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4.63 SUCCESSIONS OF POPULATIONS

by Ramén Margalef, Barcelona.

44631 INTRODUCTORY STATEMENTS

Miied populations or biotic communities in a steady state are
the exception in nature. Commonly there is a continuous shift in their
structure, steadily adjusting itself to & changing environment.
Even populations living in a relatively constant environment or in
an environment that changes only by reaction of the community, ex-—
perience & continuous reorganization.

In such general case, the composition of the mixed populations
in successive times, reflects the historic nature of biotic communi-

ties. Change is not haphazard, but progres:zive or Hirectional, lils

matur&éieﬁ-and aging of an organism é;d evolution of & species. It

is & fortunate property, since;pnables a certain amount of prediction
about future changes. Theoretically, an accurate prediction would
need the complete analysis of elementary relations and feedback

a k
circuits inﬁecosystem. Regularities induced from empirical and com-

[T +Phd |n4 & LA (.r' Cd s
parative study of successions allow to bypass such need! im-a-certain
wheére cletuiled

sense; when a not too cemeretc forecast is desired.

Al%ﬁthe dynamiocs of communities involved in the directional
change towards a Sﬁﬁﬁl attainea?gg;te should fall unto the heading
of succession. The idea of succession was born in terrestrial plant
ecology, but its usefulness has been proved iﬁ other fields of gene-
ral ecologye.

Succession is related to environment. By the process of succession,

the eeesystem community becomes more precisely adjusted to environ-—

ment. As a criterium of adjustement we feel inclined to consider the
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maintenance of the maximum total biomass with minimum relative ener-
gy dissipation or miniéﬁi&ggorease of entropy (minimum relative entro-
py production by the ecosystem). This is an anticipation of a conklu-
sion to be reached later. Equilibrium conditions within the ecosys-
tem become more important than variations in inputs and outputs, and
the conditions of stability of an open system is approached. If iw% f%;;
is so, the driving forces in succession are internal to the living
structure of the eoosystem;?ﬁégulate numbers in species and accept

or reject new potential associates introduced at random, under the
controlling action of environment, striving always to an increase

of the efficiency.

On the other hand, a theoretical image of succession can be
constructed deductively on the basis of the properties of organisms
and of populationse In this way, the accepted principles of popula-
tions dynamics and selection, allow forecast}“:?certain trend in

2»

the evolution of ecosystems, and the fulfilment of suchntrend is

the empirically etablished successione

The terminal stage of a succession, where the ecosystem has reached
full equilibrium with external abiotic factors and with the existing
supply of accessible species, is called the climax. We can dispense
with this highly controversial and speculative concept. Instead we
should refer simply to the relative position of different ecosystems
along a succession, calling them more or less mature. Maximum possi-
ble maturity would be reached at the climaxe. The relative degree of

that do
maturity can be assessed through many independent criteria amdiiileies

not inply the receanidiom

&
f;he exact position of the ecosystem in

a definite point of an actual succession.

A distinction is traditionally drawn between primary succession,
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the development of an ecosystem in a new biotope, with etablishfment
of a new pattern, something r&%sembling morphogenesis in an organism,
and secondary succession or reconstruction of part of an ecosystem

]?.:’fh Gt,l"d‘q(
that has been disturbed or whippedé—away by some external agency, and

that ézssembles more regulation or regeneration in an organism. Se-
condary successions are always on the way, as patches of less ma-

ture character in an otherwise mer® homogeneous ecosystem. Accumula-
tion of dead material, of excrements, of corpeses, is followed by
secondary successions of lesser entity, that can be called micro-
successions and that also become integrated in the general succession.
Primary and secondary successions may be considered together as for-

ming the ontogeny of the climax. Then, it is possible to speak of

the phylogeny of the climax, meawing the accretion of new succe-

ssional stages through evolution of species along timee.

The succession may Be show discontinuities or relays (Dansereau,
1954 ), when the controlling agents change.aﬂ&'iﬁis leads to & diffe~
rent exploitation of the resources. Relays are often a consequence
of the reaction of the community upon the environment. Exﬁﬁples: ben~
thic successions are controlled firstly by the nature of substratum

intensity o}

and later by the\light; accumulation of sediment near the siore brings

10 der‘.r.‘\‘ {"O
the egosystem out of water, ﬂﬁ;L utilization of atmospheric 002.

The process of succession can be appraised separately in diffe-
rent leves or in different local structures of the ecosystems Succe-
ssion runs with a different speed and with different characteristics
in the different trophic levels or even in the different niches of an
ecosystem. In a given ecosystem, higher trophic levels have always &
more mature character. Chenges that at the ‘inferior levels -say, in

the phytoplankton= retain all the dynamic notes of a true succession,
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become integrated in the whole ecosystem with changes in other tropshic
levels ~-gragzers, carnivorous zooplankton- that have the character of
small fluctuations of populations or even of internal rhythms. Length

or aspernien Hme

of 1ifé/in individual organisms, as related to length of period of

environmental changes is an useful criterium for judging on the
impositions of the environmental changes upon the ecological nicheyand R iroh
(60) has gl shessed the rmf;o‘r}ﬂum of s relakion, ako fmu a genchc m‘mFo:'m‘-.

Organisms with a long life smooth changes of successional naturs and

contribute to the general stability of ecosystem.

Every @nvironment subjected to strong fluctuations or periodic
changes of a catastrophic nature, allows succession to proceed only
up to a certain point, to be abruptly cut here and begin anew. Of
course, superior trophic levels can remain less perturbed thah ghe
prodncarsflevel, but a{?how cannot attain a high degree of maturity.
In sessh cases, we are faced with open systems witlliﬁgi;raat changes
in input and output' thaﬁ internal conditions of equilibrium are
unable to lead to a steady state. In a general way, as Dunbar(1959)
puts it, oscillation of the properpies of enviromment in higher la-
titudes makes impossible stability of ecosystemss on the contrary,
ecosystems are often highly mature and specialized closer to the

@guatore Fluctuations are reflected both in the community and in the

environment, that is, in the whole ecosysteme.

After careful comparative study of empirical evidence on successions,
it is possible to isclate a certain number of operations common to all
. b .
successions, that allow ¢ recognise the relative maturity of the sam-
pled ecosystems under comparison, without the necessity of stating
a before-after relation between them, along a common line of succes-—

sione In fact, terrestrial ecologists escribg:also the successions

very often without actual evidence, based only in the operation of



principles that they have intuitively recognized, in relation to a
certain geographical patterns

If degree of maturity ocan be assessed in an independent wey, the
criteria adopted to define it may be useful for classing communities
and ecosystems, 4f-ithe—need—is—felb—Lfor—rnuch=a classtfivationsAs
in taxonomic procedure, phylogenetic oriteris are the best, thers
seems to be little doubt that sucocessional or maturity oriterie

- =

have mayny advantages for the classing of ecosystems, allowing *he Ao

generali a whole olassoféertain dynamic properties of mixed

populations.



4.632 SELECTED EXAMPIES OF MARINE SUCCESSIONS

i. Experimental surfaces. Fouling.- On a solid surface, newly

exposed, succession begins with the formation of a slimy film, with
bacteria and diatoms. These organisms increase rapidly. After a few
days, protozoans develop in growing numbers and cause a reduction
in the density of bacteria populations. Larvae of barnacles, endowed
witﬁfzreat facility ®» of dispersal and produced in enormous numbers,
ghowo o Seasomoll
develop sime rather soons intensity of barnacle fixation tgﬂdepenuenggb -
of season; aLFWEyS, lie attachement of barnacles is favoured by the
presence of the slimy film of organisms previously developed. Alter—
native or superposed paths of succession are the development of hy-
droids and ectocarpaceae. This stage is realized in about one or two
months after start of succession.
Occupation by bryozoa, encrusting algae, eventually by Ulva,
mMmere Slut
is slower, but safer, and leads to a more structured community, en—
croaching over the previously developed organisms. Ulterior succe-
[
ssion is strongly bound to thé}:xkaggzﬁtféapacity of water bathing
the surfacee. After the first protozoa, develop catchers (Hydrozoa,
cirripedia) and in later stages filter feeders can assume the mae
ximum development (Sponges, tunicata and mussels). Sponges behave
as very invasive animals, but mussels and oysters are more able
to stand fluctuations in the level of sea and thrive unenhanced in
the superior belts. The community is, thus, becoming heterogenous,
zonate, when one year or more is elapsed.

The precedéng,desoription fits well to succession on ships, buoys,

submerged experimental panels and roots of mangrove (Aleem, 19573



( If?J/uQ:', /145%
Coe & Allen, 19373 Huvé, 1953; Redfield & Deevey, 19523 Sheer, 1945;

Skerman, 1956). As succession proceeds, the community becomes more
complex, with more ecological nichesj parasites and symbionts are
increasingly representedf and the surface colonized by animals in
relation to the surface colonized by algae increases. In the firsts
stages, texture and nature of substrate may be decisive, later
orientation becomes important, but even this factor may be minimized
by encrusting organisms. ﬁ'new type of heterogeneity develops, in
relation to distance fromYlevel ;;kggé and; in part, to orientatione.

fla- becong Jukcen ively  dovwinand—
The demstorasds plant orbunismﬁ Fu.bacterld, diatoms and macrosco=

)
pic algae, increase in 3

—

quOessloq’ but their
beloran; 2= Tlo

rate of increase drops. Animals gﬂﬁ?&g:eﬁ-flr sty stages are sndo-

wed with enormous powers of dispersal and rapid growthg f%rms deve—
loping later grow slower. Pos31b111ty of getting food from plankton

e~ h |"4

is metErial—in—the determinatiom wf the final stages of succession.
Forms developing later in the succession, in general, are not so

able as those in the firsts stages to resist fluctuations in level,

light and food.

i1i. Other benthic communitiese~ Many of the successions descri-

el
bed in natural benthic communities are e=ther reconstructiess hosed
on incidental or indirect evidence and often on theoretical consi-—
derations. Notwithstanding, some descriptions, refering chiefly to
littoral algae, are based on actual evidence (Hatton, 1938; Moore,
19393 Southward, lugj, 19563 Varma, 1959). M% wanh—tub—ie—
seuve 'FT“#:&E'{MM 7 norl .
single out E—eee;éa:af cxanples’ @i perioeect dite general principles.,
s Relliochoy Al datzer
o tEe
Proximity of shore is important S sweten tosstability ofsenvi-

ronmente According to Shelford & al. (1935) the community of Balanus—



8

~Littorina develops in a few monthsp éLch a short time may imply that

succession does not proceed very far, and this agrees with its deve-
(rocky shave)

lopment in an environment subjected to fluctuations} The succession

leading to the Strongylocentrotus—Argobucecinum community is slower

or lasts for a longer time, since a bottom of shell has# to be buildt

before
over the substrate of mud or sand,?;eaching a wotz=bI8 stabilitys o

Zones of vegetation around a senescent lake represent, obviously,
progressing
stages of anguccession geing.alead. Speculation on translating zona-

reliable

tion into succession can be S ##®¥ in some marine communities,
€specially in littoral ones on soft bottom, such as sea-grass meadows,
mangrove, and perhaps in some forms of coral reefs. But zonation in

communities over hard or stony substrata, on erosion coasts, has no-

thing to &o with succession and represents simply an advanced stage

b ‘llh’ Ef?ﬁ!i 'j-

g{ﬂ,,}r.-’w ired }[,O"M"
: : zonation /along the

Den Hartog (1959)
succession of the vegetation in the coasts of the southern Northe Sea.
In the firsts stages, most of the eulittoral region is occupied by

the Enteromorpha compressa— Porphyra community . Later the vegetation

becomes heterogenous, segregating a lower belt of the Polysiphonia—Chae—

tomorpha community , & superior belt of the Fucus vesiculosus communi-

rﬂr} t)
ty and a medium zone belonging to the Cladophora formation. Tﬁ%q5 as
succession proceeds further, splits into different belts characteri-

zed, up to down, by Fucus vesiculosus, Ascophyllum and Fucus serratus

respectivelye.

