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Introduction

Diversity and stability can be considerod as functions intended to express
"organization” of the ecosystem. Diversity is related to the distribution of
present biomass, to the instantaneous complexitye Diversity, as such, may be an
useful concept, but as a measure of organisation is incomplete, and has to be
complemented by same expression of the persistonce along time, or order. L
It is a matter of cholce, and may be confusing, to apply the name of stability
to this quality of persistence. It seems necessary to ngree up to a ocertain point
about what is meant by diversity and by stability, taking into account that any
% approach, to be useful, requires that both functions be ocomputed

on independent parameters.

Diversity

Diversity in ecology hes its roots in the consideration of tho richness and
variety of species in a community, but can be applied to any distribution of the
elements of & set in subsets, as when sumnarising the distribution of the indi-
viduals of an unispecifiec population in year classes, or of a mixture of moleocules
in chemical species. Diversity is dependent from our decision or from our capacity
to discriminates in the classifiocation of individuals we can go down to species,
or to genotypes or to kinds of DNA. Any nonotonous function can be used to axpress
diversity, with a minimum when all the present elemeonts belong to the same class
and a maximum when every one of the elements belongs to a different olass. Seleo-
tion of the adopted function is a matter of oxpediency and it seems that what we
need is a funotion almost imvariant to the usucl accidents in the sampling and

treatment of data. For instance, the funotion should be relatively insensitive



to the size of the sample, to any random seleotion inside of the sample and,
1f poasible, to operations that striotly are not random, such as those depen-
ding on the method of sampling and on the taxonomioc groups selected for studye
Taxonomic groups that cover a broad ecological spectrum -as ohydoridae do in
freshwater lakes- are in a better position to give an estimate of the distri-
bution of overall diversithes, with all their implications, than groups eco-
logically more specialized, as are the diatoms of the marine plankton.

The usual funotion of m.snr is acceptable on the mentioned points.
The factorial expression, basioally equivalent, has the advantage to be more
intuitive to the biologist, as 1% visualized diversity as preportional 4o
the rumber of relations that can be established among the elements of a set,
and this may have some bearing to the mmber of actual feedback oircuits
effeotive in the system. The set of all possible binary produots between the
actual rumbers of individusls (meaning the probabilities of interaction at the
individual level) gives the same value of equitability > or eveness’ than the
set of numbers of individuals, and this is also a desirable property of the
choosen expression of diversitye.

The regularity in the distribution of individuals into specles fascinated
the firsts students of diversity. It is a oomsequence of the fact that classes
in which the individusls are distributed, are linked by definite relations.

The most simple example is offered by the age classes in an unispecific popu=
lations if mortality is oonstant, stable distributiom follows the law of geo-
metric progressiony but if there is an acceleration in the additiom of juveni-
les, diversity drops. Equally, the interactions inside the eoosystem generate
and alter the quantitative relations between the numbers of individuals of the
different speocies. Although diversity appears as an instantaneous property,

it is a result of the function of the ecosystem.

The prefered expression for diversity, a statistical functionm in which com—
putation enter the numbers of individuals of all the species, is not exempted
of the sort of oritioism that has been levelled against other expressions based



on statistical or deterministic hypothesis about the regular distribution of
{ndividuale into specles. Perhaps the most critiocal aspect is the dependency on

size of sample. The relations between diversity and space make necessary the
consideration of a speoctrum of diversity, implying perbaps a hierarchy of structures
that leds to recognize and separe the simple diversity at a low level and a

pattern di.vgrsitvos As the example presented in fig. 1 shows, it is possible to
have the same value of diversity for a given sample size inside of completely
different structures. As we can see later, the form of the spectrum appears related
to the stability.

Diversity, measured in bits per individuals as usual, reaches its superior li-
mit around 5, perhaps as a oonsequence of limitations of a tapological nature set
to the possibility of interaction between elements. Thus, the scale offered by
diversity as a measure of the ocomplexity of an eccosystem is rather limited.

If there is need or desire to enlarge it further, one has to use spectra of di-
versity or introduce the complementary point of vicw of stability.

