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Can Sustainability Be Quantified? * 
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"No human investigation can be called real science if it cannot be 
demonstrated mathematically." 

Leonardo d a  Vinci 

*To  be measured scientifically, sustainability must have a precise 
and unambi.guous definition. I t  can safely be said that agreement 
on such a definition does not yet exist." 

I .K .  Lynam and R.W. Herdt 

Concern and conviction duction and less than 5% a figure for the 
state of a resource base. Virtually none 
of the abstracts refer to trends in yro- Taken together, the quo tationd head- duction as related to trends in resources 

ing this paper answer the question in its 
title. Sustainabili ty can be quantified and which are central to the assessment of 

sustainability. 
indeed must be quantified; but quantifi- 
cation depends on definition. The word 
"sustainability" was coined several years 
ago and is now common currency, but 
the subject lacks a methodology and its 
burgeoning literature is cor~spicuously de- 
ficient in rneasu6ments. In a collection 
of abstracts from 250 papers concerned 
with sustainable agriculture (Carls 1989), 
less than 10% contain a figure for pro- 

Does this matter, provided everyone 
is sensitive to. the concern for posterity 
which is the driving force of our search 
for sustainable systems of agriculture? I 
believe it does. Sustainability is too im- 
portant an issue to be left in the Natu- 
ral History stage of evolution. If proper 
weight is to be given to the balance .be- 
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tween sustahability, emciency, and q- 
uity; if attempts to establh sustainable 
systems of production arc to be sharply 
focussed; if priorities for research are 
to be rationally as@cd; if the implica: 
tions of that research arc to be effectively 
disseminated and applied, then there is 
an urgent need to mwe the subject as 
rapidly as possible from Natural History 
to Natural Philosophy. What follows is an 
attempt to encourage that process The 
ideas I advance may prove to be flawed 
or impractical but I shall rest content 
if they c a w  others to develop better 
quantitative tools 

Search tor a dennltion 

Thc primary objective of research on 
sustainable systems of agriculture is to 
make better forecasts of their behaviour. 
A specification of sustainability should 
therefore include a t i w  scale or at least 
a reference to some undefined period 
such as "the foreseeable future". Future 
behaviour can rarely be assessed without 
reference to how the system, or others 
like it, have performed previously. But 
there arc statistical reasons why the im- 
mediate past may be an uncertain guide, 
as we shall see later. In some cases it 
is possible to basc judgement on sound 
quantitative evidence; in others, attempts 
to predict sustainability will be little bet- 
ter than guesswork. 

Because of the difficulty of fram- 
ing a definition for sustainability that 
is both generally valid and acceptable 
to workers in different disciplines, most 
published definitions are more qualit* 

tivc than quantitative. For example, the 
Technical Advisory of Committee of the 
Consultative Group on Internaitonal Agr 
cultural Kescarch (TAC 1988) states thar 
"sustainable agriculture should involve 
the su&l management of resources 
., to satisfy changing human needs while 
maintaining or enhancing the quality of 
the environment and conserving natural 
resources" 

Lynam and Herdt (1988) were more 
direct and more specific: ".... a sustain- 
able system is one with a non-negative 
trend in measured output." But by the 
profligate use of inputs, it would be pos- 
sible to achieve increases in output de- 
spite damage to the resource,base. This 
point is covered by the suggestion of Ly- 
nam and Herdt (LH) that output should 
be defined as "the total value (at stan- 
dardized prices) of all output from the 
system over one cycle divided by the to- 
tal value of all inputs ...." A sustainable 
system is then identified by a non-zero 
trend in this ratio, referred to as "total 
factor productivity." 

In practice, the "total value of all 
inputs*' will often be a somewhat arbi- 
trary quantity with diverse components 
whose relative value is hard to assess. 
'Aorover, in the terminology of the'bi- 
ological and physical sciences, the ratio 
of an output to an input is an efficiency, 
and to add to the semantic confusion, 
agronomists often use "productivity" in 
place of "yield" - straight output and not 
output per unit input. It is desirable that 
the sustainability of an agricultural system 
should be dearly distinguished from its 

cfkkncy, bccauc the two indices of per- 
formance are not always correlated. In 
intensive agriculture, misguided attempts 
to increase efficiency as we11 as reducing 
risk (by overusing chemicals for example) 
have made systems unsusm*nable. 