iidie Thé_for;;;I;;“hf sea.~grassesf— A considerable amount of
—

=)
T

work has been devoted to the study of developmentadfl stages in sea-



grass communities (Aleem, 1955; Hatton, 19385 Molinier & Picard, 1952,
1953, 19543 Pérds & Picard, 1955, 1958 )Sea~grasses require an intense

illumination and, in general, devei% not deeper than 10 m. Sea-grasses
make easy the accumulation of sediments, where their rhizomes stick,

growing continuously towards thg suxiaceg

If growth is unchecked, whengnear #ve sea level, new ecological con—
)

e ; re o . eV begice
ditions are established, not ,conciliable with the of the

same type of g&éﬁtdiaxuaﬁtan- It is a point for a relay, not accomplished,
VS ibbthades in the Mediterranean shores, but clearly represented along

the tropical coasts by the invasion of mangrove, gz{;ggzﬁgby of Rhizopho-

ra mangle. The shade of mangrove is detrimental to the sea grasses

OB iasdanoeh s AdlThAAAE ikl and silting between the advancing roots of
mangrove, after elimination of the grass, establishes the appropiate
conditions for the implantation and growth of the viviparous fruit.

The mangrove belt progresses towards the sea, and on the side of land,
new stages of terrestrial vegetation develops Attty Aﬂternatively, exten-
sive mud flats, often controlled by fiddler crabs, may be considered as

a sort of detention or regression of the succession.

Sea—grass communities can colonize different types of substrataj
initial composition of the respective communities may be different, but
the different seres converge later in the time. In the Mediterranean,
the Posidonia community is considered by Molinier and Picard as a cli-
max: most of the areas able to support it are already in suchpterminal
stagee On the basis of the research done by Molinier, Pérds and Picard,

succession in the Mediterranean can be summarized as follows. Hfere cnd
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Succession lekd by
reduction of the Communities in polluted
agitation of water water on soft substrate
(Zostera and mud flats)

_(spots cleared away in the
sea-grass carpet) N)

Community with ﬁ/ﬂ

Sand with a cer- Cerithium vulgatum, Cymodocea no- Posidonia
tain amount of ——» Venus verrucosa, =—p dosa commu- ——-% Oceanica
organic matter Donax politus, nity commmunity

Cardita trapezia

Community with

Community with Jania rubens,
Littoral-)Diatomsy Ectocar— —y Padina and - ——y Halopteris,
rock pales Acetabularia Halopytis,
\\N Cystoseira
Communities on xk\

hard substrate (degradation of vegetation)

in polluted water

Growth of Posidonia giveg origin to a éort of reef, with a back

lagoon of walmer water, where/%ggg;akgymodouea, Caulerpa and other ?Eiffgl
—

Advanced stages in succession are more sensitive than pioneer stages
to the effect of environmmental changes. When subjected to a stronger and
unusual turbulence, &5+, the development of the Padina-Acetabularia

Nﬁjtd‘
community would slow downg of the Jania community would stop completelys

Cymodocea did not develop and Posidonia, the most sensitive would die.
Advancement off succession requires, then, a certain stability in envi-
ronment and, as always, pioneer stages are more resistent to fluctua-

tions in ecological factorse.

A proof of the soundness of this general scheme of succession is
vi
the fact that a parallel plan can be drayx?or the Thalassia community
in tropical waters, ﬁpe:%'in the coasts of Puerto Rico (Margalef &

Rivero, unpublished)s
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(cleared spots)d———————— mangrove
Community wit;f\\\ /f

Sand or sandy mud, Communities of Penicillus, Thalassia
containing organic -=d) diatoms, dino—- — Dictyota, Udo- —> testudinum
matter flagellates and tea, Caulerpa, GOmmunlty

blue~green algae Diplanthera
Coral sand or li-
ving Porites =——=———=3 Communities with Community with
lithothamniaceae, Halimeda opuntia,

Littoral rock or corallinaceae —— Jania capillaced,
dead coral -————————) and Padina 4 Amphiros fragilissima
(regresaion)é~—-————

Halimede and the corallinaceae are very effective builders of sedi-
ment, owing to the calcified nature of the diséﬁﬁded pieces of the tha-
1llus.

Similarities with the Mediterranean commmities extend to many others
details of structure and development of veéetation, not included in prece-
d;;l sketches. The counterpart of the Antillan community with Penicillus

capitatus and Diplanthera wrightii has been described by Gilet (1954) in

the Mediterranean and includes Penicillus mediterrancus, Caillerpa oli-

vieri and Zostera. It is easy to discover other parallels in the

animal lifes Picard and Molinier compare the presence of the foraminifexw:-

Crbitolites complanatus on phe leaves of Thalasgia with the presence

of a fixed variety of Sorites variabilis on the leaves of Mediterranean

Cymodocea.
/
o
ive Coral reefs and coral-like forwotions.~ Hermatypio {Ufgd¥{igy reef

forming} corals are the basis of very mature ecosystems and, as a matter
of fact, develop only where stability of environment is great. In tempera-—
te and cold latitudes, fluctuations along the year are too important to
allow reefs to develop. 9%?123“ speculate that the consortium coelente-
rates plus zooxanthellaec.dﬂ relatively stable environmental condi-

tions and fﬁa;,-erl-le-.@wﬂa,this condition of stability more than
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[£74
temperature the actual limiting factor in the geographical distri-
bution of hermatypic coralls. Developing further the same line of thought,
we may suppose that a& periodical enrichfment in nutrients would result
in yearly pulses in the growth of the "ocaptive vegetation", and perhaps

o
suchpcondition cannot be harmonized with a steadily growth of polyps

and exploitaition of the algae. It has been observed bﬂﬂgﬁpiﬁ@ﬂd&ﬂ1how

an cbanden €
in conditions of Mepty of nutrients, the algae overgrowi® the polyps

(eadwng, Hem 1o 2 degenmatl
of Porites, ihﬂdt&it&l&inf"‘ conditione.

Coral reefs are incessantly subjected to ﬁdsstructive and recons-—
tructive poocesses. Secondary successions lead denudated parts to a
f poisf L
structure similar to the mature coral reefe. iﬁ:qie. literature on
coral reefs,many—detaere—fto—be—fourd—welabive—teo the secondary succes-—
Sions, kn—the—reef; ol ailor s At Ahelbedlef ihat—oaoral
HBBfB/ﬂ&Epﬁg{h&pﬂiﬁ(&ﬂﬁ“ﬂﬁkkﬁﬁﬂ?&«ta@ﬁﬁﬂﬁbEQDB}S$Um’ii?iﬂg»reﬂﬁﬁﬁkﬂéh&

hatseas

The terminal phase in the growth of a reef seems to be controlled
by competition for light (Gravier, 1910). Species that grow fast, bmil-
ding expanded and foliaceous surfaces)are at advantaBe, except when and
where the sea is too rough and breaks the colonies. The orientation of
surfaces in relation to light (and also to flow of nutrients ?) has a
lesser importance in deeper water, where light is not so strongly di-
rectionale Only one exemple will be reported herei Acropora palmata ,
with broad, elk-antler-like, ramifications, is a madrepore that freguent—
ly is & donminant frogﬁsurface of the sea to 6 m depth in the Caribbean
reefs (Goreau, 1959). It ;g%ggjthat proliferation of this species indi-
cates a later stage in the development of the reef c9mmunity. Acropora

pushes over a basement of other species (Montastrea annularis in Jamai-

ca) and grows rapidly on the crest of the reef (Vaughan, 19ﬂﬂ). Quantity

- AE. A k.

“O

and composition of the pigments of its zooxanthellae
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of a phytoplankton of great activity (Margalef, 1959). But Acropora
. . Aenudaka
palmata is fragile and easily torn out; the surface of Wé&& coral redR_

okl is soon covered by zoanthidea (Zoanthus sociatus, Pali-

thoa cari.ba.ea) and other pioneers of secondaza successionsS.

In temperate seas, at a depth where,upn\vironment is relatively stable,
communities develop that offer many similarities with the rock building
coralsy a» fhey contribute also to the m and fixation of
loose materials intogmr bigger and more stable masses, leading tq a
community of relatively slow turnover, where encrusting organisms pre-—

dominate or are bd ominantse.

In the Meditérranean, such preceoraligenous or coraligenocus communities

laces
develop on %Wﬁ, with small afflux of detritic

material coming from shore and,,rather low illumination. Pérds & Picard

(1958) summarize succession under such conditions as followss

oo (dislocation by Clione)

/1

Loose materials, Community of Litho—

detritic gravel ———> thamnion calcareum » Coraligenous community

of Pseudolithophyllum
expansum, Lithothamnion

Precoralline community philippi and great
Hard bottam, of non~calcified Peys~ ———> bryozoa

solid rock —————————) sonnelia, Udotea, Cys—
¥ toseira and horny corals

o~
The precoralline communities have ppartial resemblance witir 'thg.commu—

7 -
nities om ; “tmzt precede the sea-grass terminal coumunity.

"ﬂwlﬂlterior path taken by succession, if towards coralligenous communities

or, instead, towards sea~grass meadows, seems to be amf the
amount of light received and of the influx of finely divided detritic

material.
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In tropical and warm temperate seas with tides of low or negligible
o O
amplitude, & fringeYof encrusting red algae develops on the rocky shores,
close to the sea level. It exemplifies many dynamic aspects of succession.

Development of the dominamtspecies (in the Mediterranean "trottoir",

Lithophyllum tortuosum) leads to a diversification of biotopes

(shadowy places beneath, small hides in the mass of the "reef", etce)
In the final stages, animals of terrestrial origin are often found,
mpxpcﬁazﬂéaa4ﬁﬁﬁutﬁeifde~$heLsgsqiat/ﬂaﬂ&itéﬂuexanmou&mecg&_here.

' AT YLL ;.«i{:.M—Qi___
+ v Plankton.~ The study of development of plankton is mg&élggm?qti

by the fact that seguence of populations, as recorded in a geographically
fixed point, is the result of a combination of succession and traslation
i tsnepaady of water masses. A considerable knowledge of hydrographic
conditions is required to reconstruct true succession.