The conocept of diversity, as stated inside the domain of eoology, has ne nnoo'su
ry implications concerning information or thermodynamics. Nevertheless, the
oonsideration of ocnosptual comnectione with information theory may be usefuls
in a very diverse community, every element 1s bearer of a higher amount of informa-
tion and also more work (a larger sample) is necessary to get an equivalent know=
ledge of the system. A more diverse system is wually a more predictable system,
in the cense that diversity is proportional to the amcunt of aoccumulated and assimid
lated information that allows to anticipate envirommental change. In this sense,
diversity is related with stability, implying some relation between changes
aocounted for and changes not aoccounted fore But although in nature a more diver-
se system is often also a more stable system, the independence of both properties
is apparent in the context of informatioms Diversity (D) refers to the width of

the commnication channel 1 , 8tability (S) 4s related to the deterioration of
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information during its transmission, to the noise, and, thus, the aotual effeotivity
1
of the channel can come close to the differcnoce D - T B

Stability
In usual speech, & system 1is stable if, when disturbed from a condition of steady
state, 1t develops forces whioh tend to restore the system to its original conditiom.
The imprecission of the conoepts of stability, regulation, and the like, is stressed

T states that in the notion of stability there is some=—

by many sutbers * 778, scnby
thing linked to the faot thas, although a system is passing through a series of chan-
ges, there 1s some aspeot that 18 unchangings a statement about general conditions
that the interaotions Dlfil may be & statement conocerning the stability. A set of
states that are interoonvertible, but generate no new states, is another element

to be included in the notion of stability, as well as the existence, around this

set of states, of another set on which tho system does not go spontanmeocusly, but if
led to 14 can return to the interior first set. If let cutside the exterior set,

no prediotion is possible« This can be represented by the dlagram of fig. 2, left.

A matrix can be an appropriate practiocal representation, and in oybernetic terms ‘
we can speak of a system of feedback oircuits in which the n.}.ﬁn (or stabilizing)
ones predominate. .

The usual form to write down the interaotions between the elcments of an ecosystem
is an appropriate starting point to disouss the comcept of stability. In the degree
that an ecosystem is desoribed by such a matrix, it can reach a stationary state.

The outputs are the changes in numbers of the different species (the set of
dl"/dt), and these aot a® inputs for a new oycle, until we have a situation statio=
nary or with regular rhytbms. This model is equivalent to the core of fig. 2, left.
Changes not acocunted for (changes in the environment, immigration or emigration)
can led the system to the peripherio field of the same fige 2, but the changes can
be eventually assimilated or buffered by the play of the same input=cutput matrix.
Perhaps some changes will drive to a structure so different from the initial cme

that the convenience of refering to the same emosystem may be questioneds nevertheless



the mechanism of building up complexity works as allwayse

If stability has to be an useful concept, it needs quantification. But the
enterprise to find a way to quantify it looks forbidding. To begin with, a matrix
like the ideal one, but]( with reference to a conorete ecosystem, has nevoij been
epecifieds But suppose this could be dones We might choose as an expression for
stability the ratigf between the dimension of the whale map of the states from
which the system can return -including the effects of moderste environmental dige
turbance, massive migration, etoe= and the avea covering the set of spontanousiy
interconvertible states =including adjustment to or anticipation of predictable
environmental change as well as cyoles generated by interaotion between speciea=.
This would be the ratio between the areas B and A in fig. 2. It seems that both
dreas under consideration are always more or less related, that is, systems that
spontaneously fluotuate more, can return also from & wider range of induced devia=
tioms. Moreover, the boundary between both areas cannot be precised prectically,
as 1t is difficult to decide what environmental changes are regular and how far
they have affeoted the ewolution of the associated speocies.

All the aspeots of the problem of the stabllity of ecosystems are pervaded by
histly. To subjeot a system to hypothetical change has almost no meaning) any-
thing that has passed through a temporal set or succeesion of seleotive filters
can be named stable, be complex or simple, variable or almost constant. If the
capaocity to return from a faw away state in never needed or realised, the system
oould not prove itself stable. Reasoning along this way, the whole notion of sta=
bility becomes hopelessly confude.

