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states will eventually evolve into considerably different states (Lorenz,
1963). : e :

Now the state of the atmosphere as it is observed and recorded, and
the state as it actually exists, may be regarded as two slightly different
initial states. The predicted behavior and the actual behavior will
therefore diverge from one another. Thus no method of forecasting can
be expected to produce good forecasts for the far distant future.

The numerical simulations further indicate that small differences
between the predicted and actual distributions of the weather elements
may double in about five days, in the root-mean-square sense. This
figure is highly tentative, but if it is correct we should some day be able
to forecast a week in advance as well as-we now forecast one or two days
in advance. Forecasting the general trend of the weather may be possible
at much longer range; for example, we may be able to say whether next
summer will be & warm summer or a cold one. It seems most dhli_kely,
however, that we shall ever make good weather forecasts for a particular
day a month or more in advance. v
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THE STRATEGY OF MODEL BUILDING IN
POPULATION BIOLOGY

By RICHARD LEVINS

MODERN population biology arises from the coming together of
what. were previously independent clusters of more or-less eo-
herent theory. Population. genetics and population écology, the most
n?athema,tical areas of population biology, had developed with quite
filﬁ‘ erent-assumptions and techniques, while mathematical biogeography
is essentislly a new field. A et
For population genetics, a population is specified by the frequencies
of genotypes without reference. to the age distribution, phy,siologicai
state as_a reflection of past-history, or population density. A single
population or species is treated at a time, and evolution is usually as+
sumed to oceur in a constant environment. : : P ,
Population: “ecology, on the other hand, recognizes multispecies sys- -
tems; deseribes: populations in terms of their age distributions, phjrs-'
iologieal states, and:densities. The environment is allowed mvary but
the-species are-treated as genetically homogeneous, so that evolution is
ignored. ' , ' ' il
J'.But‘ there is increasing evidence that demographic time and evolu-
tiong,ry time -are .commensurate. Thus population biology must. deal
simultaneously with genetic, physiological, and age heterogeneity within

species of multispeciés systems changing demographically and evolving
under the ting influences of other species in a heterogencous

enviror he problem is how to deal with such a complex system.

'I!;he;naw te force approach would be to set up a mathe

mode} ;

ful, one-to-one reflection of this complexity.
erhaps 100 simultaneous partial differentia
‘mess wundreds of parameters, solving the -
merical predictions, and then measuring these pre-.
. However: : S IR S

lany’ parameters to measure; some are still only

vag tied; many would: require ‘a lifetime each for their

- measuremient, . . ) ‘ ‘

{b) The equations are insoluble analytically and exceed the capacity

B - good computers; : : % .

‘ (c) Even if soluble; the result expressed in the form of quotients of
sums-of prdductspfiparametérs'*~Woul:dah%aveanoz-meaning~fonus’. e

~ Clearly we havé,to simplify the models. in kakway, that preserves the
essential features of the problem. The difference between legitimay
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" states will eventually evolve into considerably different states (Lorenz,

1963). S ;
Now the state of the atmosphere as it is observed and recorded, and

the state as it actually exists, may be regarded as two slightly different
initial states. The predicted behavior and the. actual behavior will
therefore diverge from one another. Thus no method of forecasting can
be expected to produce good forecasts for the far distant future.

- The numerical simulations -further indicate that small differences
between the predicted and actual distributions of the weather elements
may double in about five days, in the root-mean-square sense. This
figure is highly tentative, but if it is correct we should some day be able
to forecast a week in advance as well as we now forecast one or two days
in advance. Forecasting the general trend of the weather may be possible
at much longer range; for example, we may be able to say whether next
summer will be a warm summer or a cold one. It seems ‘most lihlikely,
however, that we shall ever make good weather forecasts for a particular
day a month or more in advance. |
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THE STRATEGY OF MODEL BUILDING [N
POPULATION BIOLOGY

