will fall, for the same reasons that steady state capital stocks fall in a Solow model when fertility rates rise. Secondly, though, an increase in u, the share of labor in agriculture, will occur to ensure the first-order conditions hold. Hence the positive relationship of n and u in figure 4 holds here. Finally, what of the relationship between measured TFP and population density, as in figure 3? For this, we need to remind ourselves how TFP is derived in the data. Using the land-based production function, the calculation of TFP in figure 3 and in typical studies of agricultural productivity is the residual



T F Pt =



F AO YAt α X (ut Lt )1−α



(10)



F AO where YAt is the reported value of agricultural output from the FAO.



If in fact the production function is described by (3), then this residual measure of TFP is actually typical, variables will be recast in per-efficiency unit terms (denoted by a ˜·, and measured output in the agricultural sector s∗ , u∗ ) − (δS + n + g)˜ s∗ in steady state. The analysis remains the same. would be written as c˜∗A = g(˜
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capturing the following



T F Pt



= = =



CAt X α (ut Lt )1−α cAt Lt X α (ut Lt )1−α  α cAt Lt X u1−α t



(11)



which says that our naive measure of TFP is actually increasing in population density, just as seen in figure 3 across countries and in figure 5 within countries. Note that this relationship holds regardless of whether the economy is at steady state or not. The value of using this model as opposed to one based on a fixed land factor is that the empirical relationships can be explained even within countries without having to resort to either a Boserup and/or Malthusian mechanism operating over very short periods of time. As noted previously, the population response to changes in agricultural productivity that would be required to explain the observed relationships are not plausible in the relatively short time periods we are considering. In addition, for many countries the positive link of income and fertility is no longer valid, and in this case the Malthusian model cannot explain why productivity and population density are so closely correlated within countries. In a dynamic model, however, the accumulation of greater stocks of productive soil nutrients is capable of explaining both the cross-country and within-country relationships. It also has the feature of being more closely aligned with how the agronomic field views the process of agricultural production.
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Quantitative Implications



A model incorporating nutrient stocks as an input to agricultural production provides predictions consistent with the empirical relationships documented previously in the paper. The model can now be used to reexamine the cross-country data to provide a more accurate assessment of what drove growth in agricultural production over the period from 1962 to the early 1990’s. Following that, the model is applied specifically to the case of Sub-Saharan Africa to provide an economic explanation for the observed decline in soil nutrient stocks and soil degradation in this period. One note before proceeding is that data on the actual size of nutrient stocks is not available. Roy et al (2003) report on several studies undertaken to measure changes in soil nutrients, but a comprehensive system of accounting for nutrient stocks is not available at this time. The model allows me to put some structure on 14



the problem, and I use cross-country regressions to extract information on the convergence speed of nutrient stocks. With that convergence speed in hand, further values can be extracted from the model and the growth accounting performed.



4.1



Convergence Speed of Nutrient Stocks



The first task is to take the cross-country data on agricultural output and use it to estimate several parameters of the model that will be then used to breakdown the existing measure of agricultural TFP into components that depend on population density, soil nutrient stocks, and efficiency growth. Take logs of the relationship in (11) and then for any country i we have



ln T F Pit = ln cAit − (1 − α) ln uit + α ln







Lit Xit







.



(12)



Let agricultural consumption (which recall is equal to the measured output of the agricultural sector) be described by α CAit = φi Sit (Eit uit Lit )1−α



(13)



1−α cAit = φi Eit s˜α it uit



(14)



and in per-capita terms we have



where s˜it is the per-efficiency unit value of soil nutrients, meaning that we are now allowing for trend growth in agricultural efficiency. The fraction φi represents the fraction of nutrient output that is consumed, and is assumed to be constant across time within each country i.4 Combining (14) with (12) we have that



ln T F Pit = ln φi + ln Eit + α ln s˜it + α ln







Lit Xit







(15)



which shows us how measured TFP actually confounds four different elements. First is the “savings rate”, φi , in agriculture. To the extent that some countries put more of their output back into the land (through fallowing, fertilizer, or the like), the greater will be measured TFP under the land-based model. The terms s˜it captures the stock of soil nutrients themselves, and while these do increase per-hectare productivity, they 4 The estimation is therefore of a “Solow Model” of agriculture with a fixed savings rate. The dynamic model would allow φ to vary over time, which cannot be accommodated here because of data limitations. Specifically, in the dynamic model, φ would depend on s˜, which I do not have data on.
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represent a stock of accumulable assets rather than a technology per se. Perhaps most problematic is that population density is included, and this clearly is overstating agricultural TFP, and creates the relationships seen in figure 5. Finally, the term Eit is the “true” level of agricultural efficiency, and as can be seen the typical measure of TFP is not accurately capturing this. To proceed empirically, take a first-difference of this measure of TFP and we have