Environment is periodically changed one or more times in the
year, at least in cold and temperate seas, ihrough increase of turbulent
mixing and enrich§ment of nutrients. The sequence of communities that
gtarts in the homogeneized condition of turbulent water and proceeds as

stabilization ofﬂwaterhincrau:es, nutrients are consumed and miscella-—

neous mets i egggftod into the water, has many characters of a
W‘Bm'c nulfance)

true succession in a stable environmente. Succession in plankton shows
hear cwh
no important relays and when it is possible to discover il A dRitatds
chararind W Koke (Owpesihim
limits between stages or"periods?{’they are generally due to the

traslation of water masses.

Plankton eoosystems(gfz-tzﬁigﬁroductive (aecknstbbbtagecste "auto—

troph", as Odum calls the ecosystems where quotient between total pro-

Acteds v
duction and total respiration jemd their excess of production,
s woupled 1o
that in part goes to benthic communities, h&ﬁﬁﬂss(ﬁ)notable speed in

succession. It can safely be concluded that pelagic ecosystems never

ngfcbc’L°
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= ,WDWSM'
attain a high degree of maturity; the inferior
trophic levels (phytoplankton). Even stabilized water experiences &
loss of plankton by sedimentation,shdrd-scliada dumrt ol nemeuivlentse.

: wvhe
Pelagic communities never attain a state comparable to &ié£6e climaxgedde “\bf

terrestrial or benthic populationse.

Mﬂ%&_ﬁl envirzonmenival—feotors—and—Lfeotens
indeinseo—4othe—populationyBimple Tegression-ef poputation—cemsesibien
s . N S nnek-gwive-definits 1 &‘ s
nipg—-ehanges—in-poputetionss Ons has 10 counmt always—with—an-lhisterde.
There is an inmense literature dealing with cycles of plankton in
AL GA -
different weas. Experimental approacl:fin culture vessels and ‘tubes

L
could contribute very important data, but so far no-;u-ob-useful work

ot with re w
has been carried the mechanism of succession
ﬁtﬁm; % obtun P
in complex ecosystems. sumnary” of general

7/
applicationsssm axe ceonfrenied s what #F seems at first confusing )
(o, htnsver hen —ton fr‘n—&é'chz"
evidence. Ecrb-w nrestrie.t ourselves to edmgiz—end. a few broa.&/f:ta%e—
ments, itds i weh—contradiction,

Phytoplanktone~ In a general way it can be stated that development

of dinoflagellates follows development of diatoms, and that zooplankton
increases with a certain time lag in relation to phytoplankton. For des-—
criptive and reference purposes we want to distinguish three stages. in
phytoplankton successione

A number of species are consistently recorded as part of the flowerings

initiating successions Chaetoceros debilis, Thalassiosira antarctica, The.

gravida, Th. nordenskioeldi in very cold water (1 to 5 9C), and, in less

extreme thermic conditione:s Cheeteee®ee Bacillaria paradoxa, Chaetoceros
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affinis, Ch. compressus, Ch. radians, Ch. socialis, Ch. tortissimus,

Distephanus speculum, Exuviaella baltica, Fragilaria antarctica, F.

nana, Leptocylindrus danicus, Nitzschia delicatissima, Porosira glacialis,

Skeletonema costatum, Thalassionema nitzschioides, and =
um,

small flagellates. Less characteristic are Chaetoceros densus, Guinardia

flacecida, Rhigzosolenia stolterfothi, Thalassiothrix frauenfeldii.

The second stage is characterized by the development of the bulk of

"

Ve
diatomSﬁ most of the planktonic species ef—swehrgroup telonging NETe;

and a certain number of dinoflagellates, as Ceratium furca, C. fusus,

C. tripos, Peridinium brochi, P. trochoideum, Prorocentrum micans.

Towards the end of this stagelare commongBaciterisstrum, Corethron,

Nitzschia delicatissime, N. seripta, Rhizosolenia alata, Rh. calcaravis,

Rh. hebetata, Rh. imbricata,L///

The diatoms of the third or terminal stage of succession are few,
€+8+, Hemiaulus hauckii and some Chaetoceros associated with ftintinnids.
: LA
Dinoflagellates are represented by‘é%gnxégzgfforms of the genera

Ceratium, Dinophysis, Boniaulax, Ornithocercus and others. Coccolitho-

phorids with elaborate calcareous shells are also present. If succession sos 1

g here chovmeliizon Gy & nuaderof
éﬂdhm, sewarde~tho—tn-bthe further stages are dwmumdrey/species with

reduced chromatophores and often bizarre forms Ceratocorys, Histioneis,

Ornithocercus, Oxytoxum, Podolampas, Pyrophacus. If succession can

continue without a reduction of nutrients supply, the terminal stages
are represented by a heavy accumulation of dinoflagellates, in patches
near the surface, as a "red tide". Red tides belong always to a final

phase of succession, being preceded in general by diatom blooms.

In freshwater lakes a pattern of succession is encountered whose
parallelism to the succession in marine phytoplankton can be adscribed

‘ A Y
to the operation of ﬁgg;g;gg causeses In the first stage, with actual
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vertical mixing, Melosira species can be found. Then chrysophy=-

ceae and different diatoms, as Asterio a formosa, Fragilaria croto-

nensis, Tabellaria fen:stratadVEE;;;cteristic of the later stages are

organisms floating through gas or fat vaculdes , as Anabaena, Aphanigo-

0§ Arh A
menon, Botryococcus and Miorocxstis, or byﬁsib own swimming powers, as

Ceratium hirundinellae.

poi oo apepP Y]

Zooplanktone.- Animals,lise longerlﬁhan plants and their populations
fw;il H
are based on more complex relationse It is hardly possible to“ggﬁ:gnsggz;é
(=
general'on zooplankton successione.
Development of copepods follow the peak of phytoplankton production

with a time lag of about two to three months. In some favourable situa-

tions it has been possible to follow -e—#irst-development of species

feeding on small algae, as QOithona, being followed by Calanus, Temora,
and, finally, by the adults of predatory copepodse.

In the Mediterranean, tintinnids with a weighty lorica (Stencsomells

and others) develop with the first stage of phytoplanktonic succession,
o cownech; navenaud 8 waled
in coincidence with actual upwellinék.dharacteristic of terminal stages

are true pelagic forms with a light lorica, as Eutintinnus or Favella.

Distribution of successiong in the year.— Very commonly two successions

of unequal lenﬂﬂy start every year. The succession starting in winter
or spring and lasting up to the end of summer ithonger. Then, anothex
: 3 Pf‘““/ :

guccession is started in fall, but 1t¢ioes nothvery far, and soon is
relayed by the new succession of next yeaTe.

Even summer successions in the temperate—cold and cold seas are
commonly interrupted after arriving to a stage similar to our second.
But in the Mediterranean and, in general, in the warmer seas, & much

more complete picture is observed. Here the third stage with an increa~

_sing representation of heterotrophic forms is very well developed and
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lagts e—leng—+ime for many weeks and even months. Therefore, it can be
said that the pelaglc ecosysteme attain in the Mediterransan & higher

degree of maturity than in the Northern Atlantioc.

*

Thermioc oyocles cannot be decisive in the determination of the plankto-
nic successions, since & similar pattern is observed under very different
temperaturess in the range from 3 to 169C along the Northern coasts of
Burope and Amerios, and between 13 and 279C in the Mediterranean. €&ms S)mlie
evidence m-th.o_% ocomes fram the fact that in appropiate places,
as in the bay of Vigo (MW Spain, Margalef, 1958 ), not oney but 3 or 4
complete suoccessions are counted in the ocourse of a year, and all of
them start with species that gopb¥¥h in the literature have been consi-
dered as "spring" or "boreal". In fact, every succession starts after ané
intensifiocation of the exchange of water between the bay and the open

ocean. Ws froduction is extremely high, /Buccession proceeds rapidly.
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4.633 REGULARITIES IN TROPHIC AND DYNAMIC MANIFESTATIONS OF SUCCESSION

i. Concentration of inorganic nutrients.- In the course of plankto~

nic succession, the reserve of inorganic nutrients in environment is
progressively depleted, and it soon becomes suboptimal for the species
that have a high intrinsec muljiplication rate, adjusted to the utili-~
zation of high concentrations of nutrientse. Specles?fgle of tremenbus

. %vw#\, pbilrams, <P
and rapid 8.5 nunhees and of talsne uiULl? Tully—of high con-

centrations of nutrients are of small size and g:nﬁé:§a&ab§¥6—nurfa~

cet as many minute green cells and Skeletonems.

puctgord

Species able to thrive in dllutethWutlons, as dinoflagellates,
0 C

wele—advantape-later in succession and weduce/ further nutrient concesn—

tration, up $o a point where replenishment or regenetation equals con-
sumptione.

Cersain organisms may absorbf nutrients in excess of their actual

need (phosphate, for instance, in the case of Asterionellas; Lund, 1950;
Wakese and Wisenand

Goldberx , G0 1951), thus,

would seem that organisms endowed with such a power assure a longer sur-—

epleting\ excessively) the environment. It

vival for the own species andhﬂazﬁg?advantage in succession; but it &« feentt
ot E:M* 0[ Hhe) it Wiy pe tbSorhad  Corial
Gutrients leuk with the same facility as iﬂﬂy—eeme—mﬂ. Qg
A
species, many of them ofhlate stages of succession, return to the en-
ov1wwk
vironment part of the assimilated'matter (see 3.52), but there is no#¥
clear evidence if the exereted matter iwmelude® excreted by healgg cells
includes important smounts of phosPhgufor other essential elementse One
can hypothetize that organisms belonging to later stages of succession

are increasingly able to accumulate and keep biogenetic elements.

may be attained at very different levels. The very existence of an appro-

ximate steady state is particular to the mature ecosystems. ig:ﬁLe(;pn—
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verse%/a less mature stage is characterized by fluctuations in the re-
serve of nutrients in environment. Cushing (1959) regards the winter
maximum of phosphate in temperate seas as a measure of the inedficiency
of the productive cycley a cycle, we can say, typical of an ecosystem

of relatively low degree of maturity.

There are no data for generalizations about benthic communities.
Communities developming on soft substrata may react cementing together
loose materials (corals, encrusting algae) and reducing the surface

1 arga o4l
ueesnl forgadsorption

ilie. Pholtosynthetic pisments.- There is a notable correspondence

in the changes observed along the development of a confined unispecific
n

population and along /succession. Increase of fats and change of pigments

in an ageing culture copies the changes that are observed in a natural
et 7

succession and resulting here from the substitution of ﬂhe'speciesﬁy 0 <

By the way, this means & real superiority of the pigment extraction @y «.

Hpb?;(d oaMo
met od)over counting celle of different species, because changes in
plant pigments cover boths 1) change in taxonomical composition of

populations, and 2) change in physiological state of populations,

both changes running parallel.