By RICHARD LEVINS

ODERN popu‘latiop biology arises from the coming together of
. what were prevx?usly indfapendent clustérs,of mdre or Jess eo-
erent the.ory. Population genetics and population ecology, the mo t
n}athema,twal areas of population biology, had developed ;vith ui:e
fhﬂ‘erent: assumptions and techniques, while mathematical bioge q h
1s essentially & new field. oy ' ‘ ~ERERLY
For: popuzlatio‘n genetics, a population is specified by the frequencie
of genotypes without reference to the -age distribution physiologi ai
state a8 a:mﬂection' of past history, or: population delisity A sﬁcl
populatlon or:species is treated at g time, and evolution is l;su 11 . e‘
sumed to occur in a constant -environment. ' il
Populatio.n‘ ecology, on the other ha,hd,frecognizes multisp‘ecieé S,
tems, describes populations in terms of thejr age distributions, p};::

iological states, and densities.” The envirenment is allowed, to.vary but -

) the species are treated as genetically homogeneous, so that evolution is

ignored.

under the fluctuating influences of other Species in a heterogeneous

environment. The problem ishow to deal with such a complex system.

- The naive, ..b,,mte; force approach would ‘be to set up a~:ﬁiathématir;aly
model whxch Iis.a,;;, aithful, one-to-one reflection of this complex:it‘/ Tlns7
??ould require using perhaps 100 simultaneous pﬁrtialdiffei‘ential o ua f
tions 'Wlth -time. lags; measuring hundreds of ’pé,rameters solvmqtht; "
e(.;:u{ztlons,to, get numeriea] ‘predictions, and theﬁmeasutiﬁ th e

dictions against nature. However: ¥ S i e

(a)" yheré lareé;tgi Iélan.y parameters to measure ;- Some . are still‘osniy
~vaguely defined; many would require a lifotime wach s o
Wil A q a lifetime each' for their

(b) The equations are insoluble analyti i 'the k

; & equatior | ytically and exceed t el

of even good computers, ' = caPanty

(c) Even if spluble, the result expressed in the form of quotients of

sums-of. products/fpf parameters would have no: meaning forus. -

Clearly we have to simplify the models ; ; ‘
learly : ) ify the In a way that preserves the
essential features of the problem. The difference between Isgiti::::: ::: :
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illegitimate simplifications depends not only on the reality to be de-
seribed but also on the state of the science. The early pioneering work
in population genetics by Haldane, Fisher, and Wright all assumed a
constant environment in the models -although each author was aware
that environments are not constant. But the problem at hand was:
Could weak natural selection account for evolutionary change? For the
purposes of this problem, a selection coefficient that varies between
001 and .01 will have effects somewhere between:constant selection
pressures at those values, and would be an unnecessary complication.

But, for us today, environmental heterogeneity is-an -essential in-
gredient of the problems and therefore of our mathematieal models.

It is of course desirable to work with manageable models which max-
imize  generality, realism, and precision toward the overlapping but
not identical goals of understanding, predicting, and modifying nature.
But this cannot be done. Therefore, several alternative strategies have
evolved: :

1. Sacrifice generality to realism and precision. This is the approach
of Holling, (e.g., 1959), of many fishery biologists, and of Watt (1956).
These workers can reduce the parameters to those relevant to the short-
term behavior of their organism, make fairly accurate measurements,
solve numerically on the computer, and end with precise testable pre-
dictions applicable to these particular situations.

-2 'Sacrifice realism to generality and precision. Kerner (1957),
Leigh (1965), and most physicists who enter population biology work in
this tradition which involves setting up quite general equations from
which precise results may be obtained. Their equations are clearly
unrealistic. For instance, they use the Volterra predator-prey systems
which omit time lags, physiological states; and the effect of a species’
population density on-its own rate of increase. Bt these workers hope
that their model is analogous to assumptions of frictionless systems or
perfect gases. bThey expect that many of the unrealistic assumptions
will eancel each other, that small-deviations from realism result in small
deviations in the conclusions, and that, in-any case, the way in Wl"xiiéh
nature departs from theory will suggest where further compl‘ica;tmn,s
will be useful. Starting with precision they hope to increase realism. -
3. Sacrifice precision to realism and generality. This appreach s fa:vored
by MacArthur (1965) and myself. Since we.are really 'concerneq in. the
long run with' qualitative rather than quantitative results: (which are
only important in testing hypotheses) we can resort to very flexible
models, often graphical, which generally assume that funetions are
inecreasing or decreasing, convex or concave; greater or lessftl%an sorae
value, instead of specifying the mathematical form of an equation.. ThlS
means that the predietions we can make are also'expressed as inequalities

o
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as between tropical and temperate species, insular versus continental
faunas, patchy versus uniform environments, ete.- ;