We should decide if it is preferable to consider stable a system if 1t survie
ves many changes, but pweserves a certain recognisably similar structure (up to
at whioh point?), exchanging species, shifting the proportions of their repre=
sentation, using alternative paths in food nets, and so onm, or olse a system that
remains eimilar to itself and whose presumed stability is never tested. The same
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dilemma oan be expressed in temms of information: a system may be oconsidered
atable because it ocan pick up continously information from environment and
change accordingly, or because 1t has already the available information amd
nothing new happens for whioch its organisation is not prepared. The second
alternative means that the system has attained a degree of homeostasis that
makes incosequentisl further changes, so far they fall inside the usual rTangee.
Perhaps we oould speak of extrovert and introvert ecosyastemse

In faot there is a contimucus range of possidilithes, extending from the
required plastio stability —extended even to the amihilation of the system? -
to the permitted rigid stability. We could characterize this by a monotonous
funotion. The eventual desire to apply a qualifiocation (mtability) that has a
certain tradition remains the only pseudcproblem. We are at a loes to decide
1f 1t should be applied to the head or to the tail of our nice serpente Perhaps
{1t would be wiser to refer to both ends with separate names, for instance,
adjustment or lability to the first ome, and conservatism, endurance or persis—

tence to the second.

R measuve of stability (Peristence)

We cannot presuppose evenitual and unkown changes in the environment and
responses of the ecosystem to them, and moreover we musi assumne that the set
of relations linking the elements of the system has passed the proof of time
and reflects the past interactions between environment and community. Twe
useful approaches have been proposed along these lines. Both arxe basically si=-
milar, since both mepose on the general expressiom of interdependence between
specles and between specles and enviromments

aN/as = oF, 42 8y 4, ¥,
where the a's are positive or negative constants, and e; stands for the environ=-
ment and eventually can be decomposed in & sum of temms relating to different fao=

tors.

Leigh 9 relates (conservative) stability to the inverse of the frequency of
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fluotuationz. These can be recogniged when the density of the speocles corosses
its average value. The model of Leigh is particularly interesting, because
stability thus defined appears related to other synthetioc or "macroscopio” pro=
perties of the ecosystem, showing a poeitive correlation with biomass and number
of speocies, and a negative correlation with production.

Kerner 10,11

Tepresants the possible states of an ecosystem as a cloud of
probability in a multidimensional space, in which the dimensions stand for the
species =or for envirenmental factors eithex~ . The JA-,ia is denser where the
easily interoonvertible states are mepped. Kermer charaoterises the cloud by a
para.eter that he names "temperature™. High temperature meane & larger cloud
yith the possible states more evenly distributeds low temperature is, in conse=
quence, a synomym for oonservatism or persistence. Ve ocan apprepiate the corres—
pondence with the sketoh of fig. 2 left, and the pertinence of the oconcept, if
not, perhaps, of the name, with all implications in a further application of
statistical mechanics to ecology. Kerner's concept is partiocularly r-levant

in the sense that it can lead to identify maximum stability with the lowest
free enorgy in the systeme.

Other oonsiderations might enter also in a measure of stability, as the
anticipatory power of the system (prevalence of endagenous rhythms over direot
responses), the relative importance of negative and positive feedback cirouits,
the ratio between actual and possible change (& ratio of one would mean 1o oa=
pacity for change when needed), and perhaps the ratio between individual growth
and reproduction, related to average individual size. Important as these consi-
derations may bey they remain forcibly too theoretical.

What is needed is a practical way to compute an appm?rlato funotion that we
may name stability, that oould be compared with diversity and with other
parameters of the Ccosystem. In my opinion we should follow a oriterium analo-
gous to the one that led to the acoeptance of Shannon's funcotion in diversity,
that isy, seleot a funotion that gives a fair idea of what is means$, practiocal
to compute and resistent to the common hasards of the ecological circumstance.
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There is a risk of disposing of the whole concept of =tability by a sleight of
hand, but this I do not believee

I would propose to partition the total biomass in speoies and to associate

an extinotion funotion with any one of them. If hi is the proportion of the
species 1 in the total biomass (Z b, = 1), m is the instantaneous mortality
rate, or alternatively ¢ is the time necessary for the biomass (papulation) to
be halved by mortality, any one of the two following expressions may serve
our purposes

(1) s = 3 v,/ (2 3 = 3\ bt

Their acceptation should be based on merits of these funotions; some inte-

resting qualities ares

(a) They are & measure of the capacity of storage (cof emergy, informatiom, eto.)
expresséd as an average residence time. The dimension is apprpriately Te