Quantity and activity of pigments in plankton populations.- Gill-

bricht (1952) gives as volumetric equivalence of 1 Fg of chlorophyll,

in the phytoplankton of the bay of Kiel, 0,145 mm3 in March, 0,212 mm3
in August, and 0,272 mm3 in October.Data of the same author, recalcu-
lated by Banse (1956) make 1 pg chlorophyll = 0,021-0,028 mg of diatoms,
or = 0,042-0,055 mg of dinoflagellates. In the Long Island Sound,
Harris & Riley (1956) found a chlorophyll content of 1,07 - 1,47 % in

the phytoplankton of March, with plenty of diatoms, but a mere 0,26 = 0,6 %
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in May to August, in a later stage of succession, with an important
SHomme] amd Bvmpus
participation of dinoflagellates. Rileyjﬂﬂﬂ“bf(1949) ,fbr the Georges

Bank, accept following equivalences for one Harvey pigment units
argaaic matter in

in April, = 0,025 mgj in September, = 0,132 mg ofylhytoplankton.
Duran and Saiz

B [Joterminations in the bay of Vigo (Margalef,ubﬂlﬁ, 1955) gave,

1 Harvey pigment unit = 0,013 mg ashfree dry weight of diatoms, and

= 0,039 mg ashfree dryweight of dinoflagellates of a red tide in the

On %a/}{u /JN’{

lasty stages of a succession. Irrdisesesement with foresaild resul s,

e Natie &
Ganapati & Rao (1958) find sesed=tion pigments:organic matter lower iwm 7 (.

MAZAMUM ryod u§*w
thre—momend of s When succession begins with a diatom bloom.
. Odher
ope—eeniseine ovidence along similar lines of thought is brought

\/m Y ¢ C{
j;h@a—Lgéxe-w*&t photosynthes1s and chlorophyll

by Yentsch & Ryther (1959(.
& content are higher at the beginning of a pmeduesiens cycle; chloroplasts
occupy a proportionately larger fraction of the cell content in small
diatoms, and diatoms with a wide range of cell size have roughly the -
same amount of chlorophyll per cell. This is a support for the often ex-
pressed opinion that nannoplankton has a productivity intrinsically higher
than wicroplanktons In the freshwater plankton, Wright (1959) observes a
reduction of the chlorophyll content per unit volume of cells, as popula-—
tion density increases, and also a reduction of photosynthesis per unit
chlorophyll or cell volume.

The last observation points to the existence of differences not only
in chlorophyll content, but also in chlorophyll activity. The existence
of such differences has been confirmed by Steemam Nielsen & Hansen (1959): 227
rate of light-saturated photosynthesis per unit chlorophyll is higher
in "sun" phytoplankton than in "shade" phytoplankton, owing probably to
differences in the complemgnt of enzymes necessary to fulfilment of pho-

Fuknse hutsh g e 6’54L4W1 %{LW’T 4

tosynthenis « liow—it—TEmmins e f late stages

in succession behave pmiNEI~ as "shade'" planktone
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%%a&q{ .
It seems safe to assume that wkesslsuccession the ratio
pigment weight ¢ total weight drops stead¢ly. The maximum relative

chlorophyll content is obserwe&in small diatoms, chlorophyceae or flage-

VY iilad
llates that =t=rt outbursts. Changes in the chlorophyll content cannot

s ol

be produced # by increased light infensity a  Aseason advances, heoaus?)

when a small bloom of diatoms is produced in summer by some local

R

nixing, sratio pigmentsgtotal weight increases sutbmatically, tewsa-

. observatioms;unpubiished).

Quality of pigments in plankton populations.~ The change of pigment

composition with ageeing of cultures has been repededly observed in fresh
water green and blue-green algae (Halldal & French, 19583 Kingsbury, 19563
Meier, 19293 Odum & Hoskin, 1957). Old cultures, specially under defivi-

tary nutrient conditions, store carotenes and turn yellows.
QY‘H\C", Yen *‘CJ’ and Corwnm, N
In Dubaliella euchlora (Ketchump) 1957) the guetient. chlorophyll a_

//carotenoids is related directly to the EQ;Z%;W net photosynthesis

/.ﬁutul photosynthesise. This means that composition of pigments is related
{l;
tontotal capacity of production and that a higher proportion of carotenes
wanth s hateel

is an index of lesse® productiviiy. In Ubtis connectionYit can be remes
dewpee that Geitler (1956) considers the acoumulation of carotenoids in

the extremeS§ of the cells of Oscillatoria as the manifestation of an in-

ternal physiological gradient, where the tips of the cells are physiolo-
gically “older" or more "mature" than the center of the cells.

W'é'éems to be little doubt thatithe presence of pigments others
‘than chlorophyll & results in a more balanced absoption spectrum and
increases the efficiency of chlorophyll & at longer wavelenghts, &2 but

not the total power abput of the ssymbiesie photosynthetic system.

Considerable evidence exists ¢ an increase of the complexity of the
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pigment system in the course of succession, with a steadhy reduction
v/
of the relative quantity of chlorophyll a. Currie (1958) founds & higher -
[
proportion of chlorophyll a& in oceanic plankton, apparently in more ma~
ture condition. More extensive data on Mediterranean (Herrera & Margalef,
ard Aras
19603 Margalef, & Herrera( 1959) and Australian (Humphrl‘eg, 1959) phyto-

plankton, show clearly an increase of the relative amounts of chloro-

phylls b and ¢ and of astacene, relative to chlorophyll a, as the season
}7"’7(‘-‘1 (Iq.s"l) s te inolays
advances and succession proceeds mllam

Increase of astacens \
RE -»fdh” @ nhly M
may be due, in fact, to’% d% zooplankton,(accldentally arnd_-

extracted in the samples.

As conversion of absorption spectra to pigment concentrations shduld
be meet with a certain caution, some would prefer to use simple empirioal
indices, such as the ratio of absorbancises D430/D665 d{ acetonic extracts
of the vegetations The proposed index increases, in general, along succes—

andl Anas
sion (Margalef )% Herrera, 1959).
Change in the composition of photosynthetic pigments is Just one as-

pect of chemical successione Increase of fat content is a common charac—

ter in ageing populations of algae in culture and can be described saying

that acoumulation of fats proceeds at a higher speecd than accumulation of

-,
P
g
-
&

‘,-—-"_-———=|—_-—-_.
proteins. Yentsch & Vaccaro (1958) (in cultureslobue?ve t:utf Jthe reiesion raﬁa

nitrogen/chlorophyll a is related to que*b-i“an't {',:E:lI‘O"GG}'leB/ chlorophyll a.
Composition of pigments is related to total concentration of pigments
relativedy to dry weight. Total concentration of pigments drops alomg
succession, and the quantity of chlorophyll a relative to other pigments
drops alsoe If all these relations keep a certain constancy it would be
possible to introduce the notion of chemical allometrx and m

an approximate way MDA AM, the dry welg*, LEﬁﬁ}'f’ctlcn of certain

relationjobserved between different pigments (Margalef, 196%).
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angﬁﬁgs, chemical allometry is @dqiarientdtyd to metrical allo—
Ak widk
metry. Concentrations of the different substances represent levels
of equilibriume. Pigments are continuously formed and dmuompoaed at rates
enksch ard Fuythsr, [957;
that can follow regular rhythms, f. ie., daily rhythms (Ryther &, y@nfﬂh Hulf
ardh Vaaaro1958) Perhaps the suggestion can be advanced that a7ong succession, méve
/buhla, pigments with ﬁzgaﬂzoLablxxngine turnover become mfiicndlyy reduced
in concentration relatively and to thk advantage of the more stable

pigments. Carotene® are, in fact, much more stable than chlorophylls,

as is proved by their persistence in sinking inaoctive plankton and in

the sediments{Yentsch and Ryther, 19595).

Pigmente in the benthic vegetation.-— So far, the pigment extraction

method has been applied systematkically only to the study of plankton
populations, but there is no eeason why it should not be useful also
for the study of benthic populations. For what has been reviewed in
foregoing sections, we should expect that along succession in benthic
populations, total concentration of pigments drops and the composition
of the pigments changes towards & reduction of the relative content of
chlorophyll &.

The green algae Penicillus capitatus and Halimeda opuntia are ty-

pical of the earlier stages in the succession in the shores of Puerto
Rico, and have a higher chlorophyll a content (1,8 and 1 per thousand

dry weight, resPectively) than Thalassia testudinum, a sea grass do—

minating the lasts stages (0,2 to 1,5 per thousand of chlorophyll aj;

Margalef & Rivero, unpublished).

The gquotient D43o/D665 amounts to 1,69 in Penicillus capitatus,

1,81 in Halimeda opuntia, 2,52 in Dictyota cervicornis and 2,11-2,42

in Thalassia testudinum. In the leaves of both, Thalassia and Posidonia,

ratio chlorophyll p_; chlorophyll & increases as tissues grow older,
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that is, toward the tips of the leaves (Margalef, 1960 )

iii. Peeding relations.—~ BEfficiency increases along succession.

This is achieved through feeding specialization (stenophagy). On the

way toward more mature communities , the tendency is present to

substitute automatic feeding by a more effective use of informa-

tion stored by the species, used to increase probability of encounters
m&:wﬁ-‘i

and in catching the preys. It should (be 80, since such information

Con Ie
e onlytéf use in a predictabily organized ecosystem, meaning a

system that has attaindd a considerable degreec of maturitye.

Plankton.—~ Brachionus plicatilis feeds mostly on organisms of 3

to 6 ps and species whose individuals measure over 10 P are spared

and unaffected by grazing (Ito, 1957). Calanus finmarchicus, on the

other hand, does not ingest to0 small cells (below 10 P sigey filtra-

tion rate #&f slow) and, moreover, can habltulte itself to definite

phytoplankton species. Every species has a speetel fecding mechenism
f . [ '

ahd ,actual problems of grazing assuwe a tremendous eempivomtiome

it

Very small cells can beeome:aaiwangled by mucus, produced by some

olher constituents of phankyoq ané~bhen. increase.khe probabidities

)
of being grazed. We may 3peculate,‘ﬁumthﬂr5 on the possibility that

agglutination of nannoplankton renders its utilization more effective

and that agglutination is more probable when cells are not assimmlating,

W”\e'\ NV‘C. ?
wiltk lower electrlcal charges in the membranﬁJ(Margalef, 1958). Perhaps

during the night, grazing is rendered more effective through this

mechanisme

Grazing exerts a selesction 5mxuunua over the planktonic populations,

end v unﬁﬁ—k_ _—
; ,&unnmoeiAa& adaptations (bristles, chain

S pecid

favoubing the

formation) that classically were considered as "adaptations to a floa-

ting existence" (Beklemischev, 19593 Munk & Riley, 1952). This hypothe-
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8is is substantiated by the increase of average size of cella and
increased frequency of said adaptations along succession. In animals
also, means of defence against predators become more and more frequent
and efficient along succession.

Studies on grazing (Fleming, 1939; Cushing, 1959) show how in the
first stages of succession food is wasted, being expelled after incom-
plete digestione Part of this matter is regenerated and returns to the

pelagic environment and part is exported to other (benthic) ecosystems.

