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Abstract

The interaction betwveen the predator Didinigs hasutus
and its prey Parampecius ayrelja vas studied in the
laboratory and analyzed. The addition of Methyl Ceilnlose to
the medium in wvhich the interaction occuéred pr910nged the
coexistance of the species in the microcosm. The results
vere used to construct vector maps and the zones of
attraction in tpe phase plane in order to detertéﬂe the
positions of the zero isoclines of the interacting species.
Rosenzveig andlnaclruthnr's (1963) graphical model of
predation vas applied to the system -and vas shown to be
valid with fev modifications. These included the use of
predator time-lags and limit cycles to describ the behavior

of a systen.

By controlling the conditions of the environment, both
abiotic and biotic, the interaction could be made stable or
unstable at vill. The correlation betveen the abiotic
influences on the‘syste- vith the biological paralekets of
the species and the stibility of the interaction vere
interpretated. General conditioms for stability in
ptedator—pteyvsystens vere discussed in teras of both the
biological characteristics of the species and the graphical
theory. The searching rate of Djdjinium is a predominant

factor in determining the outcome of the interaction. Uader
i

certain conditions hovever, other factors such as the

predatory success rate, assume paramount importance in



governing the dynamics of the systea.
|
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Inttoductieh

One of the basic challenges tacing‘eodetn ecnioqy is to
understand and pxedict the dynunlcs.ot naturgl ° pOpnlntions.
Since the theoretical works of Lokta (1920, ‘1925) and
volterra, a plathor of nodels describing the nynanics and
tenporal patterns of enilal poPnlntions ;ave been conceived.
It is unfortunate, hovever. that snpporting gvidence, either

experinental or ohg .;Lakel, fot many ST these models has

. not been'quite a8 .

h 5. The dynalics of interacting
gystems have been qenetally de&ctibed in terss of time
1nvnfiate differential equations (see Bay, 197“) or o
diftetence equations. The eatliest ,nodels described the
dyna-ics of a system in terms of a fevw species in total
biotic and abiotic isolation;.the environsent vas 1ssnned
’invariable and osuvally oytinal. gore recent tneotetical
stndies have begun to enphaei:e the importance of the
ahiotic environneut aad othet cohnhitents of the systen
(Bngstror-neg._w?o- Fretvell, 1972- Leslie and Gover, 1960; .
Levins, 19683 Oaten and murdoch, 1975- Oster and Takahaski,?.
19783 nurdoch and unrks, 1973; Rosenseig, 1973a; Slith and,

Bead, 197&).

Batveen eny pair of species there are tvo main types of
interactions that can occur. These are conpetition and
predation; the latter interactioa is the focus of this
_study. When studying the predatory interaction, we are most

w . o o i
ey



interested in the behavior of -the systea around the
equilibrium - point and the chances and causes of extinction

for one or the other of the two species.

The‘ relative complexity in the intetpreiation and
integration of the causal factors influencing the dynanics
of even sipple predator-prey systems has resulted in many
investigators turning froa the study of such systeas. The}
have instead, focused their attention on the behaviotol“ and
physiological 'aspeots .of pteddtors (Holling, 1965, 19663
salt, 1967). As Maly (1969:60) states, "these studies - have
contribnfed-’to an understanding of many factors that affect
the bdynAlics uithoui contributing substantially to a
knoviedge of. the dynaaics theiselfes." many of these studies
are‘predoninatelyhquaiitative in nature and non;dynalical in

interpretation.

Roséniueig and uacnrthnri (i963) derived a graphicol
- -odel for the theory of ptedation that greatly -silplifies
the interpretation of the dynalics occurring in the systeas.
'4Bovever, hecause of the scarcity of observational evidence
snpportiog this theory, its practioal application - to

;biological syste-s has been limited.

~The sySteli'co-poSed of the tvo ciliates _pijinin;
.jggiggl'and gg;;lggig. gn;glj_ is quite unigue. It probably
repre;ents one of the closest approxi-ations that‘a natnrai
syste- can attain to the conditions defined by the cIaSsicaI

dpredation theories (Tanmer, 1975.)
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The classical models in their strictest or simplest

sense, demand that (Saith and Slatkin, 1973; Saith, 1972)

(1) in the absence of predation, the growth of the
prey popqlation follows the logistic equation or
at least some form of self-limitation.

(2) the rate at vhich predators consume . the prey
is proportional to the product of the densities of
the tvo species.

(3) the reproductive rate of both populatioms is
continuous and dependent upon the rate of food

intake.

The most serious failnre‘bf'the pidinjup - Parasecius
system to conforsm to the above is a result of the assu-ption
implicit in (3)3 the assamed absence of tine-lags betveen

the couponent populations.

The purpaose of this-'study vas to imvestigate the
predator-prey interaction usxng the g__g!ggig! - piginig;

systel. ‘The ails of this work vete~

‘”(1) tb detetnxne the nsefulness ‘of the graphical
theory of- pnedatlon, basxcally by the consttnctxon
and laniynlatiOn of . the isoclines of the syste-,.
and the conpar1son of the isoclines detived nnder.
ditferent sets of abiotic cond1tions.- |

|
(2) to analyse the predation ptocess vith tespect



to the characteristics of the predator and the

prey.

The Didjipium - gggg!gg;gg system is .wvhat amight be
called a ‘'biological* model, basically just a laboratory
ecosysten. Such‘devices are a useful bridge . between the
theoretical nmodels and silnlations, and real eéosystens. As
Smith (1974:3) states " Their main value has been not so
much in checking the deduactions sade froa -athé-aticai
sodels but in suggesting phenomena that the mathematicians
should be able to explain. ... Mathematical and biologicall

models complement one another; in the absence of biological

models, the mathematical treatment vould tend to become more

abstract and general, and to that extent more difficult to
apply. In the absence of mathematical treatsent, it would be
difficult to see the general releiance of particular

biological variables".

the study of the dynaliés of the . Didinjum - Paramecium
systea vis spa:ked by Luckinbill's (1973j' success at
developing an experiiént;i techinque glloving the prolonged
1ab6ratory coexistence of mizxed populatibns of this predator
and prey. The method is unique in that it is wvithout  the
complicating spatial‘heterogeniety_that_charactetizes othef
‘systems (see Huffaker, 1958; Huffaker et al., ' 1963). With
these tgchingdes,“the interaction betwveen the predator and

the prey can be studied with the least amount of external

influence. By cohtrollinq the experimental milieu of the



systea, the factors of major importamce in deteraining the

outcome of the interactiaon can be ellucidated.