However, even the most flexible models have artificial assumptions.
There is always room for doubt as to whether a result depends on the
essentials of ‘a model or on the details of the simplifying assumptions.
‘This problem does not arise in the more familiar models, such as the
geographic map, where we all know that contiguity on the map implies
contiguity in reality, relative distances on the ‘map correspond to relative
distances'in reality, but color is arbitrary and a microscopic view of the
map would only show the fibers of the paper on which it is printed.
But, in the mathematical models of population bielogy, it is not always
obvious when we are using too high a magnification.

Therefore, we attempt to treat the same ‘problem with several al-
ternative models each with different simplifications but with a common
biological assumption. Then, if these models, despite their different
assumptions, lead to similar results we have what we can call a robust
theorem which is relatively free-of the details of the model. Hence our

truth is the intersection of independent lies.

R_obust and Non-robust Theorems

As an example of a robust theorem consider the proposition that, in'an
1 envirgnment, species will evolve broad niches and tend toward
m. We will use three models, the fitness set of Levins (1962),
& caleulus of variation argument, and one which specifies the genetic
systém (Levins and MaeArthur, 1966).

“Model T assumes: . :

1. For each phenotype i there is a best environment s, and fitness
w-declines the deviation of s; from the actual environment. Als
1 (s — ;) in nature may differ in the location of the
ight of the peak, and the rate at which fitness declines
ion from the optimum, our model treats all the curves as
 for the location of the peak s,. '

't consists of two (easily extended to N alternative
abitats or conditions. Thus, on a graph whose axes are Wy
; the fitness: nvironments 1 and 2, each phenotype is repre-
by a point as in Figure 1. The set of all available phenotypes is
designated the fitness set. Sinee & mixed population of two phenotypés
would be represented by a point on the straight line joining their points,
the extended fitriéss set of all possible populations is the smallest convex
set enclosing the' fitness set. In: particular, if the fitness set is .convex
then population heterogeneity adds no -new fitness points, whereas, on a -
concave fitness set, there are polymorphic populations represented by
new points. It remains to add that, if the two environments are similar:
compared to the rate at which fitness declines with déviation (that is,
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similar compared to the tolerance of an individual phenotype), the fitness
set will be convex. But as the environments diverge the set becomes
concave. '

3. In an environment which is uniform in time but showmg ﬁn'e-
grainéd heterogeneity in space, each individual is exposed to many 'umts
of environment of both kinds in the proportions p to 1 — p of their oc-

. i i i - = the fitness meas-
Fie. 1a. The family of straight lines pW1 + (1-p)W2 = C are

ures“;or » fine-grained stable environment. Optimum fitness occurs for the: pheno-

type which is represented by the point of tangency of these lines with the fitness set.

Fia. 1b. Same for a concave fitness set.

i i i ulation is the one that
F16. lc. In an uncertain environment the optimum pop lati ~one
ma.xlimizes p log W + (1-p) log Ws. On a convex fitness set this is monomorphic un-

specialized.
Fic. 1d. Same for a concave fitness set. Here polymorphism creates a broad niche.

currence. Thus the rate of increase of the population is pW; + (1 ~p)W..
If the environment is uniform in space but variable in time, the ratg_t;f
increase is a product of fitnesses in successive generations, W],sz. .
For the two situations these alternative functions wou‘lfi be:ma.x_lm_lzed
to maximize over-all fitness. The 1962 paper did not distinguish bet?veen
coarse- and fine-grained environment{s -and therefore .gave the linear
expression for spatial heterogeneity in general.
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The rest of the argument is given in the figure. The result.is that,.if
the environment is not very diverse (convex fitness set), the populations
will all be monomorphic of type intermediately well-adapted to both
environments. If the environmental diversity exceeds the tolerance of
the individual (concave fitness set) then spatial diversity results in
specialization to the more common habitat while temporal diversity
results in polymorphism.