Benthic communities.— Doty (1959) suggests that in reefs below the

level of tides, the feeding of fishes on fleshy algae may favour
competition by less edibls algaeglaé calcareous encrusting species
arex Such,explanation should perhaps be generalized for the common
dominance of encrusting forms in final stages of many successions.
We may speculate that sea grasses, being of a terrestrial linea~
ge, have 1ess&enamiesgin the marine environment that algae doj in
Civr amink
fact, marine phytophagous animals have evolved in close biochemical
adjustement to the utilization of algae as food. The actual dominan-
ce of sea grasses in shore communities is to be expected, the only
limiting factors being wave movement and necessity of light, much
higher,in plants of a terrestrial origine It is significant that

most important sea-grass consumers are also of terrestrial ori-

gin (manatee, turtles).

ive Accumulation and use of lifeless crganic malerial.- As ecosys—

tems mature, there is an accumulation of inactive material, with slow
rate of decomposition. Dinoflagellates, at the end of planktonic suc—
cessions, when they divide slowly, deposit carbohydrates .as lifeless -
gtructuress thiogening and complication of membranstructures is then

very notioeableaﬂProporﬁion of organisms with stalks, comers, membra-—
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nes, shells, increases along planktonic succession and this reduces also
the probability of being eatepszfﬁuantity of organic material is lost to
tlr(l’ggwc::)systenu in the mineral matrix of corals and encrusting algaee.
There seems to be a tendency along succession to maintain the dead matter

. g 1 -
free in the water at a more constant and miniowm levels,

Dissolved organic watter plays an important role in the ecosystem. Bacter:

/]

by progresive alterations of certain groups of substances. Species of

phytoplankton in the firsts stages of succession are, in general, 4
Yaquarium species", easier to culture in small vessels &nd- with the et
AT
more simple media, than species of more advanced stages, that, in QFEZ?E
5

in any case, did not multiply rapidly in cultures. It is becoming
evident that many of these species are deficient in synthetising
powers and are in need of special growth substances. (see 3.52).
Interaction by ectocrine substanoe;ﬂﬁ: becomfhg increasingly important
in mature stages of succession.

Many organisms excrete miscellaneous compounds detrimental to
other species, that act as important agents in competition. Toxic
compounds are not only inocuous, of course, to the species that
produce them, but also the the species related biochemically. This
helps to &plain why in red water blooms, clusters of congeneric
Species are common (e.g., of Goniaulax), between which chemical

competition is ineffective.

Ve lMechanical transport.— In any ecosystem, individumés are more

or less separated and matter should circulate between them. Diffusion
and turbulence account for this in aquatic plants, less frequently

the own movement of organisms. In animals, random encounters or directed
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exploratory movements. In any case it is possible to consider a degrese

of internal flow or turbulence in the transport of materials in the

ecosystems thel EQQ;;;;;;:;;:;;légggzéﬁﬁﬁmaaaau may be termed "viscosity'.
Aquatic environmentg can show two kinds of changess 1) increase of

turbulence and mixing of water, and 2) increase of stability with reduc-

tion of transport due to physical causes. Populations change, according-

ly, adjusting themselves to prevailing conditions. But only in the

second type of change, that is, under increasing stability, the organiza-

tion accumulated by previous stages of the population can be rescued and

pelagilc

new complexities sxe historically bUIIh? over it. Change of/ponulatlons
; ) - + { @
can be progressive or directional only if, ,water, shows a trend toward

stabilization. This is why we should speak of succession only for the .

P
A

i , & o
chunges in populations taking place when water goes [(rom, turbuleace

oPG% cdmauuMLZa e

to, ”ﬁtblllty and not for the convers chunge,ﬂﬂl” ¢WT {tns eadd oY,
k d%:&d Huwr hcnfaﬂﬂw“ F\_,a«vnvnnuuﬁ / o [ Q;ZF
Environme that aflérd a high degree of moblllty-aﬁ randamf

“thETr oW, cannot allow succession to proceed very far. There is a éﬂd&uﬂiﬁ
heavy drain of individuals that can be matched only by an exgcess of
production, amd provides no occasion for usefulness of adaptations Hhok hawe

@m.f
et toflocallzation-

When succession goes ahead, random tfansport provided by,environ-
ment is taken over by transport provided by euéfnobility of organisms.
Movement of animals is very important in the trophic integration of
ecosystemy along succession there is a shift from great expenditure of
energy in getting food to a better use of information stored by species.

In a broad manner,;;;énd along succession may be described as the

tf
passage from random flow to structured viscositfz

Turbulence and plankion populationse- In the pelagic environment,

strong mixing and spatial inestability are linked to the supply of
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nutrients from @ %:tzrlevei; turbulence is essential for thehgiimitad
maintenance of planktonic communities. It has been assumed that organisms
of red-water can take phosphate at one level, move phototactically to
another level and excrete it here. Migration of animals can do also &
oertain amount of transportation upwards. But, in general, most of
the movement upwards of nutrients is done by turbulent mixing , and as
succession develops along devreasing turbulence, there is a net flow of
biogenetic elements towards the depthe.

Turbulence of water and also sinking movements of pasive organisms
increase the rate of renewal of water over the cells of phytoplankters
and, therefore, the rate at which nutrients are absorbed (Munk & Ri-
ley, 1952)+ But turbulence is a mixed blessing so far as conservation
of populations concern. Turbulence reduces the adaptative value of
being mobile aﬁéi?igi;ases relatively the competitive chances of species
devoid of own motility.

In non-mobile populations, turbulence inbéweduces-a-wide ﬂpectfum of

»

movements-over ﬁ?e,geﬂeral tendency, to sink. By-the-effect-of turbulence,
o !uf' g 7 U -"-'V{"""\-'"

part of the 8 noves SRRy upwards, and,part sinksat a speed higher
than averagee. If rate of increase is sufficient —for-which affords the

K b8y '
replenishment of nutrients by the same turbulence— turbulence iIs=Fetter i

e "
£or—the maintenance of & population of pasive organisms, than absolute

stability, where all non-motile cells can be subjected to the risk of

Sin.kingo
Turbulence accelerates the dispersal of populations to places unsui-
clegp
table for life and brings phytoplankton bo the depiit) dark, layers of

the sea. With rough weather and poorly stratified water (winter), a con-
siderable part of the growing phytoplankton comes below the photosynthetioc
layers. The delay of spring bloom caused by strong mixing is well kmnowne.

Not tempe;aturgﬁrbut diffusion is the main limiting factor, and the best

and ancly &9&*"
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evidence is that where the bottom sets a 1limit to thickness of top mixing
layer, a&s in bays and fjords, even with low temperature accumulation of
biomass proceeds. Sverdrup (1953) developed these ideas into a working
expression (seec other sections of the book, 3.51, 4461 ?), that allows

t‘h ¥ = l..‘./

45" calculatd’a oritical depth, between 1,5 to 5,5 times the compensa-

tions depkM. Inorease of phytoplankton can proceed only if thickness
ofdfop mixed layer remains lower than joritical depth.

A similar way of treating the problem can be Lenerulizad?ﬁimﬁiaering
the loéés by diffusion not only vertically, but also in an horizontal
dimension, following the ideas of Kierstead and Slobodkin (1953) on the
minimum size of water masses critical for the conservation of & non—
vanishing population, given certain values of increase and diffusivity.

The important fact in the study of succession is that critical

‘0“ W“d fize ﬁ‘f ‘,J&,G_:‘- ;J'.i.'\,}{,
depth(is a characteristic of species and of physiological status of po-

yeauund .
pulation, since jg it calculatiors s=¢s%8 the radiation energy at com~-
itle
L~ 2t
pensation depth. As, thickness of top layer of mixing becomes progressi-

whan e

vely reduced a# season advances and stability increases, new conditions
of competition arouse. Briefly stated:s species with a small critical depﬂ&,
unable to persisth at the beginning, are more and more at advantage,
i (e camakle
@specially if apt/Fo thrive under low nutrientd concentrations.

Species of the initial stages of succession, small-celled, with
& high relative pigment content, have a deeper compensations level and a
high rate of potential increase. Many of them are able, as it seems, to
divﬂﬂe also by daye. But as most of the produced cells are lost bo the
population of the uppef layers, the rate of actual population increase
may be inversely related to the t?ickness of top mixed layer (Riley,
1942)« It scmtlké—“}i*ke-a—parmdoxit%i:hat when thickness of top mixing layer
decreases andfﬁghsity of biomass begins to increase, the rate of cell

multiplication dropse.
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_"_W’/ Li v
Stability and plankton populations.- Stability is reached .=ooms® near

the coast and in protected places and this pffondus partiaﬂ?explu&é%éggﬂg
8% the major biomass and the more mature state of populations in such
conditionse But, in other situations,€specially in warm seas, vertical
mixing can be stronger along the coasts than offshore and there oceanic
plankton can look more mature.

Redwe Diminution of nutrients concentration and increase of stability
80, in general, parallel, but not necessarily soe. Increase of stability

Conumnivion, (72

without reduction of nutrients can lead to a red water bloom. rogp¢éa§3¥%§?
of nutrients without increase of stability can result in a practical
annihilation of planktone

Loss of turbulence means frequently the sedimentation of pasive or-—
ganisms. Sinking velocities in diatoms lie, in general, between 3 and
10 meters per day. Poor nutritive conditions can accelerate sinking, sin-
ce it is known that diatoms float better when assimilating actively. The
problem is complex and not well studiede It seems that electrical charges
of the surface of the cells in relation with the type of structural

&

by of water layers close %o the i'{lr';‘.;,':i_-;”.'-h.j:-.'..".'-:‘ important (Ma.rgalef,

JE-L i o Iz,' €Y vialier= Su 9 7;)-)"

1957h 08 ). %32 makes—probable that diatom populations sink at the:

end of an active pawiode of growth.

Active flagellates can move vertically about 2 to 10 meters in 12 hours.

Movements are controlled by light; they rise by day, but can avoid too in~-

crven renuu'm«'iia+ place, ,r,.—.'mu‘nﬁ darno ;’-if:t; Wlodly clly cam invreane adpdphion f'*?t-.mfh, renswal 0{ o

tense illumina‘i;im’l‘teae organisms are dispersed and lost under conditions
(‘c'-_.,'

L5
of intense turbulence. In 3$i%i waather or under certain circulation
ey rd
patterﬂsﬁcan congregate in superficial patches, giving the impression of

L-)!,-\.ml:i?-‘ P

@ highest biomasse. productivity is, in genera%;lower than in

less spectacular diatom populations. Diwision time is usually of several
) daga  pr) flow

days in Gymnodinium, but only of #eo—4—ex leas days in diatoms.

wa
i
hod,
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Curiously enough wéietctn 664X phytoplanktonic organisms floating
in the sea through gas or oil filled vacuoles %I‘Wut auad. aTe
common in freshwater. Certain phytgplankters remain afloat through

)
association with mobile énimals,ﬁés Chaetoceros dadayi and Ch. tetrasti-

chon associated to Eutintinnus a.p_ertusl,m‘or%-i‘“_ﬂ’:! with Vorhieella,
ﬂ‘(‘ ;l'?.‘:’T > (a {- D{—_E"‘LE" :

As succession proceeds,Ymobility of organisms tetézs

bility of water result@ in an increase of spatial heterogeneity in the

vertical senses ﬂdaptaﬁive distribution according to vexrtical gradien
chonachtigh~
makes sense only in stabilized conditions and is meeper of mature stales.