Luckinbill found that prolonged coexistance of

interacting populations of Didipium and Parasecium could be

achieved by a combination of two experilenﬁdl conditions:

(1) limiting the food supply to the prey and
(2) reducing the frequency of contact betweeﬁ the

predator and prey.

The latter condition is accomplished by the additjon of
the highly cross-linked polymer Nethyl Cellulose. to the
nediu-. Nethyl Cellulose is commonly used to decrease the
velocity of protozoans amd it -achieves this effect by
increasing the viscosity of the medius. uethyvaellnlose
acts in ﬁo vay as IA physical barrier but has distinct
effeéts on the dispersal rates of the predator and prey.
This polymer haé no .direct physiblogical effects on the

animals in tersms of toxiéity (tuckinbill,-1973).

The baSicA»design of.the éxperilents-petforled in this
stddj'relies on fhe ’cOnbin&fionv of two fﬁétors: varying
éontenttations of Cerophyl im the ‘lediu|  (a_‘baCterial
'nntrientf assdciated. with the  presence (or 'ahsence) of
!ethyl :Cellﬁioge. -7arying »thé 'concgntfations of Cerophyl
_produces differing dégr;es of Pg;alégig! 'Statvation', This
has .ilplications in the continued coezistence of the
interaction betvéen the spécies in a lixed calture. The

a

Y



carrying capacity of the Paramecium, and, as a consquence,
their nutritive condition, 1is directly related to the
bacterial density in the mediua (see Canale et 3l., 1973).
The bacterial density is a linear function of the Cerophyl
. concentration, and therefore, the nutritive state of the
\prey can be considered as a direct function of the amount of
Césophyl in the mediua. |
\\Becanse of the relative siaplicity of ’ the
char;égeristic résponses of the anilals used in this study,
the dfganic ‘~rzes acting on the populations can be
undetstosd. 146 biological parameters involved in directing
these forces, and the determination of the qrientatioh and
positioning of the isoclines of the conpohént species may
also be obtained. What is the value of such knowvledge? If
for no other reasén,.as an*inbil} (1973:1320) stQtes.'"it
ié important that a fira experisental baSis‘ be established

for the existing theories of'prédator-prey interictions".

In addition to the .abbve. an 'nnderSQanding of the
dynanicﬁl iﬁter#ctiohs of pfedator-prey systeis leads to. a
p;edictive - ability for ‘c0|luni£y evolution and a
.-anipnlative tecpingue thﬁt 5as bilplications in pest
cdntrol, 'uresoufce ,'lanagelent, lhéivesting t‘chinQues,
enrichment phelcnepon, and so on (seé Beddingtoﬁvu 1975:
‘Biggér, 1973; Hassel, 1369;'Hisse1 and Varely, 196§;AVatt,
"1968; Debach, 1972; huffaket, 1974; Rosanzvei§, 1971). In a

more immediately practical vein, it is wvell known that the



activity of protozoan predators in biological vaste
treatments operations reduces the density of the prey
populations with a' resultant decrease in the rate of
stabilization of waste effulents. Canale ¢t al. (1973)
describes in detaii the effects of such microbial predators
on the efficiency of engineering systems concerned with

space life support.
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The -6raphical Theory

The basie fheory,;of the predator-prey interaction
remained more or less unchﬁnged. vith respect to the
Lokta-Volterra intenprefation (fhough the models becaume
considerably more complex, see Leslie and Gower, 1960) until
the advent of Rosenzweig and MmacArthur's graphical model of
dynaaic predator-prey syétels. Rosenzvweig and MacArthar
(1963) presented a theory of predation which arose as a
result of investigatioms into the problen of
over-exploitation in predator-prey systems. This is a rather
specialized aspect of a much more encospassing problen,vthe
study of the mutual behavior of twvo or more variables which
are connected by a series of differéntial equations (see
Davis, 1963). If cyclic variations in one of the vqriab1e§
causes cycle variations in the other; there may be a
hystersxs or ti-e—lag in the relationship betveen then. This ,
has direct 1|p11cations in the descriptions of predator—prey
systeas. The perlodzc osc111ations of predatory systeams ove
" their - existence. to a large extent, to the inherent
time-lags in the predator and prey responses to changes “of
their own and. each other's density. ‘Since the studxes of_-
701terta, a method borrowed ffou classical physigs-to study
the .naidre"of coupled oscillations has been esed in the
study of eiploitative dynalics (pavis, 1963). The tcajectory
of a predator-prey syste- is plotted in tho confinds of a
qraph having for its two axes the predator (ordinJ‘E) and

the prey (abscissa) densities‘ respectively. This pfgt is
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known as the phase .space (or plane) and can be‘used_to

determine the behavior of a coupled systes.

Rosenzveig and MacArthur envisaged iheb plane of the
phase space as a set of points in a vector or direction
field (a collection of 1line segements following sosme
predeterained solution set for the plane; biologically, this
represents the changes in numerical density of the
interacting population take in the phase plane). Rosenzve;g
and MacArthur used this concept to deterling graphically the
oscillatory behavior and eventual outcome of predafor-prey
systems given certain , component charaéteristics. " BEach
ordered pair inwﬁhe phaée-plane is éonsidered to répresent a

'/,:‘), .
unigue composifion of predator-prey densities. With each of

.these]pqints is associated a unique pair 'of. orthogonﬁl

vectors. ‘These vectors (or their resultant) indicate the.
direction of the instantaneous rate of change of the
predator ahd prey pqpulgtibus: at' any given -.community

célposition. S

M.Thérg are threeAbiological assulptiéns explicitvin this
representation (Tanmer, 1975); | o
(1) there Are no third species interactions, ihis
" imcludes theféonditions that;
(af the predator mortality tate;’dge’to'causes not -
-,associﬁted‘withlﬁtiy density; is constant.
(hj thevﬁredatot feeds only'ﬁh-the prey.

(c) though the prey_foqd supply is ii-ited, it is

R
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never ovetexploitated;

(2) there are no time-lags in the respones of
either the predators or the prey to changing
conditions. |

(3) the two populations live in the same area so
the density of these populations is,proportional

to their number.

The phase plane is divided into four guadrants by tvo
curves known respectively as the vpredafor and prey zero
isoclines (or just isoclines). These curves represent all
the points vhere the rates of change in each population
become zero. From the‘ position of these iSoclines.‘the
dynamical characteristics of the system can be detersined
(see Canalg, 1970; FPreedman, 1976; Gilpin, 1972; Goel and

Strebel, 1973; Goh et. gl., 1978). Arastrong (1975:3) has

derived an alternative graphicalA-theoty' that does not

require a knovledge of the pdsitions of the zero isoclines

but involves rather "a direct consideration of the prey's

productivity curve amd the’ predator's fuctional response

cﬁrvef; This is a lore.analytic elaboration o% 'Rosenzveig's

(1969) work.