Model IT does not fix the shape of the curve W(s —s,). Instead we fix
the area under-the curve so that SW(s)ds = C. Subject to this restric-
tion, we maximize the rate of increase, which is f W(s)P(s)ds for a
fine-grained spatial heterogeneity and J log W(s)P(s)ds for temporal
heterogeneity. P(8) is the frequency of environment S. In the first
case, the optimum population would assign all its fithess to the most
abundant environment while in the second case the optimum is W(S)
= CP(8). At optimum, the fitness is log (C) + J log P(s)-P(8)ds, or
log (C) minus the uncertainty of the environment. Thus the more var-
iable the environment, the flatter and more spread out the W(S) curve
and the broader the niche. This analysis does not mention polymorphism
directly since it discusses the assignment of the fitness of the whole
pepulation. But if the P(S) curve is broader than the maximum breadth
attainable by individual phenotypes, polymorphism will be optimal. -

These two models differ in several ways. While the first allows only
discretely different environments, the second permits 2 continuum.
While the fitness set specifies how different environments are by showing
the relation between fitness in both environments for each phenotype,
the second treats each environment as totally different, so that fitness
assigned to one contributes nothing to survival in any other. Therefore,
that they coincide in their major results adds to the robustness of the
theorem: Both models are similar in that they use optimization arguments
and ignore the genetic system. We did not assert that evolution will in
fact establish the optimum: population but only the weaker expectation
that populations will differ in the direction of their optima. But even
this is not-obvious. Therefore, in model I11, we examine a simple genetie
model with one locus and two alleles. The graph in Figure 2 has, as before,
two- axes which represent fitnesses in environments 1.and 2. The points
AsAy, AsA,, ApAy are the fitness points of the three possible- genotypes
at that locus. The rules of genetic segregation restrict the possible
populations to points-on the curve joining the two hemozygous points
and bending halfway toward the heterozygote’s point. :

We already know from Fisher that, for rather general conditions,
natural selection will move: toward gene frequencies which maximize
the log fitness averaged over all individuals. In g fine-gramed. environ-
ment, this means that selection maximizeslog [pW; 4 (1 = p)Ws}which
is the same as maximizing pW; + (1 —p)Ws. Butas the envirenment




«

426 ' AMERICAN SCIENTIST

beeomes more coarse-grained, each individual is exposed to fewer units
of environment until, in the limit; each one lives either in environment
1 or in environment 2 for the relevant parts of his life. Thus, in a fine-
grained environment, heterogeneity appears as an average, in.a coarse-
grained environment as alternatives and hence uncertainty. Here
selection maximizes: p log W1 + (1 — p) log W, or W?Ws!~2, Wg note
the following from the figures:

1. In a fine-grained environment average superiority of the hetero-
zygote is necessary for polymorphism. This has nothing to do with the
“mixed strategy’’ polymorphism of previous arguments.

AA; AA,
K
AA,
W

F1a. 2a. Selection in an environment with average heterosis. Possible popula-
tions are represented by points on the curve Aj;A,, AsA;. The curves K, K" are
samples from an infinite family of curves each connecting points w1th equal
fineness. In a fine-grained, stable environment, the K-curves would be linear and
governed by the equation pW: + (1-p)W: = K for values of p between zero and
one. When ‘these K lines are steeper (or flatter,) than the slope of the_ tangent
to the AjA;, AsA; curve at the point AA; (or AsAs, Tesp.) -then specialization
will replace polymorphism.

2. If most of the environment is of type 1, there can be no poly-
morphism. Only when p is closer to 0.5 than the slope of the curve
AjA;, AA; will the population become unspecialized.

3. In a coarse-grained environment the same holds—a sufficient heter-
ogeneity is required to broaden the niche. But now polymorphism is an
optirhuin strategy in the sense that a population of all heterozygotes
would not be optimal. ’

4. As-the two environments become more similar, Wi approaches
W for each genotype. Then the optimum is asingle genotype, and
polymorphism can only come about as an imposition of the: facts -of
segregation when the heterozygote is superior. .

Other work on the joint evolution of habitat selqction and niche
breadth, on the role of productivity of the environment, and on i:ood-
getting procedures all converge in supporting the theorem that environ-
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mental uncertainty leads to increased niche breadth while certain but
diverse environments lead to specialization.