The photosynthetic apparatus of the ecosystem becomes integrated in a
4 'LILI?i- by
more complex way, but it is soon to suwmmarize the patiern in the distri-

L
bution of pigments. It seems, notwithstanding, thatﬁp

foportion of chlo=-

rophyll o relative to chlorophyll a is greater near the surface, and that #(

relative quantity of chlorophyll p_(or perhaps decomposition$ products

of chlorophyll g_?) increase toward depth.

Thermoclines and, in general, any strong gradient, act as singular
boundaries in the distribution of both, sinking and actively moving
plankton. The thermocline forms often the lower boundary of the dis—
tribution of dinoflagellates (Krey, 19543 Gillbricht, 1955), blue green
algae in freshwater, and, rarely, diatoms. Concentrations of pasive

diatoms (Skeletonema, Coscinodiscus Rhi?osolenia) heve been recorded
1 ’ ;

in or below the thermocline (Braarud & Klem, 19313 Gillbricht, 19553

Krey, 1954). Sometimes blooms of diatoms (Chaetoceros )proliferate in

"bubbles" of colder water protruding upwards the level of the thermo—
qu'n amd Saiz wiH

cline (in Vigos Margalef, dtiediy , 1955) Summarizing, we can say that @ens

increasing stability, the structure of planktonic ecosystems becomes

more complicated.
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Benthic populations.— For bottom communities, mobility of sediments
2

hao
has the same meaning that turbulence(fgr the plankton. Sand grains are

$hifted from time to time, exposing adhering algae (blue green algae,
diatoms, Exuviaella and other dinoflagellates) to darkness, or crushink
them. Algae growing in sand must have a high rate of multiplication and
Mc £ Afghyiin &
this nbeds & considerable supply of nutrients. Mobile and phototactic or-—
ganisms, such as pennate diatoms and many dinoflagellates, manasge to
survive ih fine mud, with a lower rate of increase, just as dinofla-
gellates do in stabilized water.
On bigger stones, species with a lower rate of increase (encrusting
algae OWMA) can survive and domina;%he microscopic ones. Moreover,
the development of encrusting algae and phystbognomically similar orga-—
nisms binds together the loose materials and red¢ucex further the mobi-
lity of substrata, just as terrestrial vegetation fizes the mobile sands.
Animals, as ophiuroids, can move the stones laying on a muddy

substratum, exposing successively different sides of themj in such

conditions (Carpine, 1958) the algae (Peyssonelia) grow now here, then

there, and the encrusted mass becomes globular.

Compact substrata afford better conditions than free water for an
uninterrupted accretion of biomass, and a competition is possible
between plankton and benthos. The densification of nutrients abound the
solid surfaces is an important acting factor. There are many reports of
rooted vegetation in freshwater competing with plankton, and there is
also mxperimental evidence (Margalef, 19463 Harder & Witsch, 1942) that

organisms attached to the walls or lying on the bottom of reduced volu-—

mes of water displacexstowards them ihe_f}gy_gﬁ_gg;gignﬁq,

Water pumping by sedentary animals helps to Trenovate the water in con—

tact with membranges of associated plants, increasing the rate of absorp-

tion of nutrientse.



vi. Productivity, biomass and efficiencye.- (hétbacopnitaatity

Phytoplanktone— In the firsts stages of phytoplankton development,

there is a higher rate of primary production and an intensive grazing,

that is, a higher flow of enersgy per unit biomasse In the phytoplank—
Vodjanishkaja daily
ton of the Black Sea, MoroZova=( ‘I9ij'i’) finds a relation between pro-—

ductivity and biomass of 1,7 in PFebruary, 2,2 in June and 1,2 in

September. It has been discussed if the reduction in the net rate
SAccessitn.
of increase of phytoplanktonlis due more to a decrease of the mul-
the
te——consequence of, reduction of nutrienig conzenira-
/1 4| &
tion; or to a increase of grazing -consequence of development of

animalses It may be safely concluded that both causes are at work
and also that in both, rate of multiplication and rate of grazing,
the trend is to reduce absolute values, minimizing the difference
between them.

Benthic vegetation.- Sea grasses as Thalassia, Posidonia and

Zostera have a slower turnover than algal communities preceding

them in succession. The vegetation of Ulvapéthaétiftaltianbértahea<

Taolda it wemesebismuocestipns has a more rapid turnover than the
later developing vegetation of Laminaria( daily productivity in

relation to biomass equal to oy,04 and o0y015, respectively; Blinks,
kueazlerand Blunt

1955+ See also Odum &ildy, 1958).
Consumers.~ [flow of energy per unit biomass is related directly

to the mortality ratej_ln animalsl Alowg succession there is a trend

e

in the change of survival curves, towards a lengthening of the

average life and drop of instantaneous mortality. The instantaneous

——reproductive rate (r) and mortality rate (m) define the dynamios of

e
& populatione Difference r~m is muzil in a {é@.dy state population,

34
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(&tmleast"takﬁﬁ“aﬁéE_E_Eéﬁféin‘paried-of time) But similar values of the
difference (r~m) can be obtained at very different levels of r and ms
Of course, in a population subjected to fluctuations, the sum of the
squared differences Z(r—m)2 over a certain period of time m
eriiéﬁ;iﬁxgzﬂand implies that absolute values of r and m cannot be too
lowe In a population of a species closer to a steady state, with
negligible fluctuations, :El(rqn)z over the same period of time should
be lower. On the other side, m is the energy flowing across the popu=—

lation under study and its value relative to the biomass should be

madgiminﬁmum under the given conditions if success in ewmpetition and

_.)‘_._ ha Jucdre

Qvolution is to be expectad. M@MMWM this fo-‘nl‘ can be__
dm ﬂi&ﬂﬁmm analogies in the field of thermodynamics and
following Kerner's approach (1957). @EENAGY A6h: tfhe wenbich (e wirs
; Severa#exemples of successions desoribed in the literatube fit to
this general pattern. Qithona and Acartia, living only a few weeks or months
howe o hils =Ti of increane amd_—
and whose populations are commonly subjected to guat fluctuations, are
substituted in more mature stages by Calanus and by an increasing repre-
sentation of long lived predatory copepods, less prone to populations ex-
plosionse
%lHutchinson (1957), with reference to Skellam and Brian, assumes that
" species with lower reproductive potential (lower absolute values of r and
of m) displace the species with higher reproductive potential. The last
.named have always to their disposal other elements of environment, repre-—
sented by "young" biotopes. Such are the called "fugitive species" (Hutchin-
o “op porkunishe” specivs (Mac Cnthur, 1960)
son, 1951) endowed with effective dispersal means, but inferior in

A7
competition when -cempetition is carried on in a stable and highly organized

ecosystems.
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Efficiency.- Odum and Pinkerton (1955) and Odum (1956) discudsed rela—

tions between power output and efficiency in physical and biological sys—
€ Second haper of A

tems, Ffinding/ sviderzime that power output drops and efficiency increases

in vegetation as light intensity dropse Probably the same happens z=

< ;L i -
nutrient concentration i® reduced JSat—if-soy-sucoessionr—would—be—che—

ized D

edbaucy. Increase of efficiency is obvious in the final stages of
successions plants with more efficient plarﬁ{ omplexes, stenopha-
gous animals, reduction of rates of respiration and multiplications
Grazing and preying are agents of selection that favour the
survival of bigger individuals. As:%iophic structure of the ecosystem is
completed, new possibilities arise for a major representation of
organisms of great size;‘f?ggl‘;&act data are at hand, b aneciswiess
the general impressi;o:n:l th::'t there is a{'a%ngncrease of average in-
dividual size along succession, with a drop in the relation between
body surface and biomass. Relative consumption of oxygen diminishes,%hen,
along successione This is another aspeot of the reduction of energy
flow per unit bicmasse.
Cushing (1959) considers _efficiency as the energy reaching the highest
trophic level in proportion g—%ithe flux passing through the sea surface.
He thinks that an efficient system is characterized by a low amplitude in

fluctuations along a prolonged productive cycle and a short time lag

in the linkage of pulsations in different trophic levels. léfeoves,
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4.634 THE STRUCTURAL ASPECT OF SUCCESSION

ie Expression of the structure of a mixed population.- In the preced&&éﬁ

section (4-633) our attention was focused onf;lé:irerage characteristice mani-
fested externally by the whole mixed population or by some of its structu-
ral components. The same mixed population can be considered also in

terms of internal aggregation of elements or structure. The elementary

e —— —

unit of structure is traditionally the individu Thisgcan present

some difficulties in the case of rooted plapts, of some colonial ani-
malse. Perhaps in a future approach, i’f/dtmcture is measured in terms
of total information, it would be-advisable to allow for the non uni-
form information content of/t’hg individuals of the different species.
By the way, the inforgvaén content per individual is in general higher

] .
/ iraesl ™
in species prop,az/of more mature stages of succession. HWC ' p bl vakion is /1 il
a sowewhat lpfie Seunt ; Ao Sow chhing hat Ay accumulaled, TMvuph ducamive Spehon; 7

fe A g A \,.q.),i.— fras™ 15 capha ile of exend Soma f'~f'f-'~¢£'ht.{' L J,I--Lﬂ""'?t eoerhs,
()/tr(ctura results of KO Ii individuals fall apart in distingishable ca=—
rD-ﬂL i&.lia“"h-‘\.ﬁ(,’al 3

tegories (species, or nichas) and - }rﬂv non-~equ1valen'b individuals distri-
bute jhemselves in a certain four-dimensional pattern. For the moment,a

rigorous pcientific approach of the problem is lacking and only & few
considerations about possible new ways can be presented. Th 'f' inolinidiod o wmite
Fuddy  masciag c-u-—fn.'mi- ﬁum b W“’ Canissd'ecrdin ﬁ“"‘} bk Ahls—fuas—Heod
edvied ol pidt

‘ﬁ if conveni‘w't ntf‘o&ucﬁon td 'E'ﬁe possible aBp 1cltion ot e metth'c;d;#ofﬁ;,:w A

the information theory to the expression and analysis Bf struature of po- osan

* —

pulations can be gained, drawing & parallel to the problems presented by A}C
written messages. Kinds of species can be compared to number of symbels of
{h‘g’ alphabets relative numbers of individuals in the different species
can be equated to the frequencies of the different symbols.
Any given distribution of individuals into species seis up limitations

to the "style" of the mixed population, whose MM content,)can be
AUt ft‘*-f}ia:d. }5“- ir\A‘,s'w}{u,uE}
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expressed &s I v 67 NI Wl Ne! ( 13+ ) |

being Py the probability of occurrence of letter i or of species i (Shannonm Weavi
AWhén _ome sFale is Ea'rcﬂ'}r recon ni2ed,, Ve rame\m/ O‘f«h rvation. kas feen 7@,,,12‘(
19493 Kninchin, 1957)) Of course, the maximum possible information is i
e
obtained when all letters or individuals are different, a oase‘ﬁimpﬁblo
#® in language a8 in natural populations. The minimum information is given
if all individuals belong to a unique speoies, another improbable case
only realized in artificial cultures. We will call biotic diversity the
E:'& W.:-Uﬂzel‘..‘.."vf'" o]
value attained by I in any givel situation. This seems to zmn?ﬁ#—aﬂ-ee with,

