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Summary

The growing demand for food will place a heavy burden on the soil, and the reliance of food produc​tion on external inputs is bound to grow. Improper management leads, however, to deterioration of the quality of land and seriously threatens future agricultural production. To guide policy measures and farmers’ decisions on land use, integrative measures of the current status of land quality and its change over time are needed. In this report a Land Quality Indicator (LQI) for the productivity of agricultural land is defined and applied to Sub-Sahara Africa.

It is argued that a LQI should represent a generic directive for the functional role of land, and as such should integrate factors and processes that determine the quality of land. To cover the wide range of agricultural activities, a general applicable production system is explicitly defined to express the LQI as a yield gap. The yield gap indicates in a quantitative way the increase in yield that can be obtained under specifically defined management practices over the current yield levels. Annual yields for optimal, water​- 

limited and nutrient-limited management conditions have been calculated using deterministic crop growth models. The number of growing seasons per year is set by favorable temperature and rainfall conditions.

The three production levels were calculated for Sub-Sahara Africa, using global data sets on climate and soil, at a grid cell resolution of 5*5 minutes. Annual potential yields increase from zero at the higher latitude (Sahara) to as high as 25 t ha–1 near the equator. This effect is caused by the increase in growth period and the number of crops that can be grown on an annual basis.

The same patterns emerge for water- and nutrient-limited yields, but with levels on average at 80% and 30% of potential yields.

While the results have a strong validity, it is stressed that they should be interpreted with great care. Realization of large production potentials would require well-developed societies, with optimal infra​structural conditions, such as roads, markets, availability of inputs, appropriate economy, education, etc. Additionally, large yield gaps do not necessarily indicate good returns on investment. It is argued though that the methodology presented is powerful to aggregate much relevant information to develop single value valuation systems for land use. Additionally, it inherits interesting opportunities to expand and inter-relate various other land quality indicators.
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1.
Land Quality Indicators 

World agricultural production has to triple over the coming three to four decades to meet growing food demand, due to increasing population and changing consumption habits (WRR, 1995 XE "WRR, 1995" ). The increase in food production will have to come from increased productivity, as future area expansion is not desirable (Alexandratos, 1995 XE "Alexandratos, 1995" ). This will place a heavy burden on the soil, and the reliance of food pro​duction on external inputs is bound to grow. Improper management leads, however, to deteriora​tion of the quality of land and seriously threatens future agricultural production. 

Farmers, researchers and policy makers are interested in integrative measures of the current status of land quality and its change over time. Land quality refers to the condition and capacity of land, inclu​ding its soil, weather, and biological properties, for purposes of production, conservation, and envi​ronmental management (Pieri et al., 1995 XE "Pieri et al., 1995" ). Maintenance of the agricultural production capacity of land resources is a fundamental element in the discussion on sustainable land use. Changes in land quality should be monitored to provide early warning of adverse trends and to identify problem areas. Monito​ring land quality and promotion of land management practices that ensure production and sustainable use of land resources require development of quantitative Land Quality Indicators (LQI) (Pieri et al., 1995 XE "Pieri et al., 1995" ).

Ideally, an indicator of land quality represents a generic directive for the functional role of land. A LQI integrates factors and processes that determine land quality. It should allow monitoring of changes in quality over time, and should be applicable at different scales. A LQI with these characteristics can only be obtained with a holistic systems-oriented approach whereby the land use system is mechanistically described. Weather, soil and relevant crop and characteristics determine the biophysical production potential of land. Agricultural management, in combination with the biophysical conditions, determines the actual production. Integration of biophysical processes is needed for the assessment of the agricul​tural production capacity. Models are convenient tools for such an analysis. Simulation models have proven to be useful tools to quantitatively analyze agricultural production systems, enabling objective comparison of production systems in different agro-ecological zones (Rabbinge, 1995 XE "Rabbinge, 1995" ).

Considering the wide range of activities in agriculture, LQI’s with general applicability need to be de​veloped. Given the importance of cereals for human diet and the world agricultural production (Goudriaan et al., in press), cereal yields are appropriate characteristics for defining a quantitative indi​cator for the production capacity of land. Calculated production, expressed as ‘grain equivalents’, result in a good integrator of soil and weather characteristics, allowing comparison of agricultural production potentials under various conditions.

This report deals with the definition of a Land Quality Indicator for the productivity of agricultural land. The LQI for agricultural productivity is a quantitative measure expressed as a yield gap. In this report, the definition of yield gap and the calculation procedure of this indicator are described. The results are presented and their general applicability is discussed.

2.
Production levels

2.1
Agricultural production system

Crop production is described in terms of potential, water-limited, nutrient-limited and actual pro​duc​tion as presented in Figure 1. The first three production levels are defined based on the response of ecophysiological processes governing crop growth. The levels are in fact nested crop production sys​​tems starting with the highest or potential level related to optimal conditions working down to produc​tion levels at sub-optimal conditions. The fourth production level is simply the yield as measured in the field. The first three production levels are calculated on a daily basis for the duration of a growing period by a deterministic simulation model. Temperature drives crop phenological development and therefore determines the growth duration. The length of growing seasons is determined by temperature at which growth is feasible. More than one growing period per year is possible. The most suitable cereal crop (depending on the agro-ecological conditions wheat, rice, maize, millet or sorghum) is taken as a proxy for a wide range of crops that could be grown, with yields expressed in 'grain equivalents'.
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Figure. 1.
Levels of production and required data for its assessment (Modified from Rabbinge, 1993 XE "Rabbinge, 1993" ).