(b) Contribution of every one of the species to the stability of the ecoeys=
tem is made proporticnal directly to its biomass and inversely to its
mortality. Biomass is a good expression of influence on other species and
mortality reflects the impact of other speocies or of environmental faotorse.
Increase of sige inoreases storage capacity and lenghtening of life span
means a major independence from time. The species of higker trophic levels
malos a relatively more important ocontribution to stability, in the sense
that their extinotion walue ie lower. The average sum of the ratios over
the system 1s a measure of the degree of realisation of a trend towards
homeostasis,

(o) Biomass and mortality are easy to measure or, at least, less difficult than
other parameters. It seems advisable to consider distributions of blomasses
and not of numbers of individuals, but mortality rates can be applied
conveniently to the seleoted form of expression. Plants are apt to have
very different extinotions in different parts of the body: the trunk of
trees contributes more to stability than the green partsj in such cases,
perhaps the b's should be subdivided further, below the speoies level.
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(d) T™e expression includes an obvicus and desirable reference teo flow of
energys Tho § a's in the oxpressions of leigh and Kerner are rates of
flow accampanying every possible combination of individuals of different
species. Here I propose to use only total loss (mortality plus emigra=-
tion, litter production in tress) reather than include rates of inw
creoase. m repro:sents the differonce between the maximum possible chan=
ge (r) and the realized change (r=m). Resting stages and unicellular
organisms in the maments of rapid multipliocation without mortality, com=
tribute very much to stability in the eoxpressed sensee.

(e) The same difficulties present in the computation of diveraity are en-
countored here, as the estimates of stability or persistence should be
based on inocomplete samples, that i=, on a seleotiomn, more or less arbi-
trary, among the speciass present in the soosystem. Perhaps some stirati-
fied sampling could be advised, considering the prospective ocontribu-
tions of the different groups of organiams:s baoteria, for instance,

contribute negligibly to stability, and perhaps contribute more in a
resting state than in aotivity.

As in diversity, there is a need to consider spectra of stability (persis-
tence), both in space and in time. A good example of what is meant by a spectrum
of stability in space is offered by the comsideration of plankton communities.

In a small ocell of observation, there is a rather high probabllity that afier a
short time many individual ocells will be found ocutsides extinction in the context
of our ocell of obwervation is very high. As the dmﬁgnm of the cell of cbserva-
tion 18 enlarged, extinotion in the adopted sense decreases as some power of

the dimension and in dependence also from the turbulence of water and the
motility of oells,

A speotrum of diversity with reference to time would mean to average
biocussses and mortalities over increasingly longer palods, and, in doing so,
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iron out small fluotuations. The contribution of resting stages to stability
during the cold season is highj although their mass may be not important,

their mortality or probability of extinotion is also quite small. Regular mi-
gration 1s encompassed appropriately in the frame of both spectra, over space

and over time.

Diversity, stability and produotivity

Diversity and stability, computed as proposed on different sets of measure-
ments are complementary and together they desoribe the aotual capacity of the
ecosystem as a ohannel of information at the species level, in the proposed
form D = (1/8). If stability is very high, diversity is more "valuable®.

It has been assumed often that diversity and stability (in the semse of
persistence) run more or less parallel. This may repose on empirical evidenoce
afforded by the study of succession, but examples supporting such opinion
an be found also in communities actually not linked by relation of suoccession,
for instance, benthic communities are frequently more diverse than planktoniec
ones and obviocusly more stablee But I do not see a way to link logiocally both
parameters in a simple way, and it seems that the frequent positive correlation
between both ~in the sense adopted in the present paper— comes from the corre—
lation between (r-m) and m. r and m design, as usual, instantanecus rates of
multiplication and of mortality, but in a rather loose sense, also applied to
sets of species and even to whole ecosystems.

Together, diversity and stability are expressions of the degree of organi-
gation of an ecosystem. All the known data, albeit in a very general form,
point to the existence of definite relations between organization and relative
energy flow mf in the ecosystems. As a oonvenient measure we can take
the primary production divided by the total biomass of the ecosystem (P/B).
For short, and acoording to the spirit of latin-derived languages, this ratleo
can be named produotivitye.