∆ ln T F Pi,t+1 = gi + α∆ ln s˜i,t+1 + α∆ ln







Li,t+1 Xi,t+1







(16)



where gi is the growth rate of Eit , which note is country-specific. By presuming that φi is constant it drops out completely from the specification. To proceed, we need some description of how efficiency units of soil nutrients evolve dynamically. Recall that this operates like a capital stock in production, and will therefore converge over time towards a steady state. We can parameterize this convergence as



ln s˜i,t+1 = (1 − e−λ ) ln s˜∗i + e−λ ln s˜it



(17)



where s˜∗i is the country-specific steady state level of soil nutrient per efficiency unit of labor, and λ determines the speed of convergence. The growth rate of the soil nutrients is thus



∆ ln s˜i,t+1 = (1 − e−λ ) ln s˜∗i − (1 − e−λ ) ln s˜it



(18)



which simply says that the growth rate of the soil nutrient stock is declining in the size of the nutrient stock, similar to the convergence effects in a standard model of capital accumulation. Combining (18) with (16), and utilizing the breakdown in (15) means that we can express this as



∆ ln T F Pi,t+1



= + +



gi + α(1 − e−λ ) ln s˜∗i − (1 − e−λ ) ln φi (1 − e−λ ) ln Eit − (1 − e−λ ) ln T F Pit + α(1 − e−λ ) ln   Li,t+1 α∆ ln Xi,t+1



(19) 



Lit Xit







which, while relatively complex, can be estimated to yield information on the convergence speed λ that will be useful in backing out the “true” growth rates of agricultural productivity in the next section. The first
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line contains only country-specific terms that can be handled in regressions by using country fixed-effects. Data on T F Pit is available, as is data on population density, so those terms can be estimated. The term involving Eit remains problematic because it is unobserved. To the extent that Eit varies mainly due to country-specific effects, the inclusion of the fixed effects will pick this up. Including explicit time fixed-effects will pick up the common time-variation in productivity that occurs (and this will likely be more helpful as the sample is restricted to geographically smaller areas). However, one must keep in mind that the ultimate estimate of λ is subject to questions regarding the consistency of an estimation that cannot explicitly control for Eit . In practice this will turn out to be a small issue, as variation in the rate of λ will not create wide variation in the ultimate accounting exercises. Additionally, we can gain some insight into whether the inability to control explicitly for Eit is biasing the results because we know ahead of what some of the coefficients should be. First, the estimated coefficient on the change in population density should be exactly equal to 0.2, the assumed value of α used to calculate the measured TFP data. Secondly, the coefficient on initial density should be equal to 0.2 times the estimated value of (1 − e−λ ). If we are able to confirm these relationships, then this gives us some confidence the regressions are yielding consistent estimates of the coefficients. The data are from 1962-1994 for 114 countries, with a total of 3,762 observations. The population density data is calculated readily from the FAO data on total population and agricultural area. The TFP measure is the residual from a land-based production function with an assumed parameter of α = 0.2.5 Table 1 reports the results of estimating this relationship. The first two columns show the coefficients for the entire sample of 114 countries, varying only in their inclusion of the time dummies. The inclusion of these dummies does not appear to much of an impact on the other coefficient estimates. More importantly, the estimated coefficient on the change in population density is equal to 0.192 in column (2) and is highly significant, indicating that across the sample population density is highly correlated with measured TFP in agriculture. The null hypothesis that this coefficient is actually equal to 0.2 cannot be rejected, as shown in the lower panel of the table, providing reassurance that the inability to measure Eit is not biasing the results. The coefficient estimates on the initial population density is significant and of the expected positive sign. However, the initial TFP is estimated at essentially zero. This initial TFP effect should be capturing a 5 Specifically,