Many processes affect crop performance, but relatively few have a major impact, such as processes resulting in the stable efficiency of the use of radiation, water and nutrient for crop growth (Monteith, 1990; Sinclair, 1990), and those contributing to the soil water balance and those affecting soil fertility. Crop growth has been modeled successfully as a function of environmental factors using the concept of these stable efficiencies (Bindraban, 1997). Generic descriptions of soil water dynamics for generali​zed soil profiles allow good estimates of water availability. Nutrient availability can be assessed through transfer functions and expert judgment from soil characteristics. The impact of diseases and pests are not included in this analysis because of the unpredictability of their impacts, and they are assumed to be controlled by management.

2.2
Identification of potential growing seasons

Temperature is the only factor that determines the development rate of the crop. The higher the air temperature, the shorter the crop duration. In temperate regions, the length of the growing season may allow only one crop, while a year-round growing season in tropical regions may allow two or even three crops to be grown. Consequently, first the number and length of potential growing seasons were determined based on temperature. Crop growth is possible within a temperature range of 5 to 40(C. Short periods of unusual heat or cold, e.g. low night temperatures, would interrupt a growing season, but these are not included. To complete a growing season, a certain amount of accumulated tempera​ture degrees are required. The required degree-days vary among crops. Therefore, crops are grown if temperature degree-days range from 1200 to 1800(Cd.

Additional to appropriate temperature conditions, the availability of water was taken as a condition to set a growing season by considering ‘wet’ periods on a monthly basis. Growth is allowed when the ratio between rainfall and evaporative demand exceeds 0.8.

Consequently, both the temperature and rainfall conditions should be favorable to allow a growing season. Multiple cropping, on an annual basis, is allowed when permitted by these climatic conditions.

2.3
Potential production

To obtain potential production levels, crops are grown under conditions of ample supply of water and nutrients, while pest, weed and disease are controlled. Radiation, temperature, CO2 and genetic characteristics of the crop determine the growth rate of crops. In this sense, crop growth is predomi​nantly reflected through weather conditions. Crop production under such optimum management con​ditions is determined by absorbed photosynthetically active radiation only, and is referred to as poten​tial production. The foliage of the crop determines which fraction of the daily radiation is absorbed. This absorbed radiation is converted into biomass with a crop-specific conversion efficiency (Monteith, 1990 XE "Monteith, 1990" ). Management practices approaching this production level can be found in well-endowed areas in the world.

A light interception model is used to calculate potential yield levels, taking into account the impact of radiation and temperature on crop growth. Radiation interception by leaves increases linearly during the juvenile stage of the crop, from zero at emergence to unity at a development stage of 600(Cd (Van Heemst, 1986 XE "Van Heemst, 1986" ). Subsequently, interception remains at unity during 600(Cd and reduces to zero over the last part of the growing period, because of leaf senescence. Intercepted radiation is converted into biomass by multiplication with a radiation use efficiency of 3.0 g MJ-1 for a standard crop (Monteith, 1981 XE "Monteith, 1981" , 1990 XE "Monteith, 1990" ; Gallaghar & Biscoe, 1978 XE "Galleghar & Biscoe, 1978" ; Goudriaan & Van Laar, 1994 XE "Goudriaan & Van Laar, 1994" ). Crop yields follow from multipli​cation of the accumulated growth over the growing period by a harvest index, set at 0.43. Daily or monthly data on radiation and temperature are required to assess this production level.

2.4
Water-limited production

Rainfed practices are the predominant systems of production throughout the world. Water availability to the crop depends on rainfall and on soil physical characteristics to retain water. Growth might be limited by shortage of water during at least part of the growing period, even if nutrients are in ample supply. The necessary amount of water to fulfill transpiration requirements for crop growth under op​timum management conditions can be calculated on the basis of crop-specific transpiration coefficients (Monteith, 1990 XE "Monteith, 1990" ). When water supply is insufficient, soil water content may fall below a threshold and actual crop transpiration becomes less than potential, proportionally decreasing crop growth. Thus, production can be water-limited, and cannot exceed potential growth under these conditions.

Water availability to the crop is calculated with a capacity type, dynamic soil water model. The amount of water that can be stored in the soil is related to soil texture. Water available to the crop is a function of both soil and crop characteristics. Water between field capacity and wilting point is assumed to be available for the crop. This fraction of water that can be stored in the soil depends on soil texture. Values taken from the FAO database were used. Total storage was related to soil depth. The amount of available soil water changes daily due to rainfall and evapotranspiration. A portion of the rain may not infiltrate into the soil, because of run-off. The fraction is related to the slope of the land, soil texture, and the rainfall intensity. Evapotranspiration is related to the growth rate of the crop, because of a con​stant ratio between growth and transpiration, which is set at 250 l of water per kg of crop dry matter. The amount of water available in the soil is adjusted daily for these in- and outflows. If the amount of water exceeds the maximum storage capacity, water drains out of the soil and cannot be used for future growth demand. At the same time, crop growth is reduced when the total amount of water in the soils is less than the demand for evapotranspiration.