In any oomparison between produotivity and organigation, if we start the
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oomparison with one of the ocomponents of organisation, either diversity or
stability, the other provides a welcome expansion of the soale. Some trivial
examples can illustrate this pointe In a chemostat, if flow is aocelerated, we
can arrive at an unispecifioc populationy its diversity cannot deocrease anymore
but its stability ocan still be reduced a bit further, before the population
is swept awaye. A plankton commnity may attain a diversity of 4.5 bita per
individual, and about the same value for the diversity ocan be computed in
a forest. Yet the forest has a much higher stabllity, as measured by the
proposed standard, and the expression B = (1/S) is much more realistioc
a8 an expression of the degree of organigation than just Dy, and, more
matter of faotly, gives a more reasonable number to be compared with P/Be
I bave pointed out (fige 1) that speotra of diversity concerning plankton
may exhibit an excessive diversity at small ranges, a result from mixing and
turbulences their stability at the same range is extremely low, and the
expression D ={/S) is a much more faithful indicator of organization than,
simple diversitys in short, it normalirzes the speotrume Deep sea and cave
populations are among those of lowest energy flow and lowest turnover,
yot, 1ts diversity is not extremely high, at least among cave dwellers.

But stability is actually very high, and again the expression D = (1/S)
appears much more meaningful than Just D in what oconcerns general organizatior
and relations with energy flowe

In general, diversity is negatively correlated with produotivity, but
it is not possible to understand the relation without considering chanhe, that
18, without a dynamic model. Plaocing the events in a temporfal perspeoctive,
an inorease in productivity means a deorease in diversity, independently of
the present numerical relationship between both mxrxmwiwrax quantities.
Adequate evidence is found in situations of rapid change, as in plankton
ocultures or in chemostats. Any sudden inorease of the total biomass is

unevenly partitioned among the different species and diversity drops. |
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It is easy to develop conoceptual modelss Net rates of increase may be
rank correlated with the number ofs of individuals of the set of speoles, and 1if
they are not, soon they become correlated. Any inorease in total biomass makes
thet the relative abundanoces of the different speocies come aparts another ocon—
tribution to the decline of diversity comes from the species dependent on others,
and with time lags in their responses. In the expression of diversity using
faotorials, it is simple arithmetic to follow the ochanges step by step, each
step oonsisting in the addition or separation of one individual, or in the
substitution of one individual of one speoies \by one of another speoless the
substitution of an individual of a rarer species by one of a commoner speocies
deoreases diversity, and viceversae.

The ocomparison between diversity and productivity in assorted ecosystems
(fige 3) has also scme interest in what concerns definition and nomenclature of
stability. In one end we may have great changes in productivity assooclated to
quite small changes in diversity, that is always rather low and this is the do=
main of adjustable stability, or low stability in the nomenclature adopted here'
In the other end, small changes in productivity are associated with oonsidera-
ble changes in diversity, and this is the area of oomservatism, persistence or
"true" stability. The general pattern of relations suggest rather a semilo-
garithmic funotion, but is clear that different kinds of eocosystems fall on
different functions (fig. 3).

We arrive at the same semilogaritimio relation through another waye Retur—
ning to the model of a changing ecosystem, assume that, after increasing suddenly,
the rate of change of the biomass is kept constant (we can put r-m = k), them
diversity, after the initial drop, remains constant, representation of the diffe—-
rent species is stabilized and the system has caught on in a regime of change.
Acceleration of the biomass (we oould write d(r-m)/dt = k) leads to a sustained
drop in diversity. Elsewhere 2 I have tentatively relared derivatives with nl-
pect to time of biomass and diversity, but without being satisfied. The suggoittﬂl

expressione and the precedent comments can be summariged writing simply
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DsKewe(2=mn) , or D-K-ln(%-&ﬂ-&n
This expression is writen using the different symbols in a not very definite
sense, and representing averages over whole systems or part of systems. K is
a oonstant} r and m kxxaxkkm are instantaneous rates of multiplication and of
mortality, with the convention that P/B = o = 1.
The changes of diversity so far disocussed do not imply changes in stabi-