Can any more rational way be found 
of relating sustainability to inputs and 
outputs? To be sustainable, a system of 
production or distribution must recon- 
cile two characteristics: benefits derived 
from the system should be maintained, 
in practice from year to year and in prin- 
ciple from generation to generation; and 
the system itself should not deteriorate 
as a consequence of exploitation. These 
criteria can be summarized succinctly A 
system is sustainable over a defined pe- 
riod if outputs do not decrease when in- 
puts are not increased. Table 1 explores 
the logical implications of this definition 
and others are considered in the follow- 
ing notes 

(i) Although the definition makes 
no explicit reference to degradation of 
the environment, it carries the implica- 
tion (as does LH) that output could not 
be maintained in a system damaging the 
environment unless the adverse effects of 
degradation were compensated by delib- 
erately increasing inputs. For example, 
loss of production through soil erosion 
could conceivably be offset, at least for a 
limited period, by using more fertiliscr. 

(ii) Because the definition is quan- 
titative but not specific, it appears to 
be more versatile than LH. For exam- 
ple, output can be defined in terms of 

yield expressed as biomass, energy, pro- 
tein, etc; or in economic tcm such as 
income or livelihoods Libwise irrputs 
can be physical, biological, or ecommk. 
However, both inputs and outputs must 
be referred to the same base, eg, a re- 
gion, unit land area, or unit consumer. 
To compare trends expressed in dB-- 
ent units or even in different entities, it 
is convenient to work with relative trends 
which have the physical of 

(iii) The definition allows sustain- 
ability to be quantified in terms of a non- 
negative trend in outputs observed when 
the trend in all relevant inputs is non- 
positive. However, to assess mstainabil- 
ity in an experimental thal, inputs should 
not change with time in which case my 
criterion for sustainability is effectively 
the same as LH. 

(iv) The main disadvantage of the 
definition (shared with LH) is that unless 
detailed information about inputloutpu t 
relation is available, it cannot be used 
to establish whether a system is sustain- 
able when its output increases with time 
in response to an increase of input with 
time. Unlike LH, however, the defini- 
tion implies a lack of sustainability when- 
ever output decreases, even when asmi- 
ated with a decrease of inputs (Table 1). 
This is the point where current emphasis 
on sustainability in countries with stable 
populations and food surpluses differs 
markedly from the emphasis in countries 
with chronic shortages of food coupled 
with rapidly expanding populations F w  
the latter countries, a deaeasc in food 



4 Monteith 5 Quantification of Sustainability 

Table 1. Logic table for sustainability 

Outputs Inputs Status 

Decreasing Indcterminate 
Decreasing Constant Unsustainable 

Increasing Unsust ainable 

Decreasing Sustainable 
Constant Constant . Sustainable 

Increasing Unsust ainable 

Decreasing Sustainable 
Increasing Constant Sustainable 

Increasing Indeterminate 

Table 2. Land use and population for two districts in northern Andhra Pradesh 

Area (lo3 krn2) Rural Population 
Net Cereal Population Density 

Gross Cropped (million) (km-') 

Year 1959 1978 1959 1978 1961 1981 1962 1982 
- -- - 

Adilabad 16.2 5.2 5.9 2.9 3.2 0.87 135 52 83 

Karbnagar 11.9 4.7 4.9 3.1 3.9 1.53 2.08 129 175 

production is.always unsustainable to the 
extent that it postpones the time when 
"basic human needs" can be satisfied. 

To Wmarize, once "sustainability" 
has been defined it can be quantified. 
Once quantified, it can be estimated from 
a shrewd assessment of historical evi- 
dence. The important intermediate step 
of making the definition operational will 
now be considered. 

For crops, ohtput is conventionally 
specified in term of yield Y (t ha-') or 
prodution YA (t) from a defined area 
A (ha). If the popula on density of. the 

per caput is 
r defined area is P (ha- ), the production 

Differentiation gives the relation between 
the instantaneous fractional rate of change 
of these quantities as 

where dCJdt, etc., are total derivatives of 
the variables with respect to time. Note 
the convenience of expressing - trends in 
fractional form so that they can be added. 
Over any period t in which a derivative 
is constant. it can be replaced by a finite 
difference of the form A CJA t. The 
analysis could be taken funhe; by us- 
ing partial derivatives t a  account for the 
dependence of Y on A (e.g. as a re- 
sul t of bringing marginal lands under the 
plough) or of Y on P (as the result of 
introducing new technology in response 
to population pressure.) 