‘The graphical theory prediéts that the coexistance of

the coupohentA.speciés in a predatory interaction is

deteflihedr by the relative positions and inﬁerseétions of
their respective isoclines. If the predator isocline lies to

the tight.ofythé 'hnhp! (Rosenzveig, i969)'(the paximium of

%
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this curve viéh respect to the predator axis) in the prey
isocline, the interaction (equilibrium) is stable. All
trajectories of the syétel spiral inwvards ¢toward the
equilibriums point (an exception to this interpretation thch
is quite important in the dynamics of many systeas vill be
sentioned later). Biologically, this situation represents an
inefficient predator, one that can only exploi¥’ the prey

effectively at relatively high prey demsities.

When the predator 1s§cline intersects the prey curve
at, or in the near vicinity of the hump, oscillations of
constant asplitude about the equilibriua point result. Here
the predator is effective at exploitating the prey at their

intetnediate densities.

In thqse cases vhere the intersectioﬂ'of the predator
and prey isoclines ltes to the 1left of the hump, the
trajeétories of the systenms spital oﬁtvardé,‘away from the
~egnilibriul point 'ahd u_ill ~eventually contact one of th'&
axes. This case is represented biologically, by an efflcient'
predator capahle of ntilizing and exploitatlng prey even at
~ lovw prey depsities l(uac;rthnt and Connell, 1966). Gilpin
(1972) has shown that with this c?sé; the trdjectories~ need
not neccessarily intetsect the axes but may fora a stable-‘
lilit cycle. Bovever. the trajectorzes approach the axes 50‘
closely that - this situation becomes biologiéally
unrealistic. In this study it was shownrthat the outcome of.

thel interaction lay become a function not of the conponent
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populations, but of the external milieu when thé populations

drop belowvw 3 individuals per nml.

The dynamics of a two species predator-prey system can
be given by
dx/dt=xf (x,y)

dy/dt=yg (x,y)

This system has singular points at the orgin; where the
prey isocITne 1nters¢cts with fhe prey axis; and where the
predatot.and prey isoclines cross. There are no equilibrium
points on the predator axis since this would require the.
predator isocline to come in contact with it. Such an
intersection would ilgly social facilitation in the prédator
population to such a degtee that the predators could
increase in the absence of the prey. It conld also imply
.that the predator! feeds on an alte;nafive resource if the
inte:action vas greater than .fwo-dilénsibnal. All
ptedator-prey systéis of the fora described aboie. ﬁave, as
stated by Nay (1974: 75), na ten31on between a =s£abilizing
bjresontce limitation or other density-dependent teras, and
destabiiizingbpteda;ot functional :aqd numerical response
_ tétls'. It ‘vqs genérallj ﬁsénled that vhen a syste-'was,
analyzed, if po‘sfable quilibtiu- point was §6nnd; the
system vas unstable (May, 1974). EOQever, it - was shown by
"Kolmogorov (1n Nay, 197#- "Rescigno and Richatdson; 1967;ﬁ
Scudo, 1971) and recently proved hy llbrecht et 31. (1975),

‘that a systel lay have eithet a stable egnilibriug point or
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a stable 1limit cycle provided (fj ahd (g) are continuous

functions of x and Y ind cetiain copditions hold (see MNay,

1974) .

The nature of an equilibriunm poipt is dependent both on
vhich side of the huap it lies and on Qhe characteristics of
the system. The Rosenzveig and MacArthur model holds only
for vertical predator isoclines or, in the case where this
isocline is tilted or curved to the right, as long as its
intersection with the prey‘axis is to the right of the hump.
It the predators isocline is not vertical and intersects the
prey axis to the left of'the hamp, no definite statement can
be made about the nature of ﬁﬁé equilibrium point (Gilpin,

1974).

Thougé ‘a number of theoretical siudies have had their
basis_in the graphicﬁl predation theory, little exgerilental
support for tﬂe lodely'has bgen forthcoaing. Rbsenzveig
(1969) attempted to validate thé fheory by dnalysing the
results of ﬂnffakgr (1958) and interpretating theniin teras
of the graphicai model. This work, hovever, " has bgen
critized by Goel and strebei (1972) , their main concern
being with the failure of whe data to confora to three basic '
assungtio;s 'explicit in the gtaphical interpretation. These

"conditions are as follovs;

(1) the environe-t'lnst be more or-léés cdhstdnt;

othervise the system cam no ~Jonger Dbe
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interpretated as a sisple tvo species interaction;
in effect, a deteraministic event is replaéed by a
aore conplz; stochastic one with other unknown
factors included.

(2) every point in the phase plane has a wunique
vector associated with it and each point itself is
unique. If this cond#tion does ;ot hold the
biological implication is that the intrinsic rate
of increase of the populations can Ghpange
independently of the; environmental forces or
population density, and the system is governed by
its past history. Though this type of variation ih‘
the gtovth rate is not biologically impossible, it
makes the analysis of the systea's dynaaics
unpleasantly cosplicated. This éondition also
assumes that populations of identical density
components do not vary in any other respects of
their paraieter'space (see Bay, 1974).

(3) the growth of the population is continuous. As
stated by Rosenzweig and uacltthur\61963:7a), "in
a continuous model, a population égiﬁot pass>ft0l
an increasing state to a decreasing one or visa

versa, wvithout—attaining am equilibrium point

(dx/dt=0) em route".

Baly (1969) presented some evidence }snpportihg the

graphical theory with a systes composed of the predatOty
rotifer )splapchia brigbtwelli, and “the prey Paragecium
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aurelia. He experimentally deteramined the populaiion vectors
“of the syeﬂé:, indicated the presence of the isoclines, and:
demonstrated that the predictions of the graphical model
were consisteht vith the observed dynqnics. There may be
some difficulity vith the vay these vectots vete‘datnrnined,

hovever, and this wvill be dealt with later.

