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ALBERTO A. FANTINO AND TERRENCE S. VEEMAN* 

The Choice of Index Numbers in Measuring Agricultural Productivity: A Canadian 
Empirical Case Study 

Abstract: The measurement of agricultural productivity is important in understanding growth in 

agriculture and in assessing competitiveness. In this paper, some difficulties related to the empirical 

measurement of productivity are analyzed using a Canadian case study. The paper focuses in particular on 

the choice of index number procedures, comparing traditional fixed base weight indexes with flexible or 
superlative indexes such as the Divisia and Fisher. Indexes of aggregate agricultural output, total farm 

input use, and total factor productivity are estimated for Canada and for the prairie region of western Canada 

from 1948 to 1991. Alternative productivity growth rates are reported and compared. The productivity 

results based on the Tornqvist-Theil approximation to the Divisia index and the chained Fisher index are 

very similar. Both these flexible weight index procedures are to be preferred over the Laspeyres, the most 

commonly used approach in Canada. 

INTRODUCTION 

The measurement and assessment of agricultural productivity is essential not only to a 
better understanding of agricultural growth but also to the issues of longer run 
competitiveness and economic sustainability. Comparisons of productivity over time are 
obviously important in assessing whether trends in the technical efficiency of production 
are increasing or decreasing. Productivity comparisons across regions, industries and 
nations are also critical to policy-makers. However, such comparisons, to be relevant, 
require more understanding and agreement on how productivity is to be measured. 

In this paper, the appropriate choice of index numbers in aggregating outputs and 
inputs, which must underlie the measurement of productivity, is emphasized. In particular, 
the use of traditional, fixed base weight, indexing procedures, such as the Laspeyres and 
Paasche, is compared and contrasted to the use of improved, flexible index number 
approaches such as the Tornqvist-Theil approximation to the Divisia index and the Fisher 
index. More refined and up-to-date estimates of aggregate output, input, and productivity, 
based on the Tornqvist-Theil approach, are presented for Canadian agriculture and the 
prairie agricultural sector of western Canada. A more detailed comparison of the alternative 
index number approaches is then undertaken emphasizing western Canada as a case study. 
Finally, recommendations are drawn with respect to the relative merits of these alternative 
index number procedures in measuring productivity and in making productivity 
comparisons. 

CONCEPTUAL ISSUES IN MEASURING PRODUCTIVITY 

Much productivity discussion is based on partial productivity measures such as yield per 
acre (land productivity) or output per person (labour productivity). Such partial 
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productivity measures can be seriously misleading if considerable input substitution is 
occurring. A conceptually superior way to estimate productivity is to measure total factor 
productivity (TFP) - the ratio of aggregate output over the aggregate of all inputs used in 
agricultural production. Such is the focus of this paper. There are two basic economic 
approaches to the measurement of productivity or technical change: the growth accounting 
or index number approach and the econometric approach in which the shift of the 
production or cost function is measured (Antle and Capalbo, 1988, pp.48-63). The 
productivity work reported in this paper is based on the first approach - the index 
number approach. 

Among the most important and most difficult issues in measuring productivity by the 
index number route is the choice of an appropriate index number methodology to combine 
several agricultural outputs into an aggregate output index or to combine several farm 
inputs, suitably weighted, into an aggregate input index. Economists have shown that 
there is an exact correspondence between a given indexing procedure and the specific 
functional form of the aggregate production function which that index number procedure 
implies. We concentrate in this paper on the choice between traditional approaches such as 
the Laspeyres index or the Paasche index and flexible index procedures such as Divisia
related or Fisher indexes. 1 Most published works on agricultural productivity in Canada, 
particularly that done under the aegis of Agriculture Canada, has involved Laspeyres index 
number methods - for example, Brinkman and Prentice (1983) and Narayanan and 
Kizito (1992). Such indexing procedures, wherein base period prices are used as weights 
in aggregation, imply that the underlying production function is linear and that inputs in 
the production process are perfect substitutes. 

Because of the restrictive nature of the production technology associated with the linear 
and Cobb-Douglas production functions, attention shifted in the 1970s to flexible form 
production and cost functions. A functional form or aggregator is called flexible if it is a 
second order approximation to an arbitrary twice differentiable homogeneous function. An 
indexing procedure which corresponds to a flexible aggregator is also flexible, or 
superlative in Diewert's (1976) terminology. 

