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1., Introduction

Traditionally, in Britain, scientific research is conducted by
allowing the individual scientist to sclect his own topics for research
from within a broad field of intercst, and to develop his own methods of
investigation. Great emphasis ip usually giver by scientists to the
need for freedom to follow their idems, wherever these ideas mey lead,
and to use whatever methods that pay ssem appropriate at the time.

#hile no-cne would quarrel with this genersl thesis as a philosophy,

the cost of seientific roscorch has increased very greatly over the last
few decades, not only because of the increszsing numbers of scientists

and supporting staff empicyed, but slsc becsuse of the inereasing
complexity of the ruesearch itself, 2nd the costs of the equipnent eand
raterials involved. The tax-payer is, therefore, faced with an ever~
inecreasing bill for scientific res. arch, and, quite rightly, is demanding
an increasing volee in the aprropriation and allocation of noncy for
this purpcss., The situation has been aggravated by a number of expensive
and well-publicised failures in technologleal and scientific development,
end scientists can no longer regard themselves as beyond the need to be
aeccountable to the tax-payer and t0 the share-holder. :

Many scientists now belong to resecarch orgenisations and have to
Justify their rescarch proposals to research directors., In the universities,
scientists have to justify their ruguests for rescarch grants to committees
who examine very carcfully the cases mede for the use of pecple and
expensive equipment for resecrch purposes. The direction of research
requires the clear definition of objectives, and an understanding of the
criteria by which the success or failure of the effort providen can be

Judged. Atterpts sre sometimes made to classify research as pure, basic,

basic objective, appiied, mission-orientated, ete., but the allocation

of the rescarch to such categories makes 1ittle difference tc the need for
clearer thinking about the stmiegies and tactics to be empioyed in the
planning of resecarch.

2, Resear:h Strategies and Tactics

.-+ The use of the overtly militery terms "strategy" and "tnctics" may
sger- strange within the context of scientific research, but the terms have
the same connotations within the twe areas, and are helpful in
distinguishing between the levels of plenning and ‘organisation that are
necessary. In defining a rescrroh strniegy, it is necessary to define

the objectives to be acnieved, the timing of the varicus sbages, and the
forces to be empioyed, i.e. the resecrch methais, disciplincs, and
equipment. At the tactical level, the seotion leader, or the individusl
rescarch worker, has to decide on trne day-to-.zy devloyment of the resources
a2llocated to hin, so as to a2chieve the objectives that he has been sét, or
that he hos set for himself. 1In this paper, I shall mainly be cancerned
with strategies, portly because I feel that almost all of the attention to
the working methoeds of sgcientists has so far bsen given to tactical
considerations.

In the choice of a research strategy, particular considerction has to
be given to the technological environment in which the ressarch cbjectives
will be achieved. bLxeept for wery short-tern resesrch, such a choice
nécessarily invelves a forecast of the technical, sceizl, coonomic
changes that are likely to take plsce, Research directors and zdvisory
compittees are présumably expocted to be able to make such fTorecasts
better than younger scientists because of their wider expericnce, although
there are obvious disadventages in extrapolating from past experience.
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In the past, forcasting of changes affecting research pollcles haa depended

almost entirsly on sub jective juduements, but it seems likely that the more

ob jeetive techniques of technological forecasting will be used, and socme interesting
examples of technological forecasting in fields of prlmany national importance are
given by Bright, 1968.

The importance of competition in the selection of research strategliss has
cerhaps been underestimsted, <i1he dramatic examples of the race to the uoon, and
of the development of supersonic eircraft, as well as in many industrial
processes show quite clearly the effects of such competition as a spur fo zreater
scientific productivity, and not 211 of this greater activity can be attributed
to money alone. e may be naive in eliminating overlap between the programmes of
our national research organisations, and greater creativity might result from
deliberate competition between organisations for prestige and for resources. The -
individual scientist would then need to decide betwesn a relatively safe, but
modest, advance, and an improbable, but dramatic, breskthrough, and be accountabie
for the choice.