the value of TFP is calculated as ln T F Pit = ln YAit − 0.2 ln Xit − 0.6 ln LAit − 0.1 ln Vit − 0.1 ln KAit . The value of Vit is the value of livestock, while KAit is a measure of agricultural capital in the number of tractors. The weights are shares in the production function, matching typical estimates in the literature, see Vollrath (2007) for further information on data sources and weights. Including explicit controls for physical capital and livestock in the TFP calculation does not alter the empirical set-up in this section, as the presence of population density will still enter the calculation with a weight equal to that of the land share, 0.2.
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convergence in TFP, which is consistent with TFP being driven by the accumulation of soil nutrients as opposed to exogenous technological progress. However, in the broad sample this does not seem to be the case. With initial TFP estimated at zero, there is no meaningful estimate of λ nor is there a meaningful test of whether the initial density coefficient is of the correct relationship to the initial TFP coefficient. Turning to those sub-samples, columns (3) and (4) show the results for the sample of 81 developing countries (see Appendix for full list of countries included). For this sample the regression estimates are more clearly in line with the predictions. The result for the change in population density is very similar to before, with a significant value of 0.192 when time fixed effects are included. The hypothesis that this coefficient is actually equal to 0.2 is not rejected. This confirms the relationships seen in figure 5, that TFP growth is tightly linked to population density growth. In addition, initial density and initial TFP are both estimated tightly and with the expected sign. Initial density has a coefficient of 0.007, indicating that TFP growth is mechanically related to the level of population density. The coefficient on initial TFP is -0.017, and significant. This indicates a convergence effect in TFP, consistent with the nutrient stock theory. It implies that 1.7% of the gap between actual agricultural output and steady state output is closing each period, very close to the typical cross-country estimate for overall aggregate growth. Another way of looking at this is that we see TFP growth slowing down as the level increases.6 In column (4), the hypothesis that the coefficient on lagged population density is equal to 0.2 times the convergence coefficient cannot be rejected at the 5% level. However, this is only just significant, and one could reject this hypothesis at the 10% level. Regardless, the restriction is more likely to hold in the developing country sample than in the full sample. Columns (5) and (6) provide estimates for a further sub-sample of 35 countries in Sub-Saharan Africa, which will be of interest in the next section. Here we see that the specification delivers even stronger results. The estimated value on the change in population density is almost identically 0.2. The negative coefficient on initial TFP is -0.061, indicating a faster convergence rate of 6.5%. The test that the coefficients on initial population density and initial TFP are related in the expected manner is now much stronger, and cannot be rejected even at the 10% level. For the remaining 33 developed countries, columns (7) and (8) show the results. Here the estimated coefficient on population density is again positive and is almost identically 0.2. The coefficients on lagged 6 An additional check on the results is that the implied convergence speed is in a similar range to the ones found in crosscountry growth regressions. Barro and Sala-i-Martin (1992) show that output per capita converges at roughly 2% per year.
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TFP and lagged population density are not highly significant but are of the right signs. If the developed countries are very close to steady state levels of nutrient stocks, then there would be little variation to identify the convergence parameter λ and hence the insignificant results in this sample. This also explains why the overall sample in columns (1) and (2) does not show the convergence effects of initial TFP, as it is mixing up the results of both developed and developing countries. Overall, however, the empirical results support a specification that explains changes in agricultural TFP as a combination of changes in population density as well as initial TFP. This specification would be a direct outcome of a model of agricultural output that includes nutrient stocks as opposed to a fixed amount of land, and provides indirect evidence that this provides a worthwhile viewpoint on agricultural productivity growth. The model fits particularly well for developing countries and those in Africa specifically.



4.2



Accounting for Productivity Growth



Given the regression results in table 1, we can use the model to account for the separate effects of nutrient stock growth and “true” efficiency growth, gi across countries. To retrieve the values of gi from the data, first re-write equation (14) in log terms as



ln cˆi,t+1 = ln φi + ln Ei,t+1 + α ln s˜i,t+1



(20)



where the term cˆi,t+1 = ln cAi,t+1 − (1 − α) ln ui,t+1 . Using the definition of s˜i,t+1 from equation (17) we can write ln cˆi,t+1 = ln φi + ln Ei,t+1 + α ln(1 − e−λ )˜ s∗i + αe−λ (ln cˆit − ln φi − ln Eit ).