The most popular flexible indexing procedure employed during the past two decades in 
productivity analysis has been Divisia related. The continuous Divisia index has properties 
which make it advantageous in aggregation (Hulten, 1973). Moreover, the Tornqvist
Theil index, a discrete approximation to the Divisia index, was shown to be a superlative 
index and exact for a homogeneous translog production function (Christensen, 197 5; and 
Diewert, 1976). In this flexible production technology, the elasticity of substitution 
between any input pair is flexible and inputs can be either substitutes or complements. In 
Tornqvist-Theil indexing, input cost shares (to be more specific, the arithmetic average of 
the input cost share in period t and the corresponding input cost share in period t-1) are 
used to weight respective input quantities in year t in constructing an aggregate input 
index. Analogously, output value shares, which are also flexible over time, are used to 
derive the Tornqvist-Theil aggregate output index. The practical cost of these conceptual 
improvements in indexing is that more data are required: price and quantity data are needed 
for each input and each output for every year in the time series period under examination. 

The Fisher 'ideal' index, defined as the geometric mean of the Laspeyres and Paasche 
indexes, is also superlative, and corresponds to a quadratic mean of order two production 
function (Diewert, 1976). The Fisher index and its chained variant have not been 
employed in much empirical work on productivity. However, Fisher indexing enjoys 
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certain interesting properties which induced us to include it in our study. These properties 
arise from the so called 'axiomatic approach' to index number construction. In this 
approach, desirable properties of indexing are defined, and the different indexing 
procedures are examined in this respect. The Fisher index is the only index that satisfies 
twenty relevant properties (Diewert, 1989a). The Tornqvist-Theil index, for example, 
fails the constant quantity test while the Laspeyres and Paasche indexes fail in regard to 
important properties, such as the time or region reversal tests (Diewert, l 989b ). Recently, 
Bureau et al. ( 1994) used a Fisher-based index for the purpose of international 
productivity comparisons. 

Finally, there is the issue of defining the base in the indexing procedure. Laspeyres, 
Paasche and Fisher are fixed-base procedures, the comparison year being fixed. The 
Tornqvist-Theil index involves a chaining procedure where the weights adjust every year 
in terms of the data for the current year and the previous year. A chaining procedure can 
also be applied to the Laspeyres, Paasche, and Fisher indexes to obtain 'chained' versions 
of each. There appear to be no clear theoretical reasons to prefer the chained index over the 
unchained, although intuitively the chaining appears to be preferable. In our empirical 
study all seven indexes are used. 

ESTIMATION AND DATA 

In using the index number approach to estimate productivity, TFP is derived as the ratio of 
aggregate output over aggregate input use. TFP growth in this framework is the residual 
difference between the rate of growth of aggregate output and the rate of growth of 
aggregate input. Therefore, the first step in estimating productivity is constructing indexes 
of aggregate output and aggregate input. To this end, data on production and average 
prices paid to farmers, as well as on input quantities or annual expenditures on input items 
by farmers, were collected for each year between 1948 and 1991. Data were obtained from 
several published and unpublished sources, the main sources being Statistics Canada and 
Agriculture Canada. 

An aggregate output index comprising both crops and livestock was constructed for 
Canada and for the prairie region, comprising the provinces of Alberta, Saskatchewan, 
and Manitoba. Fourteen major crops were included: wheat, oats, barley, rye, mixed grain, 
corn, flax, soybeans, mustard, potatoes, hay, rapeseed, sunflower and sugar beets. The 
livestock items included were: cattle and calves, sheep and Iambs, pigs, chicken, turkeys, 
eggs and dairy. The input side of the productivity equation included the input categories of 
capital, labour, and intermediate inputs or materials. More specifically, the aggregate input 
index included: land and buildings, summer fallow, machinery and livestock capital; 
labour comprising hired workers, unpaid farm operators and family workers; and material 
items including fertilizer, pesticides, fuel and oil, electricity, seeds, animal feeds and 
irrigation. 

The construction of the index for aggregate inputs involves many conceptual and 
empirical problems. The major difficulty is that several 'durable' inputs, such as land and 
machinery, are used in production. The best measure of input use is represented by the 
service flows provided by the stocks, rather than the stocks themselves. Furthermore, not 
all input use involves actual cash outlay for the farmer so imputation is needed in the case 
of inputs such as land or unpaid operator and family labour. The annual service flows of 
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the land, buildings and livestock capital items were assumed to be opportunity costs 
imputed as 4 percent of the respective nominal values. For machinery, depreciation and 
repairs were considered to be the relevant service flow and no opportunity cost was 
included. The labour input was derived in terms of man-hours data, although this required 
extrapolation for early years in the time period prior to 1966. For inputs with an imputed 
service flow or an actual annual expenditure (such as most material items), an implicit 
quantity index was computed by dividing the value of the service flow or expenditure by 
an appropriate price index. 

Initially, the index number procedure used to derive aggregate output and aggregate 
input for Canada and for the prairie region of western Canada was the Tornqvist-Theil 
approximation to the Divisia index. The resulting output, input, and TFP indexes for 
agriculture in Canada are graphically portrayed in Figure 1. The same indexes for western 
Canada, also Divisia-based, are shown in Figure 2. Using the western Canadian data set, 
six further indexing procedures were implemented to measure aggregate output, input, and 
TFP in the prairie region: Laspeyres, Paasche, Fisher, Laspeyres chained, Paasche 
chained, and Fisher chained. The resulting productivity index numbers are plotted in 
Figures 3 and 4 and compared with the Divisia-based estimates of productivity. 