For the research director, the selection between proposed rescarch strategies
is perhaps the most difficult of tasks, TFactors such as technical feasidbility
and the relevance of the strategy to the urgent needs of the organisation are
usually regarded as important, but what values, apart from purely subjective ones,
can be given to these factors? Sconomists urge the use of cost-benefit anelysis
and other techniques, and there are fields of activity in which it is possible to
assess the benefits of the resesrch, and to balance the probability of the
research succeeding against these benefits, In wany fields, however, the benefits
from given strategies are more speculative, One possible azproach is through the
use of game theory, and Williams, 1966, gives some entertaining exemples of the
choice of strategies in situations of uncertainty.

In rescarch, as in wilitary combat, an important factor in the choice of
strategies is the correct assessient of the forces that are available, but, in
reseaXch, these forces include not only the resources of nen, moncy and naterials,
but also the reserve of new technigues and methods. The application of o technique
or a theory developed in one particular fiecldsof activity to some quite different
field nay provide the essential key to a successful strategy. The valuc of new
methods is frequently recognised ot the tactical level - the danger lies in the
failure to recognise the inportance of new methods at the strategic level.

The aocst important developments for research scientists, and the least
expleoited, at present lie in the field of couputation and rethematics., In part,
the developments spring from the wider use of electronic computers, which have
made possible completely new technigues of computaticn and new concepts in the
capture, storage, and use of data, It is not nerely that computations can now be .
carried through in brief fracticns of the times formeriy required, although the
gain in sp:ed and accuracy is phenomenal, ‘The ability to store data so that they
are immediately accessible and can be used in greater quantities places into the -
~ hands of the researeh scientist ways of exploiting informaticn that have never
previocusly been available, Furthermere, the computer programs by which the computers
are operated provide unaswbiguous records of the methods that were used, in contrast
to the days in which the scientist's working methcds were usually lost, even to
himself, within a very short time.
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Associated with the use of cleotronio computers are the now mathematical
techniques which have been developed to exploit the increased power of
computaticn, as yet, those toelinigues have been used only sporadically and
in limited fields of applicaticn, kuost of the application has been at the
tactical level of sciertific research, 2nd this is not surprising in that
the technigues do not ususlliy lie within the experience of reswarch directors
and the senicr scientists who are responsible for rescwarch strategies, Some
of these technidques, and thelr iuplications for rescarch strategies, are
cutlined briefly below. ' :

3. MathEmctlcal and bomputlnh Toehnicues

(a) Analogue and Diwital Computers

The development of eleetronic computers has already boen réferred
to, and most rescorch organisatlons are now well aware of the need
f'or more sophisticated computational faeilities., Howsver, in Britain,
. the provision of electronic computers has not kept pace with the need
for computing facilities in the universities, and nany rescarch
organisations outside the¢ universities are in an even werse position,
The latest report of the University Computer Bosrd makes it quite clear
that the struggle to maintain even the prosent level of 2vailability is
being lost by administrative delays, and by the failure of those who
control research budicts to realise the need for and the urgeney of
‘greater investment in computers if our rLsaarch.stxxtEgles are to be
effective.

ouch computing facilities a8 we have are usually coversubscribed,
with the result that the conditicnes and administrative procedures for
their use inhibit the crdinery bench scientist from any close conteact
with the computer, and may discourage him so effectively that he is
reluctant to employ mathematicel techniques in his research strategies.
The wider availability of renote terminals to large computer
installations may ramove some of these discouragements, g will the
more extensive installetion of 'small" computer systers, which are in
fact nany times Ligger and more powerful than any machines available
e few years ago, in individual rescarch lsboratories. The nesd is for
the bench scientist himself to achieve 8 satisfactory interface with
computer systems, and to gain familiarity with the concepts and
procedures which he can build into his resesrch strategies.