The results of Canale et al- (1973) on the consumption
of the bacteria Jerobactor aerogenes by the protozoan

Tetgahypepa pyriformis shov that the  behavior .of  a
predator-prey systesm can Dbe accurately predicted by the

graphical method. Goel and Strebel =~ (1972) analysing
Huf faker's (1958, Huffaker et al.. 1963)) data by the
grahpical method find that the the shapes of .tse ‘actual
isoclines ere not overly regular, and that the prey isocline
is not . concave or flattened as expected. They also find that
a stable syste- is forming (dalped oscxllatioqs) evenltheugh
the intetsectxon of the -isoclines 1S’to‘the ieft of the
‘hump' (Bosenzveig, 1969) im the prey xsocline. This lattét'
‘point is sOomevhat of a conttadiction of the gtahical theory
as exponnded by its authots. It may be that the graphical
:thGOt’ “in its 'lore general fotl. lay only be. of value fot!» 
simple natural systens. It .vas the bhope, in patt, of " this

present stndy to 111ulinate sone of the values and faults in

. this theory, ' n‘r -
co B

v 'Q' "
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The Experimental System

¢

Though protozoans are_consideied unicellular (a rather
inadequate deScriptidn{; as Hy-;n (in Keeton,. i967:8u2) has
pointed out “each protozoan is to be regarded nbt as
eduilivant to a celi of a ‘more coaplex animal, bqt as a
vcolplete ~ organisa - with the sanme propérties and
characteristics as celldlar pnilalsa.jbue to the relative
simplicity of thé p:ofozoan behavioral response and life
éycle, any fgatnres of biological inte:actions'basic to» all
animals - 1n~ gener&l should be pfesént' in _this qroup;
uncomplicated by the pecularities of a ibre advanced nervous

- system (see ﬂoliing, 1959, 1965).

The protOanns used in this study are identical. to
.thpse - nSeﬁ \by Gause (1938) - ‘The . Holotrichous ciliate
Pajgléciul'gu;eiié servéd #s‘ the pféj for the predatory
Rhabdqphorine ciliate Didinjiunm nasntu!.'The résource for the

prey was the bacterium Aerobactor aerogenes. Paramecium
gégglig is a\kelativeiy- larée ellipsoidal protozoan (140
microns, Juiand' and Selasan, 1969) - Pdr a morphological
) -deécription of this amimal see Cozliss (1961) - or Jahn and
Jahn (1989). -

‘ ,D&éihiﬁ!  pagutum is a battél-shapéd predator wvith a
‘shbft\éédé-ljke projection (or p£§bbscis) protruding Efrdn'
\tpe centre of a fl#ttene&~ anterior regibn. The conical
proboscis cog#éitutes the~£eedin§ appa;at;;} vhose action is

govérngd‘by means Qf tvo distinct typés of trichocysts. A

L.
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description of this structure along with p;gin;g!'s.feeding

behavio¥.is covered by Wessenmberg and Antipa (1968, 1970).

Didinium does:not abtiiely pnréue pref in the ﬁense of
*chasing' them, nor do they seer to reﬁpgnize the'physical
ﬁresence of the %egg.ggig_. Contact vith a prey isAg resualt
of purely raﬂdop  collision (Jennings;1931; uanveil, 1968;
Hessenbefg and Antipa, 1970). Theré.ié no cheloattraction_of
the piedato: to the-prey; as Wessenberg and Antipa (1970:6“’
staté, nif a‘chg-otaxis is involved, it is more 1likely due

to the same environmental zone". -

In the absence of predators, Paramecium increase in a
“logistic manner kith a s}ight..initial over . shoot . of the

carrying capacity (Gill,_1972§, b; Leslie, 1957; Vandermeer,
1969);,vwhg§ Q;ginig! is supplied with sufficient prey, they
increase fnitial}y~in~an exponential janﬁet, however their
final density is directly dependent upon thé‘density of the
. pre]; | | R

The fuhctional #esponse cQtVev. of Didiniua i§
Uchatacterized hf a negatively icceleratgd rise to a plateah.

This‘ is anﬁeialple of the Hoiliné Type II curve, typical of
- many invgttehrate predaﬁors‘(Bolliné,j1959, 1965;.Baéhevsky.

1959) . rﬁe mathematical ;nilysis oﬁ'thié protozoan system is
’ gre#fly siiplified“since ﬁgewspecific birth'énﬁ déath rates,
and §opuia£ion age'strncture can be neglected. AnAexaiplebof_
‘this can be seen in thelwqu of Leslie (195?).. '

.

. b

1t
y
4

-
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This protozoan system has a number of other cpnvenient
propetties that make it easy to deal with, both logistically

and conceptually;

a

(" this system requires little space, an entire
dynanical event can oécur in a drop of‘water..
(2) lény replications of a given experiment can be
»obtainéd‘inba short period of tilé; both as a
resdlt of the organisas short generation tiqe and
the simplicity of the expgfiiédtal‘systeq.
(3) the reproductive_fate in teras of the number
of progeny per gemeration of both species is
exactly two. |
(8) undertggoperly laintained'conditiéns there are
no sexual or larval stages to deal with.
(5) anisals in the process “of -reprodugtion or
digestion'are obvions:
(6).‘>protozoans_ are gquite tolerant' to. oxygeﬁ
depletion and varying amounts of rletaholites:
therefqre the dynanics of the interaction are not
overly influgaced by these factors. if some care is
taken to remew the experilental'ledidl (ubland(and
Gojdines, 1967) - " N
4(f) there is né interference competition within
- the popﬁlations of thé'speciesiused in this study.
(8) vfhe density of the ptey species in a given

environment is a linear' function of the food
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concentration (Canale et al., 1973; Hall, 1967).

(9) the biology of the animals is extremely vell

knovn and this has resulted in the development of

réliable and standardized culture techingues

(Chen, 1967; Corliss, 1961; Curtiss,” 1968; Calkins
: )

and Sumaers, 1964; Hall, 1967; Kudo, 1966; Jones,

1974; Sonneborn, 1950;'W1chterian, 1953).
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The Peeding Biology of Didinium

Dipinius npasutum vas first described by O.F. Maller
(1786) (in manwell, 1968)'and it feeding behavior has since
been described by Stein (1859), Balbiani (1873), Thom (1905)
and Hast (1909) to name a fev. The most recent studies have
tended towards lorphological _descrlptxons (Panre-rrelent,

1959; ﬂessenberg and intipa. 1968, 1969) .

pidinium is a voracious predator nitn 'a d1stinct
preference for species of thc'genus Paramecium, thongh it‘
will take Colpoda, Colpidium, _Vortigg;lg, g;ggggggg, and d
even flaéellagcs under entrele conditions inast, 1909;
Beens, 1937). 1t ls thought, hovever, that only a diet of
Paramecium is conpletely adequate for its contlnued

reproduction (Manwell, .1968).