EMPIRICAL RESULTS 

Levels of agricultural output and productivity more than doubled in Canada (Figure 1) and 
the prairie region (Figure 2) between 1948 and 1991. Input use in Canadian agriculture 
actually declined over the entire period, led by sharp declines in labour employed in the 
1950s as capital was substituted for labour. The time path of the productivity index closely 
follows that of the output index in both Canada and the prairies although from the mid-
1970s onwards the two curves tend to diverge because output grows faster than 
productivity. 

Estimated compound growth rates of output, input, and productivity for Canadian and 
prairie agriculture are briefly summarized in Table 1. These estimates are based on the 
Tornqvist-Theil approximation to the Divisia index. Canadian agricultural output, for 
example, grew by 1.86 percent per year over the entire period from 1948 to 1991, 
aggregate input use declined marginally by -0.02 percent per year, and productivity (TFP) 
increased by 1.88 percent per year. 2 In prairie agriculture, output increased more rapidly at 
2.31 percent per year, input use rose moderately at 0.38 percent per year, and productivity 
increased at 1.92 percent per year between 1948 and 1991. Most output growth, therefore, 
was due to productivity growth rather than increased use of inputs. Since 1962, output 
and productivity have grown somewhat less rapidly in both Canada and the prairie region. 
Estimated rates are highly sensitive to the particular time period chosen. Both output and 
productivity exhibit large year-to-year variations mainly due to weather conditions. Using 
a drought year (1961 or 1974) as initial or final year biases growth rate estimation 
considerably. In previous research (Veeman and Fantino, 1985, 1990), about 80 percent 
of the variation in productivity is explained with a time trend and a number of weather 
variables. It is also possible to estimate 'weather-corrected' growth rates. 
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Table 1 Annual Growth Rates in Canadian and Prairie Agriculture, Divisa-Based: 
1948-91and1962-91 (percent) 

Canada Prairies 
1948-91 1962-91 1948-91 1962-91 

Output 1.86 1.70 2.31 2.07 
Inputs -0.02 0.43 0.38 0.75 
TFP 1.88 1.27 1.92 1.32 

Table 2 Output, Input and Productivity Growth Rates for Prairie Agriculture: 
Various Index Procedures 

Percent per year Relative to Divisia 
Index Output Input TFP Output Input TFP 

1948-1991 
Divisia 2.31 0.38 1.92 1.00 1.00 1.00 
Laspeyres 2.13 0.37 1.75 0.92 0.99 0.91 
Paasche 2.16 0.49 1.66 0.93 1.29 0.86 
Fisher 2.14 0.43 1.71 0.93 1.14 0.89 
Laspeyres chained 2.73 0.42 2.30 1.18 1.12 1.19 
Paasche chained 1.88 0.34 1.53 0.81 0.90 0.80 
Fisher chained 2.30 0.38 1.91 1.00 1.01 0.99 

1962-1991 
Divisia 2.07 0.74 1.32 1.00 1.00 1.00 
Laspeyres 1.77 0.88 0.88 0.86 1.18 0.67 
Paasche 1.82 0.79 1.02 0.88 1.05 0.78 
Fisher 1.80 0.84 0.95 0.87 1.11 0.72 
Laspeyres chained 2.58 0.80 1.77 1.24 1.06 1.34 
Paasche chained 1.54 0.71 0.82 0.74 0.95 0.62 
Fisher chained 2.06 0.75 1.29 0.99 1.01 0.98 

1971-1991 
Divisia 2.01 0.45 1.55 1.00 1.00 1.00 
Laspeyres 1.59 0.66 0.92 0.79 1.45 0.60 
Paasche 1.62 0.47 1.15 0.81 1.04 0.74 
Fisher 1.61 0.56 1.04 0.80 1.25 0.67 
Laspeyres chained 2.51 0.49 2.01 1.25 1.09 1.29 
Paasche chained 1.43 0.42 1.01 0.71 0.93 0.65 
Fisher chained 1.97 0.46 1.51 0.98 1.01 0.97 

The choice of a particular index number procedure is important to the magnitude of 
estimated growth rates. In Table 2, growth rates of output, input, and productivity in 
agriculture in the prairie region of western Canada over various time periods are presented 
for seven different index number procedures. In the right hand side of Table 2, these 
respective growth rates are indexed relative to the Divisia-based estimates. A relatively 
large discrepancy is evident between growth rates estimated from Divisia (Tornqvist
Theil) indexes and those estimated from Laspeyres or Paasche indexes. For example, over 
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shorter time spans such as 1971 to 1991, the Laspeyres-based estimate of productivity 
growth is 40 percent below the Divisia-based estimate. A notable feature of these empirical 
results is that growth rates obtained from Divisia-based indexes are very similar to those 
generated from the Fisher chained index. In Figure 4, it is apparent that the productivity 
time paths for the Divisia-based (Tomqvist-Theil ) index and the chained Fisher index are 
nearly the same. 