‘The development of the digital cémputer has usually been stressed
in the arguments for the nced for better cooputing facilities in
scientific researchi. Che analogus computer, in which nusbers are
manipulated as physical guantities rather than as digital representaticns,
has been less pcpular, but, in recent years, the interest in analogue
machines has revived, Wany computers operate oifectively as "hybrids"
between analogue and digital techniques, ani an interest in the wider
application ¢f =nzlogus teehnlques has been stimulated by mathematiceal
simmlations of real situations. For the scicntist who is prepared to
invest some effort in Obt“lnlng the necessary nathematicsl backgrownd,
the usc of analogue or digital technigues tc¢ simulate the biclogieel,
chemical, or physical procisses with which he is concerned may be
sxXtremwely rowardlng, and Gorb, 1969, gives some exarples of this
approuoh :




(b} Aralyticzl Techniques

R. A. Pisher and F. Yates effectively began the development of
modern ideas of statistical ~palysis, by which the interecting effects
of many factors could be determined in cerefully planned experiments
and by detziled analysis of the rasults of such experiments, Unhappily,
there are many fislds of ssientific reseerch in which the basic ideas
of the design and analysis of experiments have never been offectively
used. There are still some scientists who regard "simplicity" of
experimental design as a virtus, where "simplicity" is a substitute
for investigating the interaction of experimental treatments and for
ignoring the underlying variability of thelr experimental material.

The development of the digital computer has extended the power and
ePPeotiveness of the availablc analytical techniques so greatly thet
Yates, 1966, has written of this development as "the second revolution
in statistics". 4&s & resalt, it is now possible to investigate the
effects of many interecting treatments on limited apd variable experimental
meterial., Without computers, experiment and survey designs have Lo
possess a certain degree of balance if their results are to be readily
interpreted; the availiability of computers has increased the range of
experimental possibilities ir situations of real complexity. In
biological research, in particular, the importance of the resvlting gain
in rescarch efficiency is vital, end affects profoundly the choice of
regcarch stratsgics. The cowbination of variabile experizental natcrial,
sometimes extremely limitcd in amount, exposed to a variable environment ,
and experimental treatments with couplex interactions, has, in the past,
forced many branches of biclogical research into a narro# range of
strategies, The way is now open for the wider explioitation of the
analytical techniques which have been developed in the last ten years.

(c) Multivariate dralysis

Arong the analytical tcchnigues which have become important for
rescarch scicntists are those which lie within the broad framework of
rmltivariate analysis. These include the techniques which have been
developed in recent years for the investigation of large numbers of
variables simultancously., It is not slways roalised just how much of
what we regard as modern sclence has becn dependent upon investigation
of one variable at a tims, or the relstionship of one variable with a
swall number of other variobles which have been varied within a determined
framework., The availability of analytical techniques for many variables .
simultaneccusly varying, nade possible by the use of slectronic digital
computers, enables the cesential dimensionality of research problems to
be investigated and the choice of the critical varisbles for further .
research to be made, Other multivariate technijues enable research
scientists to investigate the discrirination between & priori groups of’
individuals, or to investigate the essential relaticnships betwesn groups
of varisbles. Multivariate analysis has not yet bsen sufficiently
widely applied for us to know what can be schicved by their deliberate
exploitation as researci: strategies, but the possibilities are exciting
and the economy of research cffort foreshadewed by -some preliminary
investigations suggests a likely increase of reseerch efféctivensss by
several orders of magnitude, : o




i
w9
1

(4) Systemns Analysis and Simulation

In addition to strictly onalyticel technigués,; there are many
relatively new ways oy which mathemetical ideas ean be used to achisve
2 synthesis of rezl-1ifs situatious. »such simulaticns may be deter—
ministic, so as to exploit anslogue #nd digital computing technigues
associnted with differentis)l equations, or they may be probabilistic,
so as to exploit computing tochniques associated with sarpling fromw
statistical distributions and stochastic processes. IThere are uany
Cexamplus of the application of such methods to indlvidual problems,
Lut few examples of the deliberste cholce of research strategles with
those aethods at thelr henrt,

One of the mein =lvantages of the definition of a research stretegy
in terns of simuletion and mothepaticnl synthesis is that the results
of the research are expressed as 2 nwthesaticsl model which can be used
directly by managers =nd others to predict the comssquencus of thelr
zctions and to make decisions about the prazcticsl menagenent of particular
situations, The lag beiween rescaerch and the practical application of
research results is frequently an important factor in many sectors of
our sconomic life, and the exprussion of the research results as a working
model helps to reduce the time-lag to o minimunm, 4 second lmportant
advantage is that the synthesis quickly reveals the areas of research
where nmore information is required, and helps research sdiinistrators
to allocate resources wmore¢ effectively. '