Did;n;ng' can consume encrnousAguantities of prey. In

the words of Rast 1 (1909:112), “if they should take a. .

gggglgg;g!, averagrhg one and a half times their ovn size,
every three hours, in twenty-four hours they vould consume a
. mass 6f snbstance having a volame tvelne times as great as
their cvn; I'knon of no other creatnres‘thatfeven apprcach'
these in their feeding capacity" A given Diﬂini!!' and its
snbsgnent descendants can consuse, under 1dea1 conditions,
5’at least 45. paranecia per day. Becaﬁse of thxs ability tc

'efflciently~ ntilize prgy, '1t,1slsignificant that Didininlf
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bas evolved encysting mechanisas allowing then to survive

times of prey shortage;'

‘Didipigm is a unique predator vith a highly developed
leans_of capturing prey. Didiniuym svim rapidly, rotating on
their iongitudi;;T> axis and spiralling slightly_along tﬁe
‘line of motion. In the .Cerophyl median, pigjnigg_ turn’
freqnehtly and, at the vertices of each turn, make ainunber
of short jabbing motions in‘-dll oirections. This hunting
"behavior has been described by uast (1909: 96) " if a“ﬁu;béf
of didinia are studied under a lens, they appear"to"‘be.
ldarting about 1n the vildest confnsion, sharply" ‘turning to
the right and left, up and down, and frequently running into
i one another....._In‘thns rapidly svimming about, they cover
'a large »space.:in_v - short' time and come in contact with
'everything that lay happen to be in this space" . Calkins

(1915 7) Sililiarly describes this behaVior.

" When .a Digjgi_! svims into a P;;g-eciﬂl'io'SGCh a

. manner that 1ts proboscis contacts the §fey, there' is‘ an

:ii--edi;te discharge of its’ trichocysts into the prey (see
' iesSeﬁberg and.Ahtipa, 1968). Two types of trichocysts are
. involyeq:_i?oxicysts. vyich produce a toxin ‘that severely

disahles-the prey; and Perioysts_thet act as 2 trigger for

.the‘ toxiczsts.‘ The entire capture and ingestion process

:takes about a linute, ‘after which tile the. n;gjgjg. tonchesf'.'

its“ proboscis to ‘the snhstrate and slowly rotates for tvo

4",hours.A0f this period, only 20_to 30 minutes are involved ini'
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the digestion of the'prey; the rest of the time is occuppied

- in resynthezing the feeding apparatus (nanvell, 1968) .

gigig;g!»has a rather»nnigue means of digestion. The
gara!ecign suppliesvnot only nntrients‘to the predator, but
also the  enzyme required for its own | digestion,v a
dipeptidase (Dolye and éatterson, 1942) . Possibly this is
uhy‘égdigiul-is an ebliqate predator of 'ngggeciu'. It is.
_alse possible -tnat »piginiu is dependent upon garaggg;»‘
because of the prey's phySical size. The hunting behavior of
_1_13;3; requires 1avish expendltnres of energy. The process -

of resynthe21ng the feeding apparatus is also costly in

teras of energy consunption. As a result .of these drains on_f'

the'predators 1nterna1 resources,-and in addition, dne to -

the 1limitation imposed upon the”feedfng’ratevby the'resting
.phase,“giﬁinig! anst naiiaise its'net-energy input at each
‘-captnre;.rlt aay he that only large prey, 1like garaneczua,
are capable of snpplying the predator vith snfficxent energyi
_,resources. Though iginiu ~does consume other prey species,ﬁ.
“all of the- are consxderably s-aller than Paramecium and are'v'

. taken only. vhen the predators are desperately starved

-, - . FE

physaological state of pigin;g 1s dependent npon.'

' the nntritive condition of " ‘the prey (Beers.: 1928-* Bnrbanck

and Bisen, 1960 Bntzel and Bolten, 1968). pigigig!, feedinger

npon starved prey, are characterized . by decreased fission -

rates, cell ahnornalities and the loss of the ability to-_ t"

A iencyst. 111 of these features vere observed in this stndy.



23

Nethods and Naterials

_ The prey species used 1n this study, gg;g.ggjul gg;gl;g
(syngen U.stock 515, mating type VII), wvas kindly supplied
by G.W.Salt. The predator, Didinjum nasutus was kindly

supplied by J. Addicot. .

The P, aurelia vere grovn inFCerophyi nediul‘following
ethe'nethods of Somneborn (1950) and Wicnterlan»b(1953)t The
\nediun iis}_yery satiefactory ;for 7experi-ental work ehere~
rapid ﬂnnd nniforn-.reproductivew rates of the protozoan
Tpopulations~’are reonired "Ceropnjl acts as a bacterial B
nutrient and snpports the 'tigorons bacteriai popnlationS'
upon vhich the _g;gggg;g_ feed. The Cerophyl used thronghont
~_the.-study came fron the same natch. The suitability of all
nedia for experilental use was tested by leans of the serial'

transfer techingue described by Sonneborn (1950).

uost of the. data obtained fro- the various eiperilents

_were . non- nornally distributed.ﬂ This - was. deterlined by

..vapplying a graphic procedure to the data. the ranked nornalg-

.ifdeviate nethod (Sokal and Rohlf, 1969), uhich exalines the»~;iy

‘ofshape of en ohserved distribntion for departure a fronr
.fnorlality.[ Since the data do -not in general meet the
.ﬂassunptions regnired for the analysis of - varianoe and other*:
‘meparanetric tests, non—paraletric lethods uere used. Since_'
lnost of tne conpariSion of data~ gronps _is betveen "two
clnsses, the uann-vhitney U test vas used to deterline theb

significance of the difference betveen._tnesee'classes. An :

S
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analysis of variance vas applied to the data concerning the
population>oscillutions and perturbations since these were

normally distributed..

Unless othervise noted,}'all experiuents vere run at
27°C in 15am X 60-. petri dishes (standard culture vessels),‘
coutaiuing 6-1 of lediuu. To silplify the description of the
,various .experinental ledin conditiOns, thev ahbrevintion

_'CCu'7 wvill be used to represent the 'preCise Cerephyl
_ concentration of’bthe .iediuuH‘vnere a represents v.the“
i_concentratien..ror exnnple, .CC0.75 reptesents three-quartersr
»istrength Cerophyl. Those systess containing Hethyl Cellulose7
will be represented by e'UC' and’ ‘those not coutaiuing the .
'polyler by 'uuc" “the: nutrient coucentrations used in this
study are hased on and are ptoportionnl to CG1.0, defined at'1
Ta‘ Cerophyl ccncentration of 1 8 gra-s per liter. Thus,(the

HCerophyl concentration of say CCO 5 is 0.9 grams per liter

vhiie that of CC0.375 is 0.68 grnns_per liter and so on.

puring = the ptepanetien .'of ' the -ediuniﬂfsterile
_technigues vere laintained until just before use since, as
VSouueborn (1950 95) states, nat this stage the single strain
tof inoculated bucteria has nearly or quite exhausted the
vrnutriueut and this inhibits- appreciuble growth of 'nost
»;bacteria which can come. in as contu-inants" The pH of;the':;
mediua uns adjusted to 6.7-6. 8 since _this is 'optilhl.hfét.
.Lboth protozoau pgpulations used in this_studj:fkeffinu;.:"

' 1_92__0)‘___., .
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The Didjinjum vere stored in the encysted fpru. Since
these' cysts. are unable {3 vithstand dehydration, they vere
continually stored in a nodified Knop so;ufion_ (Beers,
H937) . | ' |

To asgure _stetile»ﬁopulntidns,'the animals used in an
<9xperiienta1 system vere vashed béqueﬁand five times in
sterile lgdiq-(sait; 1967{- If outéide éonfalination of the
- cultures was thought to ﬁqve _occurred,  the animals vere

. sﬁerilized’ bf. the methods of Hetherington (193aj (also see

Patpa:t,-1928: Traget,.1937 fog}éilpler approaches).