Productivity growth rates under the seven alternative indexing procedures were also 
calculated for Canadian agriculture (not reported here), with generally similar results 
occurring, particularly for longer time periods. The Tomqvist-Theil and chained Fisher 
based rates of productivity growth diverge somewhat more than in the case of the prairies, 
a more agriculturally homogeneous region, but are still well within ten percent of each 
other. 

CONCLUSION 

In this paper, the choice of index number procedures in the empirical measurement of 
agricultural productivity has been analyzed using a Canadian case study. Measures of 
output, inputs, and total factor productivity vary considerably depending on the index 
number used in aggregation. Our empirical results for the Canadian prairies suggest there 
is little practical difference in estimates of productivity growth based on the Tomqvist
Theil approximation to the Divisia index as compared to the Fisher 'ideal' chained index. 
Either of these superlative indexes is to be preferred, for both conceptual and empirical 
reasons, over the Laspeyres index or its chained variant in the measurement of agricultural 
productivity. 

NOTES 

Another option is geometric aggregation, following Solow, in which factor shares are used to construct 
an aggregate input index, and in which Cobb-Douglas production technology is implied. 
2 This productivity growth estimate for Canadian agriculture is quite similar to those calculated for 
agriculture in the United States over relatively similar time periods -·for example, Ball's estimate (1992) 
of 1.83 percent per year over 1948-89 and Jorgenson and Gollop's (1992) estimate of 1.58 percent over 
1947-85. 
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DISCUSSION OPENING - William Masters (Purdue University, USA) 

It is often useful to begin discussion by asking, 'so what?' The question is especially apt 
for this paper, which I think does have very significant consequences for many of us. The 
authors are to be thanked for their attention to the kinds of methods that are actually used in 
practical policy analysis, and their well-balanced use of a little theory and a lot of evidence 
to argue for improved methods. This sort of work is often slighted in our profession, but is 
important to the real-world application of economic ideas. 

The authors demonstrate clearly that the 'superlative' Divisia and Fisher ideal indexes 
give significantly different results than more common indexing methods, and so are 
preferable in practice as well as in theory. The empirical differences between these two 
superlative or 'flexible' methods, which require price observations corresponding to every 
quantity observation, appear to be very small, whereas the differences among conventional 
Laspeyres and Paasche methods, which use one quantity observation to weight many price 
observations, are quite large. This provides a very strong argument in favour of using 
either superlative index, in preference to any other method. The 'so what' consequences of 
the paper are therefore unusually clear. 

I am not an expert in this field, but it does seem to me that the paper's central thesis is 
clearly presented and conclusively demonstrated. We therefore have the luxury of starting 
from where the authors left off, building on this excellent paper rather than criticizing it. I 
will just flag a few issues that seemed particularly important to me. 

As a non-expert, I had thought that flexible forms were already dominant in empirical 
work in this field. If they are not, despite their theoretical advantages (and, as Fantino and 
Veeman show, significant empirical differences), why not? Fantino and Veeman clearly 
demonstrate the benefits of using the flexible methods. What of their costs? Clearly, 
government statistical services must now be persuaded of the need to collect and publish 
annual price series as well as quantities and in some cases the cost of doing so may well 
outweigh the benefits of better productivity measurement. In particular, it appears that 
conventional indexes often mismeasure the magnitude, but not the direction of TFP 
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change. If this is the case, superlative indexes are needed mostly to compare TFP growth 
across countries or time periods - for an individual case, conventional measures may be 
acceptable. But if this is not the case, perhaps the authors could address the conditions 
under which directional errors would occur. 

In general, we need to be sure we understand why a given result was obtained: this is 
not only important to the persuasiveness of our arguments, but also to their robustness. In 
this case, for example, it may be that index number results are so different because 
aggregate input use in Canada has in fact not grown much - so small errors due to input 
substitution over time have a big impact on measured TFP. In LDCs where input use has 
grown quickly (and where the cost of using better methods is greatest), perhaps 
conventional methods would be adequate - at least for the 'big picture' question of 
whether TFP is rising or falling. This is so particularly because the errors in conventional 
indexes appear to be fairly random, rather than systematic biases for or against particular 
kinds of technical changes. 

Having raised these three points for discussion, we should perhaps not forget a logical 
next step for the authors: now that they have convinced us to use superlative indexes 
wherever possible, when will they come up with an add-on program for Lotus and 
Quattro, to help us calculate these things more easily, without having to spell Tomqvist
Theil? 
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