In principle, the first step in asscming 
sustainability for a system of crop prod=- 
tion should be to estimate the trend in 
production per unit area (dY/dtr/Y or per 
capu t ( d a d  t)/C In practice, this is rattly 
a straightforward exercise. To explore 
difficulties, I shall consider how trends 
can be determined, &st from records of 
regional production and then from long- 
term trials 

Distrfd analysis 

Areas under specific crops, yields 
and production are available for disticts 
in India. Adilabad and Karimnagar in 
northern Andhra Pradcsh, with records 
for the period 1956 to 1983, were cho- 
sen for this analysis because of a strong 
contrast in their beha7iiour (; -- Table 2). 
Rural populations were available from 
censuses in 1971 and 1981. 

Following the implementation of the 
Sri Rama Sagar scheme in Karimnagar, 
the area under imgation (mainly paddy) 
has increased from 30% to about 45% of 
the cultivated area since the early 1950s 
and a corresponding increase of produc- 
tion has outstripped the increase in rural 
population at 15% per year. In neigh- 
bouring Adilabad, with a forested area 
of 43% compared with 23% in Karim- 
nagar, production has also increased but 
more slowly than the population (22% 
Per year). 

For the production of cereals (mainly 
rice, sorghum and maize) over the whole 
period, plots of Y (Fii 1) and of A 
against year exhibit scatter generated by 
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differences in weather from season to 
season as well as by errors that are in- 
evitable when records are collected over 
large areas. For some periods, the scat- 
ter was so large that no clear trend could 
be identified but when a trend was clear, 
it did not change much over the period 
of the record. Linear regressions were 
therefore estimated for yield (Y), for area 
(A), and for production (YA). Popula- 
tion was assumed to increase exponen- 
tially but the increase was small enough 
to allow linear regressions to be fitted to 
A/P and to (YA)/P, the area and pro- 
duction per caput. For production, the 
CV obtained from the regression analysis 
was about 11% in Adilabad and about 
17% in Karimnagar. 

Table 3 summarizes conclusions from 
this analysis. In both districts, the area of 
cereal production increased by less than 
1% (of the mean value for the period) 
per year. Yield in Karimnagar increased 
throughout the period (Fig. 1) in con- 
trast to a very small (and non-significant) 
downward .trend in Adilabad. Produc- 
tion per caput decreased by more than 
1% per annum in Adilabad (Fig. 2) but 
in Karimnagar, because of the strong up- 
ward trend in yield, it increased by 35% 
per year (Fig. 3). 

tion with acceptably small errors (about 
=t 10% for Karimnagar where the trend 
is most consistent). In assessing sustain- 
ability, however, it is mori important to 
establish trends over the recent past -say, 
over 5 to 10 years. The lower parts of 
Figs 2 and 3 show that when the analysis 
was restricted to the period 1979-83, the 
error in estimating the yield trend was of 
the order of f 100% for both districts. 

In this example, a record of at least 
10 years is needed to reduce to an ac- 
ceptable level the uncertainty generated 
by random year-to-year fluctuations In- 
creasing the regression period in 5 year 
steps clearly showed that the upward trend 
in yield for Karimnagar was consistent; 
but in Adilabad, an initial upward trend 
of 1 to 2% per annum was reversed and 
the figure for the l&t 5 years is -29 f 
3.6%. Analysts are therefore faced with 
a dilemma: to assess sustainability on'the 
basis of recent trends in yield which are 
very uncertain; or to rely on a more pre- 
cise long-term measurement which may 
have ceased to be relevant! 

The second problem is the indeter- 
minate nature of sustainability when both 
output and input are increasing (Table I- 

1). Cereal production in Adilabad 
is clearly unsustainable in terms of con- 

m e  analysis nuo major sumption (-13% per p a r  over 28 yeas 
problems in attempting to a s  the sus- and -5.1% over the 1 s t  5 ye=) and may 
tainability of an agricll!tllrd System from ,, b, unsustainable in terms of land 
this type of record. area. In Karimnagar, the suply of cereals 

is more secure but whether or not it is sus- 
First, using a 28-year record has the tainable in terms of my definition canrior 

advantage of establishing the mean values be determined because imputs must have 
of long-term trends in yield and produc- increased substantially to sustain such a 
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Table 3. Mean values of uca for cenal cultivation, yield and production in Adilabad md 
Karimnagar Distrias, 1956-1983. 