The preparation of the Hethly  Cellulose wmedium was .
acconplished follov1ng Luckinb111 (1973). Care wvas taken to
assureAgye complete dissolution of the HNethyl Cellulose.
| Thié iéqﬁires prolonged (about‘3o.linutés)‘stirring of the
“.bactetized lediul at roonm tenperatnre. ‘This procedure did
not hovevet, ‘appear to’ have any effect on the quality of the

i‘lediul. The growth rates_ of _g;g;ggig_ in - stirred and
:.ﬁnstirted?nué systeas were . compared. and no significant
 1 ,diffé£ence' between the groups vas found (0 22, 0. 25<P<0. 50,

'nl 2#, n2 30).
Saipling”lethods

4 To deterllne “the population densities, the systeus vere
_ salpled non-destrnctively. Before sanpling, each systen vas
iuthorouthy _g;xed, illedlately after mixing, a 0.1 nl sanpie

‘was removed from the culture, the ndqhgiibﬁ animals. in it

-



counted (by a !ild'u3'dissectingblictoscope, 16X), and the
animals returned to the systea. ?or each system, eight such
samples vere  taken and the nusber of individuals per ‘sl
_found from the mean of these results, Eightb samples vere
taken since it was found that this number gave the greatest

accuracy for the time involved.

The errors involved1uith this method are: presénted in
Table 1. The average sampling etro: vas about 3.5 percenj.

The greatest errors in the approxi-ations of popnlation size

occurred at relatively low densities, those of about 50

individuals or ’'less .pef ml. At these densities (easily
approxinated at a glance) all the;individuals in the syétel
vere counted and no sampling wvas perforiedlithis,p;ocgdnre

reduces the mean error in acéuracy_to qboit‘z.s,percent.

»

Reneving the systeas

In the long-tera éxpérilenté (periods of ovgr‘tqo days)
it iS»neccessary't§ prevenf the build-up of ;étabolic' uaste
prodncts and to keep ‘the bacterial deansity in the cultures
at g level condncive for laxilnl prey grouth. Tb achieve
.this, one-half of the ledinl dn each systea vas replaced bf
a sinilar amount of fresh bacterized Cerophyl every twvo
jdays. The 'orgauisns present in the dlscarded-portion vere

retnrned to the systel. Apptoxinately 1 'll' of the total

'Lvolule of theu systes wvas lost every 10 days due to

evaporation. This qnanity vas regularly replaced with =
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sterile wvater. 6

Experimental procedures

The  persistence of the interaction in these microcosas
is a direct result of the concentration of Cerophyl in the
mediunm. Bj leaSuring the jarioﬁs population parameters Qf
the component species at different CC levels, significant
trends in these factors cﬁn be correlated with the‘stabilitf
observed in any ‘ekperiientél sygten. The persistence or
extinction of the systeas ‘can . then ‘Se interpréted in
absolute teras with respect to the biological‘paraleters. An
ihdication_ of ‘vhich‘ biologiéal. chhtaéteristiés. grefposﬁ
important in deternining thé outcome of the interaction can

then be obtained.

The exberilenfs performed during the course of this study
can be grouped into three qigsses; A - _ |
- '(lylgg;ggggig; population parameters v
(B) p;ginijl'pobnigtion pﬁralétets |
(C) Population Dyna.ibé of gﬁe Pagrapecigp-
Didipjue systes

Thesé,expétilentsvuill be'désérihed-below;

A. Paramecium Population Paraleters:

Pission rates - oOptimal
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These experiments were performed to determine the
differences in division rate betveen MC and NMC treataents
and betveen 'the various CC levels vithin a treatment. This
data, in coambination with that obtained fron the gtovfh
curves and carrying capacities can‘be used to quantify the

effects of resource limitation on the prey population.

To find the maximum fission rate of the prey under a
given set of conditions, Parapeciuys at the initial densities
of 1, 3, and 5 individuals/al vere placed in 6al of.-ediui
and left for 24- hours, aftervhich time  the number of
individuals present were counted. The number of divisions
may be calcul&tqd by  » o ﬂ v

(number of divisions) x In(2) ? 1n(fiqa1 total population
density) ‘

anuth_tnrves

Here the ihtrasﬁecific action of the prey on their own
pbpulatioza'gtouth in the absénce.df predators was observéd.:
This, as‘will'be‘seeﬁ later, has.ilportant_ effects on the'
| stibilitx r°§%f the systess. An 1hitig1v’den31t1 of .15

» indivi@ugls/li-vas established in 6 ml of the afppropriate
-g@idi.lyneplacenent :of the medium vas carried out as
| é;ecif;eﬂ. The paﬁniatipns vere sampled every 12 hours, and
the systensyndingainéd»until’a stable plateau in density had

o

' been achieved for at least tvo«dayé.

Similiar experiments vere performed to determine the
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. X
cerrying capacities of various CC systess. Ihe chief

difference betueen these ‘experiments and those of the grovthf
curves wvas the 1nterva1 of salpling. The for-er runs uete
sanpled only‘once a day beginning two days after the. start
of the experinent; The intrinsic rates of increase vere
calcelated fros the slope of the regreseien. line de:i}ed~

from the growth curve data. The equation ugedvat‘theee
o : r . X o

‘calculations is.ln(fﬁ-l)/u) = a - ”(fi)t ‘where ,l is 'thei

population size- K 15 the carrying 6apacity: <8, is the:
y-intercept; t is time; and rl the the inttinsic rate ofﬁ’.

growth.
(B) niginiygibopnlatidn éa:aieters

?issibn Rates - Optimal

' The effects of the prey at various "nutritio'nikl states =

on the division rates of Did 1g;g has been deactibed‘. ;jf‘
.ptevionsly by Beers (1928) along others. This feetute vasfe
festahlished qnentitatively for this stu&y. This peraleter:'
1"qives l e f nulerical A leasute <o£ the effects that thei’
lnutritianal 1nadegnacy of the prey inposes npon the predator.‘

o reprbductive outpnt.