Nutrient availability is assumed not to limit crop growth at this stage of the calculations. Required data to assess this production level, in addition to radiation and temperature, are rainfall and physical cha​racteristics of the soil concerning infiltration and drainage of water, water holding capacity and slope.

2.5
Nutrient-limited production

Shortage of nitrogen, phosphorus, and/or potassium occurs in most production systems, often combi​ned with limited water availability. Production situations were nutrients are limiting crop growth are referred to as being nutrient-limited.

Availability of nutrients strongly determines crop growth, apart from radiation and water. A model for a quantitative evaluation of the native soil fertility of tropical soils (QUEFTS) was used to assess nutrient-limited yields (Janssen et al., 1990 XE "Jansen et al., 1990" ). QUEFTS calculates yield as a function of the availability of soil N, P and K, in four successive steps. First, the potential supply of soil N, P, and K is derived from empirical equations, using soil pH, organic carbon, P-Olsen and exchangeable potassium. 

This procedure determines the maximum uptake of a nutrient when no other nutrient or growth factor is limited. Second, the actual uptake of one nutrient is calculated as a function of the potential supply of that nutrient, taking into account the potential supply, i.e. maximum uptake, of the other two nutrients. Then, the range in yield that can be obtained given maximum accumulation and dilution of a nutrient is calculated for each nutrient. The final yield estimate is obtained by comparison of the calculated maxi​mum yields on maximum dilution of each nutrient with a, beforehand, determined maximum yield.

QUEFTS has been developed for maize with data from three strongly differing agro-ecological zones in Suriname and Kenya. It is applicable for well-drained, deep soils, that have a pH(H2O) in the range 4.5-7.0, organic carbon content below 70 g kg‑1, P-Olsen below 30 mmol kg‑1 and exchangeable potas​sium below 30 mg kg‑1 in the topsoil (0-20 cm). Given the strong general applicability of the relations used in the calculation procedure, it can be expected that QUEFTS should have the capacity to per​form well as a generic cereal productivity model. Therefore the original model (Janssen et al., 1990 XE "Janssen et al., 1990" ) has been validated for a number of data sets comprising various major cereal crops and soil and environ​mental conditions. 

Information on productivity and soil chemical properties is scarce. Dobermann et al. (1996a XE "Dobermann et al., 1996a" ,b XE "Dobermann et al., 1996b" ) pre​sented an extensive and complete dataset on rice production for 11 sites in Asia. Smaling (1993 XE "Smaling & Janssen, 199?" ) used maize data from Kenya for calibration of QUEFTS. Their data were used in this analysis without any adjustments in the original parameterization of QUEFTS. Van Reuler (1996 XE "Van Reuler, 1996" ) presented data for upland rice in Ivory Coast. From all these datasets, unfertilized control treatments were used only. Johnston et al. (1976 XE "Johnston et al., 1976" ) reported an extensive amount of data on the impact of soil phosphorus on barley production on two locations in England. The basic applied nitrogen recovered by the crop was assumed to be about one third. P application treatments altered available soil P. Soil data on P, and not the applications, was used as input in the calibration of QUEFTS. The results are presented in Figure 2. Given the substantial part of the variation in productivity that is explained by the model, using these three macro-nutrients only, its global application is considered to be acceptable.

Subsequently, the productivity of soils in terms of grain equivalents was assessed using QUEFTS in its original form for the standardized data set on soil properties derived from the WISE database (Batjes, 1995; 1997). Productivity was calculated for individual profiles of the soil units (Annex I).

2.6
Actual yield levels

Actual yield levels are not only influenced by land-based natural resources, but also, and often even more, by farm management. Cultivation practices are based on farmers knowledge and skills, access to markets, land tenure, etc. These practices may not meet the agronomic conditions needed to realize po​tential yield levels for prevailing eco-physiological conditions. Yields may differ for a multitude of reasons, resulting in sub-optimal use of land resources or even deteriorating the resource base.
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Figure 2.
Performance of QUEFTS for major cereal crops from various world-wide locations.

2.7
The yield gap

The land quality indicator ‘yield gap’ indicates in a quantitative way the increase in yield that can be obtained under specifically defined management practices over the current yield levels. Consequently, the various calculated yield levels mentioned in the previous section are considered in defining the gaps in yield with actual yield levels (Figure 3). These yield gaps typically reveal technically feasible options to increase yield. The potential yield gap indicates the highest yield increase that could be obtained when optimizing agronomic practices, i.e. with complete and timely protection, and application of water and nutrients. In principle, the same considerations apply to the water and nutrient yield gaps, except that irrigation, respectively fertilization are not applied.
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Figure 3.
Visualization of the three yield levels distinguished to define the nutrient (A), water (B), and potential (C) yield gap, land quality indicator.