Quantity Mean Fractional Rate of Change 
Measured 96 per Year 

Adilabad Korimnagar Adilabad Kuimnagar 

Area 
(I@ b) 309 324 0.81 f 0.11 0.6 f 0.2 

Yield 
(Irg ha-') 698 1125 -0.05 f 030 4 5  f 0.4 

Production 

(lo3 t) 215 372 0.79 f 031 5.0 f 05 
Derived 

Area 
(ha per caput) 0.302 0.189 -133 f 0.10 -0.92 f 0.22 

Production 
(ha per caput) 211 208 -1.42 f 034 351 f 0.42 

(In the type of analysis used, the product of mean area and mcan yield is not necessarily identical to 
the mean production. The sum of the fractional rates of change of area and yield is approximately 
qua1 to the fractional rate of change of production as shown by equation 2.) 
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I AD1 L A  BAD 1 

year 
Ffg. 2 Uppcr, Roductbn of ny/or cereals in Adil.brd diiria for lPS6.1983. imm, 
Trends in production &mated as fr~tionrl c h m g a  over the period from 1983 to the 
dateon theaxis,k. forpcrbQmghgtrom5 t o 2 5 y e ~  
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year 
Fig, 3 Data for Karimnagu prcmtcd a in Fire 2 

consistent increase of yield. This increase 
could be enough to conceal the impact 
on yield, of damage to the environment 
in the form of erosion, salinity, build up 
of pests and weeds, etc. The possibil- 
ity of insidious losses of sustainability in 
such circumstances calls for constant vig- 
ilance on the part of farmers, as well as 
extension and research agencies. 

Long-term experiments 

Some of the problems that emerge 
when trends in yield or production are de- 
termined for a whole district do not exist 
when records are available from a well- 
maintained long-term trial at a research 
station. In such trials, inputs are usually 
held constant in at least one treatment so 
that the sustainability of the system can 
be established by measuring the trend 
in yield. This is still not a trivial prob- 
lem fields. For example, on the Vertisol 
watershed at ICRISAT Center, yields of 
sorghum and maize for the period from 
1976 to 1988 had a CV of 20% on high 
input output for traditional cultivars and 
cultivation practised on the site. 

Long-term trials are usually designed 
to provide two types of information: (1) 
changes of yield from year to year in re- 
sponses to water, damage by pests, etc., 
(2) measurements of factors likely to be 
respo~sible for these changes, eg. soil 
pH, nematode populations. As a third 
type of output, it would also be worth 
trying to identify an'index of the trends 
in production less susceptible to weather 
than yield. Soil organic matter has been 
suggested as a candidate to explore. An 

index performing consistently would al- 
low confident conclusions to be drawn 
about likely trends in yields sooner than 
would be possrile from the yields them- 
selves. 

Because attempts to quantii$ sus- 
tainability cannot be successful unless un- 
certainties in trends are properly treated, 
I now present analysis that determines 
how many sequential measurements'are 
needed to determine a trend within spec- 
ified limits of accuracy. 

Trend errors and sample 

Suppose that an index of production 
X, measured at regular intervals, changes 
on average by a fraction f of its original 
value X(0) during each interval. (For 
sustainability, f >= 0). After t measure- 
ments, the expected value of X is 

x (t) = X(0) (1 + f t) 

Measurments of X will depart from the 
value predicted by equation 3 because of 
changes in the environment. Provided 
these deviations fit a normal distribution 
with standard deviation S(X), the stan- 
dard deviation of the estimated trend f 
is given by regression theory as 

S X  X o  
S(f = (' ' (4) 

..,,.. ... 
where n is the sequential numkr of the 
measurement. 

Because values of n define the series 
1, 2, ...... t, the difference between the 
two terms in the denominator reduces 
to ((t3 - t)/12)lI2 which is within 3% of 
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tS/a/(12)1/a when t exceeds 3. Equation 
4 can therefore be written 

S ( f )  - 3.46 (~(x)/x(o))/tj/~ (5 )  

This equation can be manipulated to find 
the number of measurements that would 
be needed to obtain S(f) as a specified 
fraction of the trend f when the CV 
of the measurements, 'defined here as 
S(X)/X(o), is known. For example if it is 
stipulated that .S(f) must not exceed f13, 
there is a 68% chance that the true value 
off falls between 0.67 and 133 of the es- 
timate. Then replacing S(f) in equati0.n 
5 by f/3 and solving for t gives 

For annual observations, the required 
number of years is t-1 assuming the first 
observations is made when t = 0. The 
trend f is the change of X in one year 
expressed as a fraction of its initial value. 
In Fig. 4, values of t-1 in years are shown 
as a function of the trend f and of the 
cv. 

The condition S(f)=f/3 is identical to 
3S(f) = f. Equation 6 and Fig. 4 therefore 
give the number of years at which f can 
be determined within the limits f f f 
with a probability corresponding to three 
times the standard deviation or 99.7%. 
This implies that the sign of f can be 
establishid with 99.7% probability. 