'(e) Trend-Surface Flotting

In addition to the anelysis and synthesis of experimental situations,
there are execiting new possibilities in the visual display of information.
The autometie production of meps, diagrawms, and even cine-{ilms froo
data by computers fitted with graph-plotters or cathode-ray tubes enables
the bench scientist to be in wore intimste contact with his data then
gver bufore, and using sight, perhaps the most effective of all our
senses for monitoring incoming informztion. One of the most interesting
interactions of visual andi snalytical techniques in recent years has
been in the development of trend-surface plotting in stratigraphic
research (Harbaugh and Merriam, 1968) in which observations of a variable
at random pcints in two- or three-dimensional space are analysed to find
the simplest couvenient representation of the variation in space, and
the results plotted graphicazlly. The technique has not yet bwen widely
exploited outside the field of geology, but offers considerable promise
in meny rescarch aress whore subjective interpretation of observations
has previously been the ernly method available.

(f) MNumerical Texonomy ond Informetion Aralysis

New technigues irmportant for rescarch strateogies are not confined
to situations where data arce recorded as counts or continuous variables.
# wide interest in the classification of objects of all kinds has been
stimulated by the development of numerical texonony, in which subjective
methods of classification are replaced by objective machemttical
methods capable of handling diverse categories of observations. The
recently published proceedings of a symposium <n nuzerical taxonomy
(Cole, 1969) demonstrates the range of methods and applicetions that have
already been found,
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Tt shouwld perhsps be stresscd here that new techniques de not provide
a substitute for the human intelleet, or for the well-gsvablished human
qualities necessary for the conduet of scientific rescarch, New techniques
do, however, greatly. oxtend the rﬂngc of pessible achievemstnt, and it is
important to see that our rescerch strategics pay sufficient attention to
then. Techniques should never be: overvalued; they are frequently under-
estimated.

4.  Wooiland Resesrch in the Nature Conservaney

" The woodland rescerch policy of the Rature Conservancy hzs been
deseribed by Jeffers, 1568. Broadly, the Kature Conssrvancy undertekes
research into problems of woodland ceology for the. focilowing purposes:-

{a) *to provide the necessary advice to the Regional Officers
of the Nature Conservancy on the acquisition 2nd nanagement
of woodland reserves and on conservation and wildlife .
protcctlon within such rescrves;

() to provide ndvicc to other organisations and privats land
owners of: the management of woodlands for purposes other
than commercial forestry, i.¢. conservation, amenity,
recreation, wildlife proteetion, or the combination of
these cther purposes with counercial forestry; .

{c) +o moniter the chonges taking place in British woodlands
as & result of cormercial forestry, agricultural practices,
reereational pressurcs, ete., sc as to predict, and possibly
modify, changes likoly to bu damsaging te the conscrvation
of £Zritish m0041¢n¢s.

The funds available for wooilan? research in the KRature Conservancy are
at present about £100,000 per yuar, and are planned to incrcase to about
£200,000 per year during tne ncxt five years, There is, however, no
intention to make roscerch into woolland ecclogy an open-ended investment,
and it is necessary to choose research strategies which meke the most
effective use of the available résources. The current rescarch strategies
have been selected to ainimise the reguirements for additional staff, and
place most euphasis on the purchaese of tho necessery capital equipment to
make the existing staff, and the smaell proposed increases in staff, more
effective by increesing thoir productivity. The stratcgies chosen result
in staff complements whieh are unusual f{or research organls“tlons in that they
minimise the nesd for technicel and laboratory assistants. s much of the
laboratery and field work as possible is automated, and all data handling and
processing iz done by clectronic computer so as to reduce te a minimum the
staff of the resoarch segticns.