2.8
Case: Sub-Saharan Africa

The defined production levels can be determined at different scales. In this case study the analysis is done on a continental scale, using global data sets on climate and soil. Calculation of yield levels needs to be location-specific because production is governed by soil and weather conditions. The resolution of the location specificity depends on the availability of data. Climate and soil data for Sub-Saharan Africa were available on a spatial grid of 30x30' and 5x5' respectively. Consequently, yields have been calculated for Sub-Saharan Africa at resolution of 5x5 minutes, resulting from the geo-referenced overlay of soil and weather data.

Annual production volumes depend on both crop yield per growing period and the number of crops that can be grown per year. Therefore, in a first step the potential number of growing seasons was determined based on temperature and rainfall. Crop growth during the growing season was calculated for the potential, water-limited and nutrient-limited production levels, using models that simulate pro​duction on a daily basis. The general applicability and validity of the approach to calculate potential and water-limited yield has been tested in various studies (Luyten, 1995 XE "Luyten, 1995" ; Stol et al., 1991 XE "Stol et al., 1991" ). The validity of the nutrient limited yield calculations is presented in this report.

Actual yield data for Sub-Saharan Africa is available at the country level only. Therefore, calculated yield levels at the lower resolution was aggregated to country level to allow comparison and calculate yield gaps. Countries included in the study are listed in Annex II.

2.9
Data requirement

Climatic data include long-term monthly averages of temperature, precipitation, cloudiness (Leemans & Cramer, 1991 XE "Leemans & Cramer, 1991" and the number of rain days (Müller, 1996 XE "Müller, 1996" ). Incoming radiation is calculated using the latitude and are corrected based on cloud cover information. Evapotransipration is calculated based on temperature. Soil data are taken from the FAO soil map (FAO, 1996 XE "FAO, 1996" ). Crop parameters are from the literature. The relationship between the various databases is given in Annex IV.

2.10
Weather data 

A 30x30-arc minute’s global grid with monthly long-term average data of cloudiness, average tempera​ture, and precipitation was used (Leemans & Cramer, 1991 XE "Leemans & Cramer, 1991" ). Relative sunshine duration, derived from cloudiness is used to calculate monthly radiation. Daily values of temperature and radiation were deri​ved by linear interpolation from monthly values. Monthly long-term average number of days with pre​cipitation above 0,1 mm is given in the fifth edition of Müllers handbook ‘Handbuch ausgewählter Klimastationen der Erde’ (Müller, 1996 XE "Müller, 1996" ). Daily rainfall was generated by the random distribution of average monthly rainfall over the average monthly number of raindays.

2.11
Soil data

Soil data from the FAO soil map was used (FAO, 1996 XE "FAO, 1996" ), using a database where soils are classified cha​racterizing soil type, phase, slope and depth, and the maximum water retention capacity on a 5x5 arc minute grid. 4932 different map units are distinguished in 14 regional maps. 

The legend of the soil map of the world (1974) comprises 106 soil units (from Af to Zt), grouped in 26 major soil groupings. The regional map data for Africa were used with the country code given in Annex II, and a list of soils is given in Annex III. 

Textural (particle size) classes reflect the relative proportions of clay (fraction less than 0.002 mm), silt (0.002-0.05 mm) and sand (0.05-2 mm) in the soil. 

Three textural classes are recognized:

· coarse: sands, loamy sands and sandy loams with less than 18 percent clay and more than 65 percent sand;

· medium: sandy loams, loams, sandy clay loams, silt loams, silt, silty clay loams and clay loams with less than 35 percent clay and less than 65 percent sand; the sand fraction may be as high as 82 percent if a minimum of 18 percent clay is present;

· fine: clay, silty clays, sandy clays, clay loams, with more than 35 percent clay.

Slope classes indicate the slope that dominates in the area. Three slope classes are distinguished: 
(a) level to gently undulating, with generally less than 8 percent slope, (b) rolling to hilly with slopes between 8 and 30 percent and (c) steeply dissected to mountainous, with more than 30 percent slope. 

2.12
Land cover data

Land cover data from the FAO at a resolution of 30x30-arc minutes were used to distinguish land into agricultural and non-agricultural use. The agricultural areas were aggregated to calculate yield levels on a grid cell basis to levels of production (Table 1).

Table 1. 
Land cover categories distinguished in the FAO database.

0
Oceans and lakes
10
Temperate deciduous forest

1
Agricultural land
11
Warm mixed forest

2
Extensive grassland
12
Grassland/Steppe

3
Regrowth forest
13
Hot desert

4
Ice
14
Scrubland

5
Tundra
15
Savanna

6
Wooded tundra
16
Tropical woodland

7
Boreal forest
17
Tropical forest

8
Cool conifer forest
18
Major cities

9
Temperate mixed forest
19
Swamp vegetation

2.13
Production data

Actual yield levels of cereal grains in 1993 were obtained from the FAO database (FAO, 1997 XE "FAO, 1997" ). The values for cereal yield are considered to relate to grain equivalents, as this category comprises the major cereals. Data are available for national scale only.

2.14
Results

The results of the calculation procedure on a resolution of 5x5 arc minutes for the calcu​lated levels for potential, water-limited and nutrient-limited yields are given at this resolution in Figure 4 (left-hand maps).