(21)



Taking a first-difference of this equation yields



∆ ln cˆi,t+1 = (1 − αe−λ )gi + αe−λ ∆ ln cˆit



(22)



which relies on the idea that ∆Ei,t+1 = ∆Eit = gi , or that trend productivity growth is constant at the rate gi . The term cˆ is calculated from data on agricultural output per capita as well as data on the share of population engaged in agriculture, both of which are readily available from the FAO. With the assumption that α = 0.2 and the estimate of λ from the convergence regressions, we can back out gi from the above equation for each country.7 7 Specifically,



a value of gi is obtained for each year of data for a country, and then the mean across these is taken for a
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With gi we can perform the accounting for agricultural TFP growth in this period. For 1962-1994, the growth of measured TFP can be expressed as



∆ ln T F Pi,62−94 = 32gi + α∆ ln s˜i,62−94 + α∆ ln







Li,62−94 Xi,62−94







(23)



which is just the expansion of equation (16) over 32 years. With the estimates of gi from the prior calculation, and data on population density and measured TFP, we can back out the growth in s˜ over this period for each country. Table 2 shows the average growth rate of measured TFP for the samples of developing, African, and developed nations. For the sample of 81 developing nations, naive TFP growth is approximately 0.89% per year, on average. This was made up of the three components listed in the following rows of the table. Growth in population density led to a measured growth rate of 0.43% in TFP, roughly half of the total. The growth rate of efficiency, Eit , in these countries over this period is 0.92% per year. For this sample, then, the actual growth of efficiency in agriculture was nearly identical to the typically measured TFP. The implied growth in the nutrient stock per efficiency unit is negative at minus 0.46% per year. While progress was being made in agricultural efficiency, the stock of soil nutrients available was falling and this offset the measured effects of population density. For the 35 African countries in the sample, the breakdown of growth in TFP is less encouraging. Overall, measured TFP grew at only 0.11% per year in this period, and that includes growth of 0.49% per year due to the effects of increasing population density. The “true” efficiency growth in Africa in this period was actually negative, declining at 0.11% per year. Alongside this was the decline at 0.27% per year of soil nutrients per efficiency unit. The only reason that measured agricultural TFP in Africa was positive at all was due to confusing population density growth with productivity growth. The decline in nutrient stocks per efficiency unit is not confined to developing and/or African nations. For the 33 developed countries, nutrient stocks were falling at 0.92% per year, while population density contributed 0.20% per year to TFP growth. This reveals that while measured TFP growth was 2.7% per year, actual efficiency growth was 3.42%. Thus the developed countries maintained a much higher rate of efficiency growth than developing nations which meant that measured TFP was able to grow much faster. The implication of these results are that our typical measure of agricultural TFP is incorrect, and does not necessarily reflect technological progress or gains in efficiency in that sector. Significant portions of TFP measure of trend growth.
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growth are accounted for by changes in population density and declines in nutrient stocks per efficiency unit over this period. An additional item of to note is the finding that soil nutrient stocks are declining over this period. The fifth row of the table calculates the growth rate of soil nutrients per capita implied by the model given the observed data. Across all regions there is a decline in this period, consistent with much of the agronomic and environmental literature on soil degradation. Finally, note that the trend growth rates of agricultural technology are vastly different across developed and developing regions. There is an increasing divergence in agricultural technology levels between these regions which contributes to the overall divergence in output per capita.



4.3



Declining Productivity in Africa



Table 2 shows that efficiency in agriculture has been slowly eroding over time, and that in addition nutrient stocks are declining. The combination of these effects is that agricultural output per worker in Africa has actually been falling over time. The final row of table 2 shows that output per worker in this sector fell at 0.34% per year. Is there a way of understanding why per worker outcomes were so poor in this period in the context of a dynamic model of agricultural production? Recall that measured output per worker in agriculture is equivalent to the consumption of agricultural goods relative to the share of labor engaged in agriculture in the model. Therefore output per worker in agriculture can be expressed as cA =E u



 α s˜ s˜ − E (n + δS + g) u u



(24)