The current research strategies aim at the problems that are expected
to be cncountered during the next ten years, and the rather unconventional
view has beern adopted that it is too late to undertoke detailed research
into today's problems. The problems of tho present day sust be solved by the
best information that.is currently available - it is no help to the woodland
‘manager to tell hix to come back in five years' time when we have done some
researon on hig préblem. 4s experiencs is gained, and the problems chenge,
it will be necessary to change the strategies, and technological forveasting
rlong the lines suggestsd by Bright, 1968, is currently being undertaken to
prediect the enviroument within which the woodlend manager will have to work
in the next ten to twenty yuars. :
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The overall rescarch strategy is bassd on the recognition that the
sssential feature of woollmnd scology is variability, and that further
progress in ecologicxi rescoreh can only be made by studying the extent
and nature of variability in scosysters ~nl by exploiting rether than
mininising its effects, The individual strategies are defincd by the
tevel of the variability within the ccosysten, and the strategies designed
to provide an unbissed cstirate of the extent of the varlublllty and to
. explore the nature of the voriation, :

Three lOVelS of veriability are at present recognised. The first is the
variability bebween indivilual woodland sites separated in space and time,
where the attention 1s concentrated on differcnces between sites expressed
in terms of thelir climite, physiography, soil physics, scil chemistry, and
soil biclogy, and the prescnee and growth of the plants z2nd animals found
on the site. The research strategy at this level sxploits the technigues
of multivariate stotistical anolysis and numerical taxonomy in the scarch
for complex relationships bhutween large numbers of variables, and the
clagssification of sites by the smallest possible number of characteristic
variables. The practical cxpression of the research stratugy is the
- classification of woodland and potential woodland sites, which has been
attempted for many years by ecologists and foresters but never sstisfactorily
achieved because of past difficulties of handling large nurkers of varizhles
and their inter-rclatiovnships. Because of the urgency for practieal and
cbjective methods of site classificaticn in the cheoice of areas for
conservation and resecrch, about half of the resources for woolland ressarch
in the Fature Conservincy will be devoted t¢ this strﬂtcby during the next
five ysars.

Thc gecond resenrch stretegy is concerned with the variability wlthln a
giver geographically lccatcd site, =snd concentrates on the changes in
micro-climete, physiography, scil physies, sc¢il chenistry, scil biclogy, and
the responses of woodlani plonts 2ad animsls to thoese variables within
defined situs. rThere cre tw. sub-strategies within this level of
variability, and the first cf these is conceérned with spotinl variation of
. many verisbles at given points in tims. The sub-strategy is designed to
exploit tochrigues of rmivivariate statisticsl 2nalysis, trend-surface
rlotting, and computer napping. The practicel sins of the rusvarch are to
devise a method of monitoring changes in woodland sites wnich requires
collection of samples and field sanpling which can be undertaken by
relatively unskilled staff, with all subseguent determinstiong and data
handling automated s< as to reduce costs, and to provide completely objective
descriptions of the state of an ceosyster at the time of SHL@llﬂé By
choosing appropriate methols of sampling, chenges taking place in the eco-
system within five or ten years can be accurately defined, anl the low input

“of resources per site ensurcs thot nonitoring can be carried cut over a wide
range of sites with a lindted staff of SpLCiallSt ecclogists.

The second sub-strategy of the within site variability is concerned
with dynamic variation from yesr to year, from seascn to season, or even
from week to week. The sub-strategy exploits the techniques of deterministic
and prcbabilistic simuleticn, with the practical aim of building rwathematical
models capable of solving problems of woodland mansgement, These problenms
currently include the regunar~t1wn of natural woodlands, the menipulation
of nutrient znd decompouscr eycles in woodlond and potential woodland sites,
and the wman.gement of stand structures in natural woodlands and in woodlands
in which wholly artificis]l conditions have been introlucod by ccoppicing, ete.
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The research results are expressed as working models on which, with the

aid of a computer, woodlend menagers can gain experience of the management
of their woodlands and of the results of their decisions in much the

same way that a pilot can lsern to fly a particular type of aircraft on

a simulator without hazarding a real aircraft and its crew and passengers.
It is estimated that about cighty per cent of the resources for woodland
research will be devoted to these two within-site sub-strategies in five
yvears' time.