Calculated annual potential yields increase from zero at the higher latitude (Sahara) to as high as 25 t ha–1 near the equator. This effect is caused by the increase in growth period and the number of crops that can be grown on an annual basis.

The same pattern emerges for the water-limited yields, but with levels on average at 80% of potential. It is worth mentioning that water-limited yield levels in the Sahalean region can be as high as 5 t ha–1. Nutrient-limited yield levels are much lower at 30% of potential yields.

This information density is too detailed to compare with actual yield levels, as statistical data are availa​ble only at country scale. Therefore, calculated yield levels were aggregated to national level. An overlay of the calculated yields was made with the land cover database. Yields on the agricultural land only were considered and were weighted for the grid cell surface. The resulting calculated national yield levels are given in the right-hand maps of Figure 4. This reveals that production potentials of agricultural land of most African nations are relatively high because of high sunshine hours and long growing periods. Even water-limited production levels indicate considerable unused production potential.

Actual cereal yield levels for the Sub-Saharan nations do not exceed 2 t ha–1 (Figure 5a). Consequently, the gap in calculated yield levels with actual yield levels is large. In the Sahalean countries, the yield gap is low, but still as high as 3 to 7 t ha–1. However, the gap of actual yields with the nutrient limited yield levels is substantially lower (Figures 5b, c and d).
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Figure 4.
Calculated potential (a), water- (b) and nutrient-limited (c) yields (t/ha) of Africa. 
Maps a, b, c represent the estimations per grid cell of 5x5’.
Right the weighted averages per country for agricultural land area (a’, b’ and c’).
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Figure 5.
Actual average cereal yield (FAO, a), potential (b), water (c), and nutrient yield gap (d) (t/ha) of Africa.

3.
Discussion

The impacts of human interventions on natural systems are increasingly critical issues for the future. Increasing population pressure and increasing demands for services from land are threatening the qua​lity and the natural regulating functions of the natural resource base (Dumanski & Pieri, 1998 XE "Dumanski & Pieri, 1998" ). Conse​quently, maintenance of the agricultural production capacity of land resources is a fundamental element in the discussion on sustainable land use. Land quality refers to the condition and capacity of land, in​cluding its soil, weather, and biological properties, for purposes of production, conservation, and envi​ronmental management (Pieri et al., 1995 XE "Pieri et al., 1995" ). Changes in land quality should be monitored to provide early warning of adverse trends and to identify problem areas. Monitoring land quality and promotion of land management practices that ensure productive and sustainable use of land resources require development of quantitative Land Quality Indicators (LQI) (Pieri et al., 1995 XE "Pieri et al., 1995" ).

3.1
Methodology

It is from this point of view that we have developed a methodology based on the approach that proces​ses, which determine the functional role of land, should be integrated. Therefore, a description of the agricultural production system has been explicitly defined. This description governs the calculation procedure, which has been simplified to deal with all scale levels, but remains a holistic, systems analy​tical approach. Necessary data, even at higher spatial scales, from existing databases was used. Lack of data did not withhold us from attempting to assess LQI’s, and various steps in the methodology requi​red the conversion of generalized and often qualitative data into quantitative data. The methodology aims to extend knowledge and information from micro and site-specific level to practical and generally applicable indicators at various scales.

This approach reveals gaps in our knowledge, and more importantly, indicates what type of quantitative data are strongly needed. Approaches that use the availability of data as starting point lack this strong ability to indicate knowledge and data gaps. 

The methodology should also allow comparison between agro-ecological zones. Various crops can be grown in numerous ways on agricultural land. Comparison in terms of production capacity is only pos​sible when expressed in one general term. Cereal grain equivalent is most suitable, as many species can grow on the majority of global agricultural land, and because of its importance for human consump​tion. For similar reasons grain equivalents have also been used in other studies (WRR, 1995). Grain equivalents facilitate comparison between zones, but cereal performance might distort options for improvement when the main agricultural production consist of crops strongly differing from cereals, such as tree crops or cash crops like coffee and tea. Moreover, pests, diseases or weeds can reduce overall crop performance. The impact of biotic stresses ranges from very heavy to virtually non-exis​tent, depending on the environment and management practices. As these biotic stresses are not neces​sarily land-related, they are not considered in the definition of the land quality indicator yield gap. In​teraction effects between water and nutrients have also not been considered. Some overestimates may result from this simplification.

Land quality indicators that are not confounded with social-economic constraints reveal promising areas to obtain increase in yield. Production capabilities can be determined for various levels of mana​gement differing in irrigation, fertilization and crop protection. Availability of geo-referenced data makes it possible to indicate these options on a regional basis. Caution is needed when data are aggre​gated. Yield gap indices assessed at a grid cell resolution allow visualization of regional differences within countries. Averaging yields at country level will conceal these differences and hence opportuni​ties for improvements. Ideally, comparison with actual yield levels should be done at the same resolu​tion as for the calculation units. Country average yield data are comparably non-informative to indicate options for improvements, while data on actual yield levels will not be available at the required resolu​tion. Overlays of actual and attainable yield levels need to be made on the basis of intelligent choices on the homogeneity of regions for a required purpose. Comparisons at the level of agro-ecological zones will more realistically reveal options for improvements. Therefore, unambiguous definitions of agro-ecological zones should be formulated and data should be collected and made available at this level.