and thus a fall in soil nutrients per efficiency unit of agricultural labor would drive down output per worker in this sector, holding efficiency (E) constant. Given the observed drop in s˜ in the data for the African (and other) regions, this provides part of the explanation for the decline in output per worker. If E were growing, this might have offset the decline in soil nutrient stocks, but recall from the data that efficiency in African agriculture was actually dropping at the rate of 0.11% per year. So the decline in output per worker in agriculture was a combination of negative efficiency growth and declining nutrient stocks. Compare this to the developed world, where despite the fall in nutrient stocks, productivity growth was on the order of 3.42% per year, and hence these nations were able to increase output per worker at over 4% per year. Where does the decline in soil nutrient stocks come frome? Falls in s˜ indicate that Africa in 1962 was
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above it’s steady state value of soil nutrients. Why would this be so? One explanation could be the shock to population growth that occurred in the post-war period following interventions designed to decrease mortality in developing countries. Preston (1980, pp. 315-16) asserts that the vast majority of the increase in population growth during the 20th century was driven by declines in mortality. Acemoglu and Johnson (2007) attribute much of the mortality decline in the period following World War II to disease eradication programs (such as those for smallpox). From 1913 to 1950, the annual growth rate of the population of Africa was only 1.62%, but from 1950–1970 this jumps to 2.30% and from 1970-1998 it was even higher at 2.68%. This upward shock to population growth (n) should have lowered the steady state value of s˜ and sent African nutrient stocks on a slow decline towards a new, lower, steady state. Without accurate data on the size of δS , it is not possible to get a quantitative estimate of the effect of this shock to population growth. However, it offers a plausible explanation for the observed decline in African agriculture over this period that squares with environmental research on the slow degradation of soil nutrients in this period (see Drechsel, Kunze, and de Vries, 2001 for a summary of this research). Contrary to typical explanations, though, this erosion of soil nutrient stocks is not the result of poor property rights and/or a lack of education on the part of African farmers. Given the shock to population growth, the observed decline can be seen as the optimal response for forward-looking individuals.
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Conclusion



The standard approach to modeling the agricultural sector in models of structural change and growth is to assume that there is a fixed stock of agricultural land available as an input. This approach leads to several inconsistencies with the cross-country data on agricultural productivity and population density. A dynamic model of the accumulation of soil nutrients, a concept used by agronomists in thinking about soil fertility, is better able to match the data. This model shows that population density will not be related to agricultural output per worker or the share of individuals in agriculture, matching the data where the standard model cannot. In addition, the model involving soil nutrient stocks shows that measured TFP in agriculture is mechanically related to population density, and therefore measured TFP growth is overstated. Panel data from 114 countries is used with the model to extract parameters that provide a way of breaking down measured agricultural TFP into three components. The first is due solely to increases in population density, the second to changes in the stock of soil nutrients, and the final portion the “true” trend growth rate
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in agricultural efficiency. The data show that population density accounts for approximately half of all the measured growth in agricultural TFP. Soil nutrient stocks are actually falling across all the different samples, while trend productivity growth varies depending on which set of countries one examines. Sub-saharan Africa actually experienced a decline in agricultural efficiency over the post-war period, while developed countries had a robust growth rate of over three percent per year in efficiency. The implications of this data for the study of structural transformation and long-run growth are many. It implies that productivity gaps are widening between the developed and developing world, and therefore contributes to greater divergence in output per capita. In addition, the data suggest that Sub-Saharan Africa was actually moving farther away from a take-off to sustained growth in the period studied. Finally, the analysis is able to explain in a single forward-looking model why agronomists have observed a degradation of soil nutrient resources within many developing countries in this period.
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Appendices Sample Countries Developed Nations: Australia, Belgium/Luxembourg, Bulgaria, Barbados, Canada, Cyprus, Denmark, Finland, France, Germany, Greece, Hungary, Ireland, Iceland, Israel, Italy, Japan, Malta, Mauritius, Netherlands, Norway, New Zealand, Poland, Portugal, Reunion, Romania, Spain, Sweden, Switzerland, Turkey, United Kingdom, United States Developing Nations: Afghanistan, Algeria, Angola, Argentina, Burkina Faso, Bangladesh, Belize, Bolivia, Brazil, Botswana, C.A.R., Chile, China, Cote d’Ivoire, Cameroon, Chad, Congo (CDR), Congo (Rep.), Colombia, Costa Rica, Dominican Republic, Ecuador, Egypt, El Salvador, Ghana, Guinea, Gambia, GuineaBissau, Guatemala, Honduras, Haiti, Indonesia, India, Iran, Iraq, Jamaica, Jordan, Kenya, Korea (Rep.), Sri Lanka, Lesotho, Morocco, Madagascar, Mexico, Mali, Myanmar, Mozambique, Mauritania, Malawi, Malaysia, Namibia, Niger, Nigeria, Nicaragua, Pakistan, Panama, Peru, Philippines, Puerto Rico, Paraguay, Rwanda, Saudi Arabia, Sudan, Senegal, Sierra Leone, Somalia, South Africa, Suriname, Swaziland, Syria, Togo, Thailand, Trinidad and Tobago, Tunisia, Tanzania, Uganda, Uruguay, Venezuela, Yemen, Zambia, Zimbabwe Sub-Saharan African Nations: Angola, Burkina Faso, Botswana, Central African Republic, Cote d’Ivoire, Cameroon, Congo (DR), Congo (Rep), Ghana, Guinea, Gambia, Guinea-Bissau, Kenya, Lesotho, Madagascar, Mali, Mozambique, Mauritania, Malawi, Namibia, Niger, Nigeria, Rwanda, Sudan, Senegal, Sierra Leone, Somalia, Swaziland, Chad, Togo, Tanzania, Uganda, South Africa, Zambia, Zimbabwe
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Table 1: Relationship of Productivity to Density
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Sample: (A) Chg. in Density ∆ ln(Li,t+1 /Xi )