The third level of varlablllty is concerned with the variation between
‘individual plants and anlnals, i.¢. on sub-specific variation, It is
astonishing how little is known about taxcnomic variation of British
woodland plants and animels even at the species level, and knowledge of
the plasticity of woodland species is almost completely lacking. The
distinetion between genetic and phenotypic variation of tree species is
essential if correct decisions are to be made about the conservation of
particular pools of genes within woodland ecosystems, and if the effects =
of the widespread introduction of foreign provenances are to be correctly
assessed, The research stratogy at this level of variability is designed
t0 provide this informetion., The strategy again exploits the techniques
of multivariate statistical analysis and numerical taxonomy, at the level
of the individual plant and animal,

411 of the research strategies are dependent upon modern statistical
analysis in which the convenient orthogonality of designed experiments
will usually be lacking, because of the nature of the field observatioms.
The analytical technigues arce themselves completely dependent upon the
use of analogue and digital computers, not nerely as convenient tools
for ecological research, but as an integral part of the whole process of
data coliection, data processing, and the prusentation of the results,

It is scarcely necessary to emphasise that the research programme demands
the employment of ecologists who are theumselves more thoroughly numerate

- than has been implicit in thc weys that eeologists traditionally are trained,
and the first stages of the rescarch programme have, therefore, been a
large-scale retraining and re-equipment of the rescarch ecologlsts of
woodland sections of the Lature Conservancy.

5. Project Flanning

Research strategies which require a substantial input of capital
equipment require careful planning, if the necessary eguipment is to be
available when it is needed, particularly where annual budgeting and five~
year forecasts of expenditure, traditional in the administration of British
research, are the basis of financial control, This is not to say that
careful plenning is not esgential in research strategies which are based on
people rather than equipment, but therw may be pufficient room for manoceuvre |
in these strategie¢s to minimise some of the worse consequences of research
planning, Because of the nced for acocurate estimates of the use of
- resources, the woodland research sections of the Nature Conservancy have
adopted a systematic method of project planning. . within each research’
strategy, there are a snall number of rescarch projects, and, for each of
these, a project plan defining the scientific background, the objectives,
and the criteria for judging the success of the project has been written.

The basis of the project plan is a critieal path network; in which the
logical structure of all the activities that can be foreseen is expressed
diagramatically, and to which is sttached estimates of the times for the
completion of the activities and of the resources required for these
activities.
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4 separste eontrol dcocunint is also prepsred for euch preject
recording the assessed priority of the project, its technical feasibility,
the required date for the conpletion of the project, ani any intermedieste
reports produced. The next useful date for the review cf a project is
determined from the oriticel path network, and is also entered on the
control document. when this date arrives, the conbrol docurent is placed
on the desk of the rescarcih director, who then reviews, together with the
project leader, the progress of the preject. <iny necessary changes in
the priority, technical fewsibility, date for ccompletion, or in the netwerk
of activities and required resources are also made before the next date
for review is fixed. In this way, the review of roscuarch projects is carried
out with a2 minimum of direct supurvision and interferwnce by the resecarch
director, Perhaps even mere inportant, projects for which either the priority
or the technical feasibility bouccme so low that the project is of little
value to the organisation can be eliminated from the rescarch programme -
something which is very difficult tc do by other methods of contrelling
research,

Scientists are notoriously opposed to eny form of adainistrative control.
Where only their own time and reputaticn are st stake, it may be sufficient
to let them control themselves, lodern research strategies, regquiring the
integration of interdisciplinary tevams of scientists, and the use of
expensive equipment, need nmore effuctive methods of resvarch administration
if the resources of men, noncy, and materials, which are ultimately derived
frow the taxpayer ere not %o be wasted, Scme opposition to the methods of
projuct planning which have been introduced in the woodland research sectilons
wag expected, but the scicnbists concemmed were quick to sce the advanteges
of project planning, and have themselves pede valuable contributions to
the methols. The result is 2 far ory from the usual type of research programme,
and the rescarch stratcgies which are made possible by project planning end
the development in m:ithenatical znd computational methods offer exeiting
possibilities for the future of woodland rescaren.

6.  Buumary

Modern statistical and mothemetical techpiques, and the electronic
computers on which these techniques depend, heve introduced new concepts
into the basic strategies available to woodland rescarch, This paper
deseribes the strategics which have boen adopted by the wWoodland Habitat
Tean of the Nature Conservancy, and the underlying techniques which are
being employed. The practicel objeetives include the classificaticn of
woodland sites, the monitoring of chenges taking place in woodleands and on
woodland sites, an investigation of the dynamies of weoldlani ecosystews, and
the exploration of sub-specific taxonory and biological variation,
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