1ity. Stability can be introduced in this expression if we remember that
1/8 is a measure of the rate of mortality m, and this is most olear in the hy=
pothesis of one single species. We are led in oconsequence to write

p-% +1mEe1)-x
where,in the maximal degree of maturity, S - oo , P/B =3 O, and D = Kj
8o that K oan be considered as the superior limit of diversity (five ?).
We can put alse P/B = (P/R).(R/B), leading to write

n-%-& 1n§- $ 1n(§4%) - K
where often 1n(P/R) = O,

This expression is consistent with many empirical relations, but has also
some difficoulties. Essentially it embodies nothing new, but as it relates
four parameters (D, S, P, B) of paramount signification in ecology, all mfxfuwms
of them measurable independently,
sxxxhaxamxsxemi, it can be tested and perhaps prove useful for prediotion and for
the indireot estimation of some of the parameters. Here the expression is pro-
posed only to serve as a starting point for discussion. At this stage, the
form of the expression is only tentative. Empiriocal evidence will introduce mo-
difications or reject it altogether.

In what oonocerns the relations between diversity and stability, the expression
embodies my opinion that they repose on the fact that species with a higher
turnover react quickly to envirommental change, that is, in the usual correlation

between (r—m) and m.
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The study of organization in space.
Any expression of the sort of the one proposed would remain inoperative
so far it is not able to take into acoount that ecosystems are spatial struo-
tures as well as temporal ones. Perhaps one dimension of space (oms to begin

with) can be introduced in empressions using derivatives, like the following
one - 4D . 4B
i o &

As other expressions suggested along this paper this one has no pretencej it is
just shorthand for ecologiocal reasoning and sets the poesibility fort of enlarging
the validity of the expression proposed in the last section. As the last expression
stands, 1t is obvious to see that according to the value of dB/dt, superior or
inferior to Zero, we may have parallel or crossed gradients in diversity and
biomass. If production deoreases, gradient of diversity may be parallel to the
gradient of biomass, but 1f the biomass is inoreasing, the gradient of diversity
will be probably opposed to the gradient of biomass. Comparing transects in the marg
gin of fertiliged and unfértilized fields, one gets the impression that this 1is .
precisely what happense

A very general approach that hae the advantage to be EIXmENAERE unsophisti-
cated oonsist in adding over large spaces of expressions valable in smaller spots,

following
of th-/fon s With K constant (non summable)s

p, - & +1a11+1n (_1.43) - K
Dz--—-qlln—L-iln (52—4-3-) = K
S B, B, P

It 13 easy to see that this proeess of summation implies that if produotivity is uni
form over a large space, and diversity does not Rncfase further as the area is
enlarged, this should be linked to an inorease of stability if the expression
must hold. On the ocontrary, if diversity keeps inoreasing, as in the ocase of
communities of different composition mixing along a boundary, stability should
decrease.In general, in an area of unifomm productivity (P/B), local differen-
ces in diversity (stability) should be associated with opposite gradients in



5
stability (diversity)e.

Two subsystems my be in such relation together that they exchange produo=
tion, and the values of P/R are complementary in theme To remain in equilibrium
it is postulated that the one having the larger value P/R (the more autotrophic)
should have a lower value of diversity or a ;:::::: stability, and possibly
both. In the ooupled, heterotrophio, system, diversity may be high (dystro-
phic lakes) or low (polluted water), but diversity and stability may bol
sirongly dependent on the quotient R/B, usually very high in such situations.

In genexral the expressions seem to fit quite well to the behaviour of

eocosystems.
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Figure 1. Averaged diversity for pixmikimmim phytoplankgon populations peoled
over spaces of increasing dimension, in two neighboring segments of a

square intensely sampled. Western Mediterranean, July 1968. The populations

in the inferior IW seotion were rich in dlatoms, with an exaggerated diversity
at the lowest range of xkmm sample size. The populations of the upper SE section
were rich in dinoflagellates, giving a '"mormal" spectrum of diversity.

Figure 2. Left, a mapping of stablility. States inside the area A are sponta-
neously interoonvertible; if the system is led inside the area B from here it
oan regain the area A. Right, in the small square a system of equations of
the form AN/t = o N, 42 8,4 N, should be imagined. The ehanges in N,
act as inputs tor further change. Change of the magnitudes not accounted for
may be oonsidered as a test for stability.

Figure 3. Rpproximate relations between productivity (pm produotion per |
total biomass) and diversity in a number of typical ecosystems. The scale

of produotivity has been ocut diagonally. The oonoept of stability is necessary
to give more consistency #o the expressed regularities.