Yields and yield gaps are indicative and should be handled as such. The use of the system analytical approach, even with very crude input data, is justified as long as the quality of output data is evaluated in the results. The objectivity of the procedure is maintained as long as assumptions are explicit and transparent in the calculation procedure to allow updating and upgrading of the procedure.

3.2
Interpretation of results

Results should be interpreted with great care. Extremely high annual potential yield levels of 25 t ha–1 near the equator indicate three harvest moments in one year. However, this would require excellent management with high input levels. Also, an evaluation of the impact of such management practices would be required. While it remained outside the scope of the study, the methodology allows assess​ment of the required amounts of external inputs to obtain these yield levels, considering soil, weather, and crop conditions. Obviously, these are biophysical production potentials, but realization would require all other infrastructural conditions, such as roads, markets, availability of inputs, appropriate economy, education, etc. to be in place.

In principle, the same considerations apply to the water-limited yield levels, except that irrigation requi​rements are eliminated, as the crop is grown under rainfed conditions. External socio-economic and infrastructural conditions need to be even less developed for realizing nutrient-limited yield levels. The nutrient-limited yields can be obtained with crop protection, but without external input of water and nutrients. This production level indicates a potential exploitation hazard for subsistence-oriented agri​culture. Any product harvested from the land will deplete the soil nutrients with the amount of nutrients in the harvested product. The seriousness of the soil depletion depends on the rates of remo​val of nutrients and the buffering capacity of the soil. This aspect is considered in the soil nutrient balance LQI (Bindraban et al., 1998; 1999).

3.3
Yield gaps

The gap in yield (Figure 5) between actual and potential yield indicates the impact that efforts to im​prove land quality can have on productivity increase, but does not indicate the required inputs in terms of the factors water and nutrients. A large yield gap does not necessarily indicate a good return of in​vestment. It is therefore important that estimates are made of the required amount of input of the fac​tors, water and nutrients, that are required to increase yield. Our procedure inherits the possibility to assess the impact of management practices on nutrient budgets and land productivity.

The gaps in yield between actual, and water- and nutrient-limited yield require more careful inter​pretation. Actual yields below the lowest of water and nutrient limited yield levels could indicate sub-optimal use of natural resources. Soil nutrient depletion could range from none to severe, but soils may even be enriched when external inputs would be applied in current practices. On the other hand, actual yields exceeding the water- or nutrient-limited yield levels do not necessarily indicate that natural resour​ces are overexploited. External inputs may be sufficiently supplied to the production system. This as​pect can be further investigated by assessment of the yield level in dependence of actual external inputs, considering eco-regional specific land characteristics. Any gap occurring with actual yield is a more realistic indicator for the sustainability of the actual production system. In case of fertilization for instance, actual yield being less than these input yields, e.g. due to disease infestation or other improper management, could indicate an enrichment of soils, or a heavy environmental load caused by loss of nutrients. Higher actual yields, on the other hand, could indicate nutrient mining. These possibilities have been presented schematically in Figure 6. An integrated analysis of yield gaps and nutrient balan​ces could indicate which process is likely to occur. A challenging option for future analyses.
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Figure 6. 
Comparison of expected yield under current external input conditions to actual yields provides valuable information with regard to the impact on soil and environment. With regard to nutrients, for instance, situation I indicates enrichment of soils or excess emission to the environment. Situation II suggests exploitation of soil nutrients.

The quality of land is continuously changing because of its use for human needs. In order to place these changes of the natural resource base, a pressure-state-response framework was developed (Figure 7) which represents the linkage between pressure exerted on land, the resulting change in the quality and the response by society (Pieri et al., 1995). For social responses to be judicious, clear under​standing is needed of the current status of the quality of land, the implications of the pressure exerted, such as the targeted benefits along with the negative and positive externalities, and the resulting change in land quality. This concept inherits a strong temporal aspect, which need to be considered in defining LQI’s.
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Figure 7. The pressure-state-response framework (Modified from Pieri et al., 1995)

The current analysis to determine the production capacity typically represents a method to assess the status of land. Because the methodology integrates processes that determine crop growth in a deter​ministic manner, it can be related to processes that determine other land characteristics. These could be characteristics that describe the pressure exerted on land that affect productivity, such as nutrient balance and soil erosion. Of additional importance is the ability to assess required input to realize desired production levels and to assess externatilies, such as leaching or volatilization of nutrients. Consequently, this systems analytical approach allows assessing the impact of management practices on agricultural production and on the environment. Management practices to increase productivity in a region may, for instance, go hand in hand with increased leaching of nutrients, resulting in an increased environmental burden. As such land quality indicators can be designed that are specific for certain measures, but which are interrelated. This would allow assessment of future changes in land quality and more strongly support the development of early warning systems.
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Annex I.
Estimated productivity in grain equivalents by QUEFTS for all soil units

Soil unit
Acronym
Productivity (t ha‑1)

Soil unit
Acronym
Productivity (t ha‑1)