As an example of a non-robust theorem, consider- the- proposition
that a high intrinsic rate of increase leads to a smaller average population
(productivity is opposed to biomass). This result can be derived from
the logistic equation for population growth - '

dz/dt = ro(K — z)/K

where z is the population size, r is the intrinsic rate of increase, and K,
the carrying capacity or saturation level, is an environmental variable.

W

Fia. 2b. Selection in an uncertain (coarse-grained) -environment without aver-
age heterosis. The points of tangency of the K curve to the curve ArAy, AsAy are
the favored gene frequencies, one specialized and one polymorphic, .

Leigh (1965) showed that it also holds for a Volterra system of many
prey- and predator-species without a saturation level K. However
both results have a common explanation in the model in which high
not only increases the rate of approach toward K from below but also
speeds the erash toward K from above. This latter property ‘was cer-
tainly not intended in the definition of r; and may or may not be true
depending on how resources:are used. Further, even in the simple logistic,
the result can be reversed if we-add a term —pz to the right hand side to
indicate extraneous predation. Thus the theorem, although interesting,
is fragile and cannot be asserted asa biological fact. We may be dealing
here with a case of examining a map under the microscope. 2 e

Suﬁcieht Parameters

The thousand or so variables of our original equations can be reduced
to manageable proportions by a process of abstraction whereby many
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" terms enter into consideration only by way.of & reduce'd number of
higher-level entities. Thus, all the physiolpgma.l mt.era,ctlons of genes
in a genotype enter the models of population genetics only af pa,z.'t_ of
“fitness.” The great diversity in populations appears mostly as a.md..d1t1ve
genetic variance” and ‘“‘total genetic variance.”. The multlphmty. of
species interactions is grouped in the vague not'lo.ns of the' ecolqucz?,l
niche, niche overlap, niche breadth, and competition coefficients. It is
an essential ingredient in the concept of levels of pheno_mgna that there
exists a set of what, by analogy with the sufficient sta.tlstl.c, We can call
sufficient parameters defined on a given level (say community) which are
very much fewer than the number of parameters on f,he IOWGI: level and
which among them contain most of the lmpo?tant mformatmfl about
events on that level. This is by no means equivalent to asserting that
community properties are additive or that these suﬂi(:lent- parameters
i ndent. :
ar%;iietri);es, the sufficient parameters arise di'rec'oly from the matt{e~
maties and may lack obvious intuitive meaning. Thus, Kerne‘zr dis-
covered a conservation law for predator-prey systems. But wh?.t is con-
served is not anything obvious like energy or momentum. ;t is a com-
plicated function of the species densities Whicl% may acquire meaning
for us with further study. Similarly, working with cellular mgtabohsm
and starting like Kerner with a physics backgroqnd, qudwnt‘n (19.63)
found an invariant which he refers to metaphorically as a biological
G re.” ‘
Vt‘;’;l%il}?:: cases, the sufficient parameters are formalizations of pre-
viously held but vague properties such as niche breadth. We would hke’:
some measure of niche breadth which reflects the spread of a.species
fitness over a range of environments. Thus the measure should .have tlllg
following properties: if a species utilizes N resources equally, it shqu
have a niche breadth of N. If it uses two resources unequa.lly‘, the mc':he
breadth measure should lie between 1 and 2. If two popula.tmng W.hl.ch
have equal niche breadths that do not overlap are merged, their joint
niche breadth should be the sum of their separate brea.dtl'ls. It may bg
less if they overlap but never more. Two measures satisfy thesg re~
quirements:
logB = —Zplogyp

where p is the measure of relative abundance of the,species on a given
resource or i’ & given habitat, and

, 1/B =z p?
Neither one is the “true” measure in the sense thgit one can decide
between proposed. alternative structures for the hemoglobin molecule.