Dep. Variable: Chg. in TFP: ∆ ln(T F Pt+1 ) (1) (2) (3) (4) All All Developing Developing 0.185*** 0.192*** 0.185*** 0.192*** (0.023) (0.023) (0.025) (0.025)



(5) Africa 0.195*** (0.027)



(6) Africa 0.206*** (0.027)



Developed 0.206* (0.116)



Developed 0.254** (0.115)



(B) Initial Density ln(Lit /Xi )



0.004** (0.002)



0.004** (0.002)



0.007*** (0.002)



0.007*** (0.002)



0.017*** (0.005)



0.018*** (0.005)



0.002 (0.002)



0.002 (0.002)



(C) Initial TFP ln T F Pt



-0.001 (0.003)



0.000 (0.002)



-0.017*** (0.005)



-0.016*** (0.005)



-0.063*** (0.011)



-0.061*** (0.011)



-0.009* (0.005)



-0.006 (0.005)



3762 114 No



3762 114 Yes



2673 81 No



2673 81 Yes



1155 35 No



1155 35 Yes



1089 33 No



1089 33 Yes



0.017



0.016



0.065



0.063



0.009



0.006



0.37 0.54



0.10 0.75



0.03 0.86



0.04 0.84



0.00 0.96



0.22 0.64



4.18 0.04



3.57 0.06



1.83 0.18



2.26 0.13



0.01 0.91



0.05 0.82



Observations Countries Time FE Implied λ



Test of restriction (A) = 0.2 Statistic (χ2 (1)) 0.42 p-value 0.52 Test of restriction (B) = −0.2 × (C) Statistic (χ2 (1)) p-value



0.12 0.73



Notes: All regressions are estimated assuming an AR(1) error structure. T F P is calculated as the residual of a land-based production function, see text for explanation. Density is calculated from FAO data on total population and agricultural area. λ is the implied convergence speed (percent of gap to steady state closed per year) from the estimate on (C), initial TFP. The two tests examine the restriction that land’s share in output is equal to 0.2 and the implied relationship this causes between initial density and initial TFP. See the appendix for a list of countries included in each sample.



Table 2: Breakdown of Agricultural TFP Growth



Avg. TFP Growth, 62-94 (∆ ln T F P )



Sample Countries: Developing Africa 0.89% 0.11%



Developed 2.70%



Components: Pop. Density Growth: α∆ ln(L/X) Productivity Growth: g Nutrient Stock Growth: α∆ ln s˜



0.43% 0.92% -0.46%



0.49% -0.11% -0.27%



0.20% 3.42% -0.92%



Nutrient Stock p.c. Growth: ∆ ln s



-1.38%



-1.24%



-1.18%



Ag. Output p.w. Growth: ∆ ln YA /LA Countries



0.90% 81



-0.34% 35



4.11% 33



Notes: TFP growth is calculated as the log difference (divided by 32) for each country in the sample, and the median of these growth rates is reported for each sample. The contribution of population density was found by taking the median growth rate of population density for the sample, multiplied by α = 0.2. Productivity growth is the median value of gi for the sample, where gi was calculated by the method described in the text. Nutrient stock growth is the residual of measured TFP growth minus the contribution of population density and productivity growth. To find nutrient stock growth per capita, the growth rate of productivity is used to back out the efficiency growth component of the growth rate in nutrient stocks per efficiency unit (˜ s). Agricultural output per worker is from the FAOSTAT database.
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