A_ To find the '-axiln-' fissionA'tate of Dig;nig!
individual ptedator vas placed 1n one ll of nedinn satnrated-

vith ,g;,;.ggi_g (approxilately 500 individnals/ll) g:ovn_f'

i
|



under. a given'CC~conditioh. The predators were starved - 8-10

hours beforehand to assure that the d1v1sions that did occur

. were notf\the immediate result of a previons feed}ng. The

number of,predatbrs in the systen after 24 hours was noted.

Predator Functional Responses
' ! N ' ! .
The“feeding rate of the predator and its subsequent

regnlation . b’”&prey denSity and nutritional: state was
. determined. : - ~

‘ : \: "
It is the functional Tresponse of the predator that

‘makes them effective in controlling the prey. It describes

the non-numerical response of the predator to ' increases in

prey dgnsit}. Rosenivéig‘-(1969) and Arastrong (1975) -have

shown hov the shape of the functional response curve
: ' : - C e : , 8 ,
influences the outcome of a mixed system. From this curve, a

number of chdracteristics of the predator, both behavioral

‘$'and physidlogiéﬂl,‘can: be determined (see later). Three

initial denmsjties of" predatoriw vere used; 1, 2, and four
: % I . ' ST

inditiduals)systel. Bach experiment was, run in 0.2531 of

sterile lédinl.' The feeding rate vag calculated followlng'

Brobyn (in Sleigh, 1973) . The number of gggg!gg;gj consnled'

in 28 hours is divided by the averagé«@ulber of Didinigm

present during this perlod, The gggg.gg;g; vere starved

‘before hand in the following mamner; CC1.0~prey vere starved:

18 hours vhile the CC0.5 prey were not fed for 8 hours. It

vas found that no division occurred in the prey population

o
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if Parapecium individuals were kept from food for these

periods of time.

Nulber of Prey Required for pidinjum Pission

rnis was'perforned between treatments at. various CC
levels to ’give ~an indication ‘of the effects that prey
resource: 11n1tation (in the form of starvatlon) has on the
expected» predator gross energy gain obtarned from an attack
on a prey. Assun1ng that a constant energy threshold is
needed by _1_1n;g! for a d1v151on, thrs paraneter also gives
a . dlrect. “measure of the degree of prey nutritional
':inedegdacy at the difrerxng CC levels.
~ Didipium nere'rnitialiy oultured'dn'bc1;0 prey.for tvo
days prior: to theinctnal experimental run. They'uere,then"
"starved 18 hours, after which time an 1nd1vidna1 vas 4p1aced
in 0 1cc of sterxle culture mediun contazning 100 2___.3919;1
t grown at the desxred nutrient condition. The Parameciga had
7been starved sonevhat to prevent their division. Bvery two
ehours the- systels' wvere checked to see if a division had
toccurred If a flssxon had occnrred; the nnnber of prey vin
;_fthe. culture vas connted. If one or hoth of the predators h
:uere in the resting-phase, 1or 2 respectively vas added ‘
zifronb'the. total nnlber of gg;g;ggig_ counted. Thxs vas done '

- to acconnt for the prey consnned by the predator after its

fission. “-f R o
. . ) . S \\\‘ . - \\
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Success of Didipjum at Capturing Prey

The efficiency of Didipium at capturing Paramecium has
direct implications in the dynamics of -both the predator and
the prey. This parameter can also be'considered an indirect

measure of the vitality of the predator.

A cul«gfe of Didinium was grown on the appropriate prey
type .fct twvo days. Before the'éxperilent éach predator vas
stat'ed.fo: 6 hdnrs. After this time, an individual’ didihia 
vas placed in 0.1ml of'cdliure ngdiul vith a prey denSitx_of
at 1e§st‘ 500/ml. ‘Thé.progreés'of the animal vas obsefved,
Success otv faiiﬁ:e~ at the first attempted capture vas
reéotdgd} ' the animal discarded, and a new individu;l placed
into_the sys£gl.'chcesé,vas‘considered as the - capture ‘and

consumption of the prey..

.ﬁxcystpent 0£ DiQi£i2!.f,

- This experiment had'di;ecthilpliéatiOns vith respect to
the eiolﬁtion 'ofinigininl since_it involved the ability of
the predatdp‘td perceive ;he. quantitative and gualitative

availahility 6f"the' prey. Bxdystlentf of Didigig! is a

~fnhction of-thevbacterial éoncenttation of the culture anmd

~ mot of fhe gg;g.gg;g! density)(antzel'and Bdlten,,1968).

T six al of Cerophyl medium, incubated for 36 hours, were

placed - in a ﬁetri‘ d;sh.;i:kndvn nuaber of Didinigm cysts
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vere placed into this vessel and after 18 hours, the bnunbet‘
of ~ non-excysted individuals  wvas counted. Didipjum is
incapable of. encysting directly ‘afterl excfstihg‘ uithoﬁf .
first feeding. Since no food vas present for the'exgysfcd
predators, anylcysts‘re-gining in the culture were those qf

non-exéysted individuals. (Butzel anq Bolten, 1963).

Bstimate of .the Rate of Prey Cdnsulption Réguired‘for

Predator uaintenance

: These,exberinégts, though crude, giveAén indicatibn_ of
the hdleostatic energy costs in 'téris"of pfey\;ioiass i
tequlted by ;gin;n to survive. They can also be consideted ;
as a leasure of the nutritional adeguacy of the prey,~ and,..
vhen combined uith the data frq- the prey/predator division_
experinents._they give a ditect leasnre of the net alonnt of

prey bionass needed to prodnce one p%edator.

o - - N
o One d1d1nia uas placed in 0.1al of lediul and ‘fed a
predeterlined nulber of gargnggig per day. If, at the end

- of the 24 hours, any" of the prey vere still relaining, these”{'
‘were teloved, and the inxtlal ptey density reestablxshed. "
 The“nulber of runs still containing ptedators after 7 days

. was recorded.

_ (C)MPQPulhtioh pynamics .
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-
.Probability of Systen Extinction
" This was performed to delimit those regions of the
'pbese plane uhere the outconme ef'the-interactionS'beceles

strohgly influenced by the_enviteﬁient.

Three.different'ini;ialjdensities of ga;a!gélul, placede
~‘in 6ml of calture ié&idi. palély 1, 3, and 5 iﬁdividudls/ll,
vere tested. ﬁefere tﬁe'test, the prey vere starved assufing
' no éivision'illediately after .the’ initializatioe of the.
experllent. The systels were left nndlsturbed and the number

of snt7111ng systels .after 36 honrs vas obsetved. Bvery 8

hours the 1ncrease 1n the population vas reloved. -

l Sillllat procedu;e vas. carried out for the predators.
Ptey, at a ngen nutrient condition,_ saturated the systea

(3501nd171dua18/ll).'