When crop yields are reported an- 
nually, either as an average for a district 
(as in this paper) or as the value from 
a single experimental plot, value being 
associated with erratic year to year dif- 

ferences in rainfall or some other limiting 
element of climate. It appears that for 
a trend of 0.1 (1Wo) per year, a record 
of 15 to 25 years wwld be needed to 
determine a trend within the stipulated 
limits and with 68% probability. 

Values of CV between 5 and 1 WO 
might be obtained from sequential mea- 
surements of a soil property such as or- 
ganic carbon or nitrogen status. To achi- 
eve the stipulated accuracy, annual ob- 
servations would need to continue for at 
least 5 to 10 years if the trend was less 
than 10% per year and for at least 10 to 
15 years if the trend was less than 5% 
per year. 

The analysis can be extended to the 
more general case of measurements re- 
peated at intervals of m years where m is 
not necessarily an integer. The number 
of measurements made in y years is y/m + 
1 and the trend, measured as a change in 
P over m years is mf. Substituting these 
values in equation 4 yields the expression 

y = m1i3 (105 x Cv/f,I2I3 - m 

If y(m) is the number of years needed to 
obtain the stipulated accuracy, it is con- 
venient to evaluate the quantity y(m)/y(l) 
which is the factor by which the values of 
y(1) obtained from Fig. 1 must be multi- 
plied .to obtain y(m). For values of m of I 
practical interest, i.e. from 2 to 5 years, 1 I 

y(m)@(l) is very close to 1 + 0.15 m. This 
I I 1 

0 
cU 

0 
implies that if m = 5 years, for example, - 0 - 0 

the required number of years will be 1.75 
y(1) rounded up to the nearest multiple 
of 5. In the specific case where f = 0.05 
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r & CV - 0 . l  y(1) 11 7 years ofaop productionusing models Models 
from 4 and y(!i) is 1225 rounded up for many major crops have now reached a 
to l!jy~arr level of reliability where it should be pas- 

sible to estimate, with an uncertainty of 

When the standard deviation of X 
is not constant with time but changes in 
proportion to X, the value of y will be 
overestimated but the discrepancy will 
usually be negligiile when the change in 
X is less than 20%. 

Much of this analysis is based on the 
assumption that the trends which emerge 
from attempts to assess sustainability are 
likely to be almost constant over the pew 
riod in which they are determined. This 
will not always be so. Particular danger 
lies in accelerating trends where a figure 
based on historical records will always un- 
derestimate the current value. The only 
way to mitigate this problem is to search 
diligently for the mechanisms responsible 
for a trend and for its change with time. 

Short-cuts to sssessing sustainability 

The last section is relevant both to 
the analysis of district or regional val- 
ues of production and to the dcsign of 
long-term field designed to investigate 
the sustainability of a particular system 
of production. It is disquieting to find 
that because d m a t e d  CVs are often in 
the range 20 to 40%. trends in production 
arc unlikdy to be reliable unless records 
extend for 10 to 20 years, Fortunately 
there arc several potential short-cuts'to 
assessing sustainability though none has 
yet been thoroughly tested. 

The first short-ut is the simulation 

less than f 20% what the yield of a &op 
should be in a given season when weather 
is the only changing factor. When a major 
feature of the environment such as rain- 
fall fluctuates widely from year to year, 
the CV is likely to be large compared 
with the enor in estimatinp the yield. 
If the model works well, the difference 
between estimated and measured yields 
should have a much smaller CV than the 
measurements alone. The time needed 
to establish a trend in yield (caused by 
changes in environmental factors other 
than weather) will therefore be reduced. 

The second short-cut is remote sens- 
ing which will increasingly be used to 
explore the sustainability of ecological 
systems in general and of agricultural 
sysbems in particular. One major use 
is likely to be in assessing I ~ s c s  in the 
area of agriculturally productive land as 
a consequence of descrtification, salin- 
ification within irrigation schemes, etc. 
(Sahai 1988). Sewral countries arc al- 
ready using remote sensing routinely to 
provide crop inventories and this type 
of record can provide a more accurate 
basis for estimating regional production 
than conventional ground measurements 
of area. Estimating yield from seasonal 
changes of ground cover is more diffi- 
cult but should eventually make it pos- 
sile to monitor crop production on the 
sale of districts, regions, or even globally. 
The combination of annual estimates of 
crop area from remote sensing and wr- 

responding yield estimates from models 
may ul tirnately prove to be the fastest way 
of assessing the sustainability in agricul- 
tural system 

paper and to ParthaSarathy Rao for ex- 
tracting production and population static 
tiu for Adilabad and bhanagm. 
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