®e the concept of complexity (Bray, 1958).

b en—tho-weition-Language so well as in-thesbruetures—of naturel Popu-
the—prebabilities—efneighboriheed
ofdiffereni—aymbels or-epocled, that mean a reduction of the pos=sibie-
lnfermetiom content s vateouleted by the Drovious meane They ropreseni-

Audl o
rml Tha ~ v Mu Yof arse in a chavue - it~
A o LS i, P e
M“\"‘\AM o i AliAn p/.t /H*)uhﬂ-

A very important character is given by the systeh of transition proba~
spatial "
bilities that 1link suocessivPecéspects of a populatioﬂ. Let us consider a

population of plankton in very turbulent water, where &ll individuals chan-

—

gescontinually and at randum,(‘i:heir positions in ap?ée. If we assume that
S _,-*—"__"""“-h_‘ - — e ——————

neither births nor deaths oocur, every situation contains the same infor—

mation, as diversity or complexity.[Bray—{1958) quetes the follewing sen—

We can compare the anterior image of turbulent plankton to a book,

whose letters, without changing in nature and in their total probabi-
lities of oocurrence, would move continuously &ppbésavdy by virtue of
& sort of thermic agitation. Such a book would be, of course, impossible

to read. Many communities, more like to a real book or to & machine ca-
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pable of making deciﬁkions, have & much more stable structure, meaning

that between successive aspects the probabilities of transition are
TI.MM Low poag Lol
much more limited¢ “The limitations form & set of regularities intrinseec

to the population,gudlbeblid (ataix 46 a6l ih(Reedbacl GySioalf. Wo would

like speak of them as the order of the community (Bray, 1958).

M oskegon
The order, é@r‘ntropy of change or entropy of Markov chains has to
ol dibthioralin v Rmat.

be measured with reference to tﬁme.Yﬁne way would be to state the relation
between the number of distinguishable structures realized and the number
pf distinguishable structures possible (the last is measured by the
diversity or complexity) over a certain period of time. The relation
approaches the unity in communities of the type of a %urbutens plank-

ton in turbulent water. But we can consider that the community keeps the

awdl alfwd e mipinumk evaee
maximum information(when only one is realized of the total number of com-—-

=~

binations that allow & given assemblage.of éndividuals belonging to a

certain number of species«

e

o Biotic diversity or complexitye-

=]

iversity indices.~ Different indices have been suggested for the ex-

pression of biotic diversity in natubal communities. Japanese workers have
accoepted that numbers of individuals in the different species of & natural
conmunity can be approximatively ordered in a way that approacﬁha geometri-

cal suweeessien progress1on, the ratio of the progres51on is an obvious

dlversity 1ndex The diversity index alpha of Fisher, Corfiet and Williams \ 'Uﬂ&((
k& ariunvp hond
( (1943) and the r of Preston (1948) are based on other hypothllﬂquﬁutﬁﬁt
- - a5 _____-"‘—-—n__,— - - -

———e—

e . One

=
of the simpler diversity indék, 4, is the quotient between number of
G
species or number of species less one, and,log of the number of individuals
A1l the precedent diversity indices are dependent on how the empirical

data fit an hypothetical distributione. An index that is free of such con-
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1951a
dition is based on information theory (Margalef,(i§;8) and has the form

Nl
= 1‘
T= 1483 g o

where N is the total number of individuals of the sample, and N1, N2 ese

Né s are the numbers of individuals of species 1, 2...:17]}expresses the

A
total amount of information in bits.pIt is posai?}af%o calculate the
information per individual, per unit volueg,afﬁthe relative information

to the maximum possible information goﬁgqnt (assuming that all individuals

belong to different speciesj that there“iq the same number of species, but

Covalue is a

neasuve O

all equally represented). {é/; the information jwunzd,

SUtal gl when onef:.s selected or obtained ,t::f the total number of co combi-

_ nations that allows the given assemblage of 1ndiv1dua1s.1

liiche structure of the communitye.= It is customary to think of the

organization of & biotic community in terms of niches.

A niche can only be defindd with reference to a certain species and
to a certain environment and may be represented in a multidimensional
"gcologioal space', where dimensions represent different factorsj a niche
may be thought as & probability area in such a space, around & core. It
oan be assumed that the cores of the niche spaces for a same species
in many ecosystems overlap almost completely. This is & way, perhaps teo
simplified, to summarize the ideas of Hutchinson (1957) and other recent
writ#ers on the subject. On the other side, & dynamical approach, as
emphasized by Ross (1958) is complementary. 4 niche is & point of

transfer of energy in & community, and niches represent definite func-

-

@

The relations between species occupying niches sepafed, partially owerla-

tions in the compared communities.

pping or equal can be eguated to feed-back circuitse.
- Between niches gritily sepaﬁgd”in the "“ecological space" thers is a

negative, stabilizing feedback that circulates information without losses,
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soff that complexity is ks{pt and even inoreaseds. In niches net completely
overlapping, feedback (direct, or indirect through the whole ecosystem)
can preserve different species by segregation and the orgenization of

the ecosystem becomes more complex.

When the "ecological spaces" of/épecles cqugetiton veceahs clogamy

overlap complet@lyhhé face perfect competition and & dese &f information

or complexitybkdisappamrénglgll specias but one (Gause's "law").

Ecosystems wiéz¢§%;;lapping niches have a higher number of easily in-~
teroonvertible states, a highe# stability in the sense of MacArthur (1955).
ilﬁdiddﬁf?iere are many alternative paths for the energy flow and the
whose system can resistp changes or fluctuations in the environment without
collapsing, through simple active adjustement. This is common in pioneer
communities. But real stability, meaning the maintenance of apgs&atdéd pinulat .
structure Qﬁiid‘@-giodg,time is better achieved through segregation of
niches and with energy paths without alternative possibilities and is a
characteristic common in more mature ecosystems. Dunbar (1959) sees in
the stable and mature tropical and subtropical ecosystems the product of

& long evolution, considering that there is & steady selection at the

level of the ecosystem, operating towards an increase of this sort of

stability.
A il —
Changes aleng successione~ Changes in inioan&tiﬁpqﬁéiaat can be Hés
iﬁﬁﬁﬁgﬁ in relation to development of niches. As a mixed population de-

Velops, jnumber of niches incrseases. Trophic levels are succesively added

and niches gradually subdivided by segregatione. Coral reefs ars excellent

exemples of a very mature community with an exoceedingly high number eof
(M

niches. This means an increase o# the possibilithes of conveying infor—

mation or keeping complexity.
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I_tai—tiel—sx&goe—m-émadi.mb_l@; niches in pioneering commusities
ocan be—censideTed=as taken-et—randon in ecological space,—as—sussesded
by lischrthur—1957)—in a—firet approach to estimate the—relative—ewtension
of niches (ané their representation in number of individuais)in—eeesys-
tomae In mature-eoosystems; extension of niches is conditicned hy &
complex system—of feedback oirouits and it is-unlikely thai—thelr
extension can be expressed by simple random functionss

Gause's law seems to be generally af application to marine cmnmunities.ﬂﬂﬂwﬁf

Hedgpeth (1957) QﬁQEfﬁEf;he frequenchy of aggregations of closely related
species in benthic communities’ fd in one of the few exemples duely
analyzed, the Conus species living in a very mature ecosystem (Kohn, 1959),
a clear ecological segregation into not totally overlapping niches has
been revealed. In planktonic species (Goniaukx, perhaps also in Ceratium
and other genera) & strong positive generic feedback against other
competitors may be at work (toxic metabolites, development of horns),
and & less effective gﬂmﬂﬁi;gzggggbhﬁh'or total absence of fﬁiﬂﬁigﬁh‘

between species of the same gesmus—a=mé-niche, allows the maintenance of

congeneric clusters.

4 bLb
7”Q)Increase of ;number of niclges increasnggiversity, but this is a

process that goes to a certain point and then stops. Competition elimi-
nates &ll species in a niche but one, reducing diversitye. Increase of

- ;x"ga.m':‘é” o . )
individual size along succession means a reduction ofginformationcumhuﬂei
a” indiay dnds
per unit biomass or per unit volume, .just as a book with bigger type#

e jb Yuhe Actuall
contain less information that anether smaller aégf !ﬂ%ﬁﬂmﬁ’there is &

; " }{; -
transfer of information along succession from the intercp&ﬁfﬁfﬁ'structures

(ecosystem level) te the intraindividual level. This means that information
is increasingly stored into the individuals.
Thus, from a theoretical standpoint, we have to expect the interplay

of opposite trends. A trend towards increase of diversity acting at the
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beginning of the succession, and a trend towards decrease of diversity

ad‘pm,,q‘{

*

present all the time. : a _
- né’.éi/ivc(zhkqu(z Luﬂ‘-"ﬂ;\f miall riericdir .7/ rucw

Exqmples t&m—f@m&nﬁmﬂ populations of tintinnids in the
of Vigo (Margalef, 1958) 3
\

Ma&

Mediterzpfiean and of phytoplankton
dheorehad ¢

are consistent with o Diversity increases at 5\
S

i
¥
i

Dlmmu'-h
the beginn ng/hu‘b, after "saturation" of the ecosystem, diversity

drops steadily. Patten (1959) has found information (or its converse, thei%ji ,g
redundancy) to be an excellent index Of,-grﬁ‘ic;:‘:OSBSiOﬂ of phytoplankton in i i '{ .
Raritan Bay® Total information oorltent of a population may actually § 3 i \g
inorsase or not, according to !;;{.Cii;‘l;;;;se in;{i’%ﬁber of individuals l:,g g\g g

~ 3

relative to a maximumj but always there is a progression from low to . i
n s iy Cla klow of ta Jargame Sea, oummin Sawpley, poite diive Hapdllodss , haye abiglue diovl’ \g
high redundancy, meening a reduction of the diversitye In eeeeeeshens 5

is stronger than ,L%'Lgauction of information relative per individual or g 3
3

communities living in running waters, diversity decreases down water (odum
and Haskin, 1957); downwater communities can be considered, also by
other characteristics, as more mature.

Diversity of a community can give valuable indivationes as to its
place in succession. Diversity of assemblages of organisms fixzed on
submerged slides has been used as a criterium for pollution or
fluctuations in the conditions of water. It iguﬁ;:gm%o compare diver—
sity indices of exploited fish populations in different parts of the
world. More mature ecosystems in tropical watees give higher diversity
indices than fisheries sg“higher latitudes, subjected to strong fluc—-
tuations. Pelagic fisheries have lower diversity indices than demersal
fisheries. Here, diversity is chiefly related tgﬂnumber of niches,
becange wa have—to—amovept that—wecompare communities with-a-—sinilap de=
gree—ei—palucation. In zooplankton coumunities, considering muwbCipecially

published data on copepoda, diversity is lower wesr the surface and closs

to the shore, and 1t seems that in the great depths diversity drops again.



iiie Order or "organization" of ecosystemse~ Order is independent

of diversity. A highly organized ecosystem ocan have actually & low

diversity indexe Order is related to the transition probabilities

between successive stages, bubt dlHa is reflectggvgﬁ the spatial

patterne A more organized population, repeats in space small assem=—

blages or structures, just as in a meaningful text definite groups

of letters repeat themselves with higher frequencthes than would be
indepondenily olcshibded

expected ifVat randome Structures in a three dimensional space

provide further possibilities of storing information, not given

in & unidimensional sequence.