Both are defined by us to meet heuristic criteria. The final chgice of an
appropriate measure of niche breadth will depend on convenience, on
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some new criteria which may arise, and on the extent to which the
measures lead to biological predictions based on niche breadth. Mean-
while, we should use both measures in presenting ecological data so that
they may be compared and studied together. In Table 1 we show some

sample niche breadth measures from our study of Puerto Rican Droso-
phila populations, :

TABLE 1

SEASONAL NICHE BREADTH OF SOME PUERTO RICAN DROSOPHILA .
~——niche breadth during 1969——

8pecies _ measure I measure IT
D. melanogaster 14.4 10.5
D. latifasciaeformis 15.5 15.7
D. dunni . 11.0 7.6
D. tristriata 6.9 5.7
D. ananassae 11.2 8.6
D. repleta 5.5 4.2
D. nebulosa 6.5 6.2
D. paramediostriata 11.2 7.9
X4 (tripunctata group) 7.2 6.0
X6 (tripunctata group) 13.9 12.0

" The data are based on 21 collections, so that the maximum niche breadth would be
21. Method I'islog B = —% p log p and method II is 1/B = Z p?, where p is the
proportion of the given species taken ini each collection. .

The sufficient parameters may arise from the combination of results
of more limited studies. In our robust theorem on niche breadth: we
found that temporal variation, patchiness of the environment, produec-
tivity of the habitat, and mode of hunting could all have similar effects
and that they did this by way of their contribution to the uncertainty
of the environment. Thus uncertainty emerges as a sufficient parameter,

The sufficient parameter is a many-to-one transformation of lower
level phenomena.  Therein lies its power and utility, but also a new
source of imprecision. The many-to-one nature of “uncertainty” pre-
vents us from going backwards. If either temporal variation or patchiness
or low productivity leads to uncertainty, the consequences of uncer-
tainty alone cannot tell us whether the environment is variable or
patchy or unproductive. Therefore we have lost information. It be-
comes necessary to sipplement our theorem with some subordinate
models which explain how to go from “uncertainty” to the components
of the environment and biology of the species in question, Thus general
models have three kinds of imprecision:

(1) they omit
effects b

ors which have small effects or which have large
7 in rare cases; ;

e about the exact form of mathematical functions
ress qualitative properties;
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(3) the many-to-one property of sufficient parameters destroys in-
formation about lower level events.

Hence, the general models are necessary but not sufficient fJor under-
standing nature. For understanding is not achjeved by generality alone,
but by a relation between the general and the particular.

Clusters of Models -
A mathematieal model is neither an hypothesis‘ nor a theory. Unllk&}
the scientific hypothesis, a model is not verifiable directly b.y experiment.
For all models are both true and false. Almost any plausible proposed
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Xed leve ] - - i S0 B
oif competition Diversity ?f
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He?:cli?oin } \classi:ai
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i ; in a theory of the structure of an
- 3. Relations among some of the components in a th f
Flicglogiz:l community. Broken lines enclose alternative equivalent models.

relation among aspects of nature is likely to be true in the sense that it
occurs (although rarely and slightly). Yet all modgls Ieav.e Ql}t a lot
and are in that sense false, incomplete, ma,dequa,te,v The validation of &
model is not-that it is ““true” but that it generatés good t(?stable h?'
potheses relevant to important problems. A mf)del be disearded in
favor of a more powerful ene, but it usually. is s_lmp}ya tgrown when the
live issues are not any longer those for which it was designed.
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Unlike the theory, models are restricted by technical considerations
to a few components at a time, even in systems which are complex.
Thus a satisfactory theory is usually a cluster of models. These models
are related to eachother in several ways: as coordinaté alternative models
for the same set of phenomena, they jointly produce. robust theorems;
a8 complementary models they can cope with different aspects of the
same problem and give complementary as well as overlapping results;
as hierarchically arranged “nested” models, each provides an interpre-
tation of the sufficient parameters of the next higher level where they are
taken as given. In Figure 3 we show schematically the relations among
some of the models in the theory of community structure. 2

The multiplicity 6f models is imposed by the contradictory: dema-w

of a complex, heterogeneous nature and a mind that can only cope with
few variables at a time; by the contradictory desiderata of generality,
realism, and precision; by the need to understand and also to control;
even by the opposing esthetic standards which emphasize the stark
simplicity and power of a general theorem as against the richness and
the diversity of living nature. These conflicts are irreconcilable. There-
fore, the alternative approaches even of contending schools are part of
a larger mixed strategy. But the conflict is about method, not nature,
for the individual models; while they are essential for understanding
reality, should not be confused with that reality itself.
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