Acrisols
A
1.7

Greyzems
M
2.6

Ferric
Af
1.3

Gleyic
Mg
3.6

Gleyic
Ag
1.5

Orthic
Mo
2.6

Humic
Ah
3.2

Nitisols
N
2.1

Orthic
Ao
1.3

Dystric
Nd
1.5

Plinthic
Ap
1.4

Eutric
Ne
1.8

Cambisols
B
2.9

Humic
Nh
4.1

Chromic
Bc
3.1

Histosols
O
2.0

Dystric
Bd
2.4

Dystric
Od
0.0

Eutric
Be
2.3

Eutric
Oe
8.5

Ferralic
Bf
1.7

Gelic
Ox
0.0

Gleyic
Bg
2.4

Podzol
P
0.0

Humic
Bh
4.0

Ferric
Pf
0.0

Calcic
Bk
2.3

Gleyic
Pg
0.6

Vertic
Bv
2.8

Humic
Ph
0.0

Gelic
Bx
2.8

Leptic
Pl
1.7

Chernozem
C
2.9

Orthic
Po
0.0

Glossic
Cg
2.9

Placic
Pp
0.0

Haplic
Ch
3.2

Arenosols
Q
0.4

Calcic
Ck
3.6

Albic
Qa
0.8

Luvic
Cl
2.0

Cambic
Qc
0.5

Podzoluvisols
D
0.7

Ferralic
Qf
0.5

Dystric
Dd
0.6

Luvic
Ql
0.5

Eutric
De
0.7

Regosols
R
1.9

Gleyic
Dg
0.7

Calcaric
Rc
1.5

Rendzinas
E
4.3

Dystric
Rd
1.6

Ferralsols
F
2.2

Eutric
Re
1.8

Acric
Fa
1.9

Gelic
Rx
6.5

Humic
Fh
2.6

Solonetz
S
1.5

Orthic
Fo
2.0

Gleyic
Sg
2.0

Plinthic
Fp
1.9

Mollic
Sm
2.6

Rhodic
Fr
2.5

Orthic
So
0.8

Xanthic
Fx
2.2

Andosols
T
5.1

Gleysols
G
3.5

Humic
Th
4.6

Calcic
Gc
1.8

Mollic
Tm
5.4

Dystric
Gd
2.7

Ochric
To
4.8

Eutric
Ge
3.4

Vitric
Tv
4.4

Humic
Gh
3.6

Rankers
U
3.6

Mollic
Gm
4.9

Vertisols
V
1.9

Plinthic
Gp
4.3

Chromic
Vc
1.7

Gelic
Gx
4.2

Pellic
Vp
2.0

Soil unit
Acronym
Productivity (t ha‑1)

Soil unit
Acronym
Productivity (t ha‑1)

Pheaozems
H
5.0

Planosols
W
1.7

Calcaric
Hc
5.2

Dystric
Wd
0.7

Gleyic
Hg
3.7

Eutric
We
1.1

Haplic
Hh
5.3

Humic
Wh
1.3

Luvic
Hl
4.9

Mollic
Wm
3.2

Lithisols
I
2.1

Solodic
Ws
1.4

Fluvisols
J
2.6

Gelic
Wx
1.7

Calcaric
Jc
1.9

Xerosols
X
1.5

Dystric
Jd
2.8

Haplic
Xh
1.0

Eutric
Je
2.1

Calcic
Xk
2.7

Thionic
Jt
3.8

Luvic
Xl
1.4

Kastanozems
K
4.0

Gypsic
Xy
2.7

Haplic
Kh
4.1

Yermosols
Y
0.8

Calcic
Kk
4.0

Haplic
Yh
0.7

Luvic
Kl
2.8

Calcic
Yk
0.8

Luvisols
L
1.7

Luvic
Yl
0.8

Albic
La
1.7

Takyric
Yt
0.6

Chromic
Lc
2.2

Gypsic
Yy
0.5

Ferric
Lf
1.2

Solonchaks
Z
1.5

Gleyic
Lg
1.8

Gleyic
Zg
1.9

Calcic
Lk
1.4

Mollic
Zm
3.3

Orthic
Lo
1.9

Orthic
Zo
1.2

Plinthic
Lp
1.2

Takyric
Zt
0.0

Vertic
Lv
2.7





Annex II.

Country code and name African countries

Code
Name

Code
Name

7
Angola

136
Mauritania

20
Botswana

137
Mauritius

29
Burundi

144
Mozambique

32
Cameroon

147
Namibia

37
Central African Republic

158
Niger

39
Chad

159
Nigeria

45
Comoros

175
Guinea-Bissau

46
Congo

181
Zimbabwe

53
Benin

182
Réunion

61
Equatorial Guinea

184
Rwanda

62
Ethiopia PDR

195
Senegal

72
Djibouti

197
Sierra Leone

74
Gabon

201
Somalia

75
Gambia

202
South Africa

81
Ghana

206
Sudan

90
Guinea

209
Swaziland

107
Côte d'Ivoire

215
Tanzania, United Rep. of

114
Kenya

217
Togo

122
Lesotho

226
Uganda

123
Liberia

233
Burkina Faso

124
Libyan Arab Jamahiriya

250
Zaire

129
Madagascar

251
Zambia

130
Malawi

511
Eritrea

133
Mali




Annex III.