If & previous information has been seoured, scientific predic—
tion is more successful in & highly organized ecosystem o In these,
not only the relative positions of individuals in space become
more fixed or more predicteble frem the specific behavioum, but
&lso their changee along time is more restricted by the exigtence
of internal correlations, ameunting to an increased efficiency of
feedback circuits (reduction of time lag, etc.). Dynamics of po-
pulatiens (reproduction, mortality) introduce supplementary diffi-
culties, but as irregular fluctuations are lesser in highly orga-
nized ecosystems, demographic changes are also more predictable
in them.

More mature ecosystems are characterized by an inoreased order.
As Bray (1958) writtess " Initial stages of community development,
from the time when no living organisms are present to the time
when there is a fa;;y complete cover, show an over—all increase in
order which is possible because negative change in entropy by import
is greater than positive change through irreversible processes. As fur-

ther development proceeds, the order of the community continues to
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inorease, although at & progressively slower rate, until the positive
change of entropy by import is equaled by the negative change through
irreversible pmecesses and a steady state is reached — a state in
which entrepy change is at a minimum"Y.

Summing up, along suoccession, diversity (as an entropy) after an
initial inorease shows a trend to become stabilized or to decrease
slightly , and entropy of change, as & measure of the contrary of
order, decreases steadily. Along succession, the excess of production
is exchanged against information, and information content of the
ecosystem increases. This information is used , we may sa&y, in
building & sort of machine more able to cope with environmment.

At the same time, increasing amounts of information pass from

structures formed by assemblages of individuals to the interior of
ch s fosdac

individuals, since specles pneper of more mature ecosystems contain,

on the average, more information per I_individual than species of

LI “Fy "i'-'f Ef1A ( u':-"\f
more—imitial conditiense. The way to have information stored

and copied is to pass it to the intraindividual level.

From a trophio-dynamic standpoint, succession goes t%ﬁrds the
conservation of maximum biomass with minimum relative energy dissipa-
tione From a structural standpeint, sucocession leads to an increase of

n e serae .(z{n’u_u{ ow Y639 f'..)
oveﬂ@il infermation, stored chiefly at a level where its preservation

is thermodynamically %‘#ﬁi ' *—ﬁ’;ﬁ Lt
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44635 SPATIAL MANTIFESTATION OF SUCCESSION

i. Degree and type of heterogeneity in the different stages of succession.-

Plant ecologists agree that the final stage (climax) of a succession has
to0 be understood rather as a pattern theai as aﬂ homogenous systemes
Heterogeneity has a different meaning along successions In the firstg
sta.ge*?l&terogeneity originales lmzedZi§ from random dispersal and

random ococupation, as is observed in foulings this sort of heterogenei-
F}) edlee falrt g\\

ty is less organized, less\prax;sihlaﬁ"contains the possibility of
ﬁi;%lcambinations (eventually higher diversity). In later stages,
heterogeneity derives from stronger segregation of niches and of
precise adjustement to eventual heterogeneity in the environment.
It is a more organized heterogeneitye.

A pattern of heterogeneity can influence ulterior successione.
Same terrestrial plants can resistf environmental changes only if in
mass, but not as disperse individuals , end it is possible that simi-
lar situations arrive in connection with coral reefs.

Greig-Smith (1957) supposes that, under similar conditiens, &
coanmunity showing a small scale pattern (the sort of pattern common
in mature ecosystems) is more affected by environmental changes ‘than a
spatially less differentiated communitye. The implication ﬁnulﬁz%m that,

ngarer

under a fluctuating environment, heterogeneity canmi become so well

organizede.

Even the growth of & single species proceeds from a more diffuse
initial condition to & sharper and characteristic pattern. The expe-
riences of Halldal and French (1958) are very expressive in this
connectiong The pattern of growth of a single species of alga, cultivated

in a surface,subjected to crossed gradients of temperature and light

)
¢ Shar
intensity,ohanges, 50quir$ig elkarPer boundaries and a more charac—
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teristic aspects.

In animals, the pattern of heterogeneity changes commonly with ages
Copepods are generally infradispersed, but their eggs are not (Comitagua Coniln
1957). Breeding areas of sardines and other species are restricted,
but grown animals can thrive in a much wider area and their mebility
increases with age if they move Wd®E(dr(X€ss at random frem more
populated to less populated places, & pattern of heterogeneity in the
distribution of the year classes results (Margalef, 19587). Frequently
spawning ocours in less mature parts of the ecosystem, perhaps as an

adjustement to a greater quantity of food and less enemies.

fMaxgg;hxﬁa_gn_ngﬁghinaas-an&—deaaﬂipiian_nfidistpibutionhprofééwmh
Bf _both, mamine. and freshwesery—plankbteonic—ergantsme have been pu—
blished-lfortunaletyrnet-encugh-data—on-benthiec-oeemmmitiesheve"

In the open waters, more mature stages of the succession are found
in more stabilized watere. Stabilization is a condition favourable to
vertical heterogeneity or segregation of populationse. The thermocline,
&8 & boundary or as a place of concentration 6 is a supplementary

€onvection CGHSI /

source of heterogeneity;qinternal waves and other hydromechanical phe-—
ndmena,occurring in stabllized situations,give origin to circulation
cells, determining surface sliocks and patches of free swimming orga-—

- Stommel, 1949
nisms (Bary, 1952). Diffusivity is lowest® in the lasts stages of
planktonic succession, so that here is & basis for the ulterior and
often divergent development of every patch.

Species more mobile, bigger and less prolifio, as endowed with
higher diffusivity and lower rate of increass, can beceme more evenly

el
distributed (Baldi, 1950)e But very often their movements follow &
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well organized pattern (vertical migrations), sor that mobility does
not work against heterogeneity, but simply means the passage fram
éiaﬁﬂzaaa heterogeneity to organized heterogeneity. A rhythmic ohan—
ge in the pattern of heterogeneity is & character proper of mature
ecosystems.

As & result of the interplay of several factors, heterogeneity in
the distribution of almost every species results. Heterogeneities of
unispecific populations combine and produce an heterogeneity pattern
keneral for all the mixed populatione

Heterogeneity is to be expected to increase towards the lasqy
stages of succession. In fact, this hypothesls has been verified in
the distribution of phytoplankton in the Bay of Vigo (Margalef, 195?}L’
1958). Rodhe (1959) mccepts these results as generally valid’ for

fresh water lakes alsoe.

ii. The fine structure of heterogeneity.—~ The study of heterogeneity

poses the problem of what has to be considered as homogeneity in mixed
populations. A spectrum of hetmtogeneity can be constructed plotting
against space (distances) the diversity —or the total information—
of the community or assemblage of individuals contained in the same
spacee. A few gre;iminary, partly unpublished data on phytoplankton,
points té:gﬁﬁﬁhkggégg;;;;"g)er—be$¢e§y—aaééy populations, diversity
(information (entropy) per individual) is linearly related to the
logarithm of space; but further work is needed. % C(”

The same method of analysis allows tbidetecfighanges in the pattern,

Hot cam be reladed &

WeC Gl becobneitiegedas indicative of true heterogeneity, widdh the
existence of some sort of boundaries. But even these boundaries, howewer

sharp, did not escape to a certain degree of regularitys Around a patch

of mature plankton, there is a layer with dead cells, dilution of meta-—



49
bolites, partial regeneration of nutrients, and the consequence would be
& "skin" of plankton of less mature condition. Heterogeneity is not CJH#wud#//'
QEEIQ%ZE&, but organized in complex patterns, as clouds, always changing,
but subjected to definite rules that are related to general dynamics
of successione Special boundaries, such as marine fronts and others,
are accompanied by patterns whose degree of heterogeneity is not
only dependent upon discontinuities and turbulence in the environment,

but also from internal laws of development of ecosystems.

iii. Heterogeneity as a result of differential speed in successlone=—

For the study of the possible heterogenous distribution of the degres
of maturity in an ecosystem,we need & quantitative way of measuring it.
Biotic diversity may be one. It is possible to trace maps with lines
connecting the points of equal average information (entropy) content
per individual, or average diversity (or complexity), the igoentropio

lines, as have been called by Patten (1959).

Not always]gsoentropic 11nes;g1ve a fair idea of real maturity as
LY
assessed by the many criteria discussed in preceden#/éections. It is
Fhen
possible wkse® to base such maps bn compound or total indices, calcula-
| £ .-‘f;
ted gixiég to every species an index value in relation to succession or
degree of maturitye.

In the Bay of Vigo, & higher maturity is found in the more tranquilie
waters of protected places. In Japanese bays (Yamaz, 1955) also more
dinoflagellates are recorded in the interior, likely in more stable
places. It is known that diatoms are associated with turbulent eddies
(Sargent und Walker, 1948) and that dinoflagellate blooms occur in

P z—-’ } _;(}}ﬂf.’ff,mr'_r 244
patohes of "old" water. In all,these instances, Woddrasensdty can be

considered simply as the result of local differences in the speed of

the process of successione
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A general statement about spatial dyneamics of succession may be that
across the surfaces commecting points of equal maturity (eventually
across the iscentropic lines) there is always a countercurrent flowe
Production is exchanged against organization. less mature parts of
& camnplex ecosystem produce in excess and give part of the production
to more mature parts of the ecosystem, and at the same time become more
mature. As a result, the surfaces of equal maturity move parallelyp
to themselves in tke-— such;gzreotion that organization is being in-
creased in every point(&mww.

GRichad 3 sd vipCon tila e-ompariﬁ% #%® the spatial pattern in the
heterogeneity of an ecosystem to the spatial organisation of an organiamd,
we may try to compare €ifferent degrees of maturity in the communities
with different degree of '"maturity" in the tissues of an organism. The

less organized, more primitive tissues, as the mesenchym, for instance,

eaptls o 5 m./mlwdz
have a stronger turnover, can regenerate much better and 5&0&44g¢§3u5-
apdcegasnabArfadmdidior. They are comparable to the plankton. Information

is continually been stored by more inert tissues, with lower turnover
and low oxygen consumption, &s nervous tissue. This could be comparsd
to benthic communities,¢specially to epilithic communities. Perhaps
there are more basic similarities than the merely formal ones and it
seems stimulating to consider the whole complex of temporal (succession)
and spatial (heterogeneity) changes in ecosystems as subjected to the
One of them oy b€ 2
operation of a few principlesp@ ; structures that eee accumu-

late and copy information at a lesser expense have greater probabilities

of surviva% and e#-—:Lo influence the events around theme.
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