Soil Units - Alphabetical order by Symbol

Symbol
Soil unit
Symbol
Soil unit

A
 ACRISOLS
G
 GLEYSOLS

Ao 
 Orthic Acrisols
Ge 
 Eutric Gleysols

Af 
 Ferric Acrisols
Gc 
 Calcaric Gleysols

Ah 
 Humic Acrisols
Gd 
 Dystric Gleysols

Ap 
 Plinthic Acrisols
Gm 
 Mollic Gleysols

Ag 
 Gleyic Acrisols
Gh 
 Humic Gleysols



Gp 
 Plinthic Gleysols

B
 CAMBISOLS
Gx 
 Gelic Gleysols

Be 
 Eutric Cambisols



Bd 
 Dystric Cambisols
H
 PHAEOZEMS

Bh 
 Humic Cambisols
Hh 
 Haplic Phaeozems

Bg 
 Gleyic Cambisols
Hc 
 Calcaric Phaeozems

Bx 
 Gelic Cambisols
Hl 
 Luvic Phaeozems

Bk 
 Calcic Cambisols
Hg 
 Gleyic Phaeozems

Bc 
 Chromic Cambisols



Bv 
 Vertic Cambisols
I
 LITHOSOLS

Bf 
 Ferralic Cambisols





J
 FLUVISOLS

C
 CHERNOZEMS
Je 
 Eutric Fluvisols

Ch 
 Haplic Chernozems
Jc 
 Calcaric Fluvisols

Ck 
 Calcic Chernozems
Jd 
 Dystric Fluvisols

Cl 
 Luvic Chernozems
Jt 
 Thionic Fluvisols

Cg 
 Glossic Chernozems





K
 KASTANOZEMS

D
 PODZOLUVISOLS
Kh 
 Haplic Kastanozems

De 
 Eutric Podzoluvisols
Kk 
 Calcic Kastanozems

Dd 
 Dystric Podzoluvisols
Kl 
 Luvic Kastanozems

Dg 
 Gleyic Podzoluvisols





L
 LUVISOLS

E
 RENDZINAS
Lo 
 Orthic Luvisols



Lc 
 Chromic Luvisols

F
 FERRALSOLS
Lk 
 Calcic Luvisols

Fo 
 Orthic Ferralsols
Lv 
 Vertic Luvisols

Fx 
 Xanthic Ferralsols
Lf 
 Ferric Luvisols

Fr 
 Rhodic Ferralsols
La 
 Albic Luvisols

Fh 
 Humic Ferralsols
Lp 
 Plinthic Luvisols

Fa 
 Acric Ferralsols
Lg 
 Gleyic Luvisols

Fp 
 Plinthic Ferralsols








Annex III. 
Continued

Symbol
Soil unit
Symbol
Soil unit

M
 GREYZEMS
T
 ANDOSOLS

Mo 
 Orthic Greyzems
To 
 Ochric Andosols

Mg 
 Gleyc Greyzems
Tm 
 Mollic Andosols

 

Th 
 Humic Andosols

N
 NITOSOLS
Tv 
 Vitric Andosols

Ne 
 Eutric Nitosols



Nd 
 Dystric Nitosols
U
 RANKERS

Nh 
 Humic Nitosols





V
 VERTISOLS

O
 HISTOSOLS
Vp 
 Pellic Vertisols

Oe 
 Eutric Histosols
Vc 
 Chromic Vertisols

Od 
 Dystric Histosols



Ox 
 Gelic Histosols
W
 PLANOSOLS



We 
 Eutric Planosols

P
 PODZOLS
Wd 
 Dystric Planosols

Po 
 Orthic Podzols
Wm 
 Mollic Planosols

Pl 
 Leptic Podzols
Wh 
 Humic Planosols

Pf 
 Ferric Podzols
Ws 
 Solodic Planosols

Ph 
 Humic Podzols
Wx 
 Gelic Planosols

Pp 
 Placic Podzols



Pg 
 Gleyic Podzols
X
 XEROSOLS



Xh 
 Haplic Xerosols

Q
 ARENOSOLS
Xk 
 Calcic Xerosols

Qc 
 Cambic Arenosols
Xy 
 Gypsic Xerosols

Ql 
 Luvic Arenosols
Xl 
 Luvic Xerosols

Qf 
 Ferralic Arenosols



Qa 
 Albic Arenosols
Y
 YERMOSOLS



Yh 
 Haplic Yermosols

R
 REGOSOLS
Yk 
 Calcic Yermosols

Re 
 Eutric Gleysols
Yy 
 Gypsic Yermosols

Rc 
 Calcaric Regosols
Yl 
 Luvic Yermosols

Rd 
 Dystric Regosols
Yt 
 Takyric Yermosols

Rx 
 Gelic Regosols





Z
 SOLONCHAKS

S
 SOLONETZ
Zo 
 Orthic Solonchaks

So 
 Orthic Solonetz
Zm 
 Mollic Solonchaks 

Sm 
 Mollic Solonetz
Zt 
 Takyric Solonchaks

Sg 
 Gleyic Solonetz
Zg 
 Gleyic Solonchaks






Annex IV.

Relations between the various databases
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The case of Sub-Saharan Africa
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