Long Te:-_SyStels

It vas uith these experinents that the dynalical natnre

"of the p:edator—prey interaction could be deterlined since

'_.here, the tvo species uere alloved to interect vith one'f

,another freely.

~

‘, The inltinl densities of these S’Btels were. unless -

' , noted otheruise, 15 ga;a-ec;n! per nl and 5 pidinium per al.

- rhe popnlations in these' cnltures vere salpled every 12_

‘__hours vand- onefhalfiiofv.the ﬁledinl vas ‘replaced every tvo
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days. The cultures vere alloved . .rnn as 1long as- they
could, or ‘at least until their behavior had been- properlyﬂ
ascertained. It was found important not to.'disturb the
Systeas any more than neccessary. Any non-randon agitation

Al

of the cultures seemed to set aup currents that tended to

accumulate . the animals at the. ceatre oiﬂthe.Cultute»vessel._

vhich snbstantially'increases the chances of a Didinjiom

encountering aiprey.

- Perturbations of the Long-term Systeas

The follouing experiments vere petforned to investigate

_ the'"stability of the.systens and to give better definitien .

-

to the positions of the isoclines.

() Nuserical Displaceient

; once. a systeu vas osc111ating uith a constant .

-anplitnde, it nas shifted to a nev density by the renoval or

';addition of one or both SpeCies. Ptotozoans to be added came

fron a synchronously rnnning cnltnte. Tuo cnltnres initiated

.fat the ‘same tine and handled in the same nanner vere found,f'

i to be synchtonons uith one another. Since the dynanics of

the systen depends 80 heavily npon the nntritive condition N

_of the pigigin!, individnals to be added aust be in the sanej‘

. state as the _predators already present in the systel.

z_ﬂlllg—i!! renain» at. Jal nore or 1ess constant nntritional'

.state throughont a run since theit food resonrces 'are  more



or less constant.

(ii) Temperature Effects on Systes Behavior

»

¥hen the systems vere exhibiting steble.oscillations.
theydvere pleced'in a drying ecen_ set at. 66°C‘ for. 20
minutes. After this..'the> systeam was returned to:norleI;‘
conditions' and - allowed to run. Q;g;gi_! can iithsiand.

'naxilinn temperatures of about 52°C (Dlngfelder, 1962).

ggglgg;y! are not as heat tolerant (Poljansky, 1963). The

systems _vere not salpled and only thelr persistence or tile
,te_extinction vas noted. The"'shock" occurred durlng ‘the
ICycle juét before the Pgrglgglnl reached thelr la!llﬂl»
~ density. This allovs both the ptedator and the prey to be in
‘the- best. relqtiye _cond;tien~ to :esist the te-pe:atnre”
¢h§hge_' - . . R v - S

| (iii)vhrcificel Efeddtien:npen"ﬁijiniui.

" This experi.‘eat» ~ a.!.!.d that 'iiledia‘tely' folloving (iv)
'vece perfotled with the 1ntention of deterlining uhethet orj_'
not vthe> lanipnlation- of the predator 1soc11ne by external
»bfetcgs ies p0581b1e_and, ;fiso,- vhat ue:e the snbseggent”

'ef'fect:s# ‘the-dyn'a;lic.s..fl‘he prey is’oclines vere eeni.pulated_'
.dby ig;iing the cc level 1n the systel. . '

. N

dtiery' 12 houts' 25 petcent of the total niginig!
'dpopnlation vas renoved fron the systen,; crudely silnlatingf.

the action ‘of a predatot ( pid;giun-like). An- atte-pt vas'

A\
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"nade,to be non-selective in the predators removed.
l ' | _ g ed

fiy)-Illiqraticn_of Qigigin!

Every 12 hours’ then_total pigigi__ population in’

systen vas counted and 25 percent of this nnnber was renoved

fron a 'synchronons culture and added. Again an. attelpt uasi

nade to be non—selectiveA 1n- the 1nd1v1dnals chosen. The

RS

lnjor problel encountered here gvaS"that the'éyuchrcncus

culture soon became out 'of phase_ vith the experimental

systen' ciing to the . disruption"og‘ the dynnnics of both
_’ systels. ;
.

(v) Regions of Attraction.

_ These erperiients 'uere preforled to deterline the

: .;gg;ons-;th Stahility ‘and’ instabllity in the phase plane.

Systeas ritn‘"ertrele in1t1§1 densities (other than the
’standard 15 prey / 5( pre tors per ll) were set np and»

alloged{to rfun as usnal.u dnlyb the»:persistence _of~ ;heSef

' systems vas moted. - .- .7

v
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Y S
~Re801ts

‘(A);P:eyipopulatien ?ara!eters
. Carryihg Cabacity’

" In both ‘the uc’ endv the . NNC systens, the carcying _

capacity (k) deereases'as’ a lineat'_function_ of Cerophyl o .

concentration. = The linearity of K. with respect to the .
nutrient concentration in the environlent is not e new or
unexpected‘epbenonenonl_in p:otozoan systeas '(Hall, 1967;

Luckinbill, 1973).

. 3 The Carrying capacities of the prey at given cc levels
| . were significantly lower 1n nc systels than in NNC. cnltn:es'
”(Table 2a,. b(stats), Pigure 1). A silple linear_ regres51on;b
.A vas: perforled on the data and the following fits obtained;
L e K=-76 92¢1 37x, £2=0. 98, n=55

_ !C K=-63 3601 16:. r!=0 97, n=88

"vhere x is the Cerophyl concentration. Assn-ing aOlinear”
response betvyeen bactetxal nutrlent concentrat;ons and
hacteriel densities (Canale et g;, 1973), these results
indicateetlnt iven a vspecific‘ density of bactetia. - NHC
¢syste-s snppe§§; a qreatet 'ﬁobulétion of the prey anilal.n
This ilﬁlles Ehen that Pa gg aciu 2 living under nc condxtionsj
must expend.telatively -ore energy in foraging for thex_

resource than “those vin nuc systens. It is’ unlikely that,

.uethyl Cellulose affects the 1nitial density of bacter;a in_<f



39

a culture, sin\ the brdcednre of adding Methyl Cellulose to

the sysrel does n t seen to affect the bacterialspopulation
‘(see methods). neth‘l‘ ellnloso vas added after tbewlajority
of the bacterial grpwt had occutred, as -easnred by the
B constancy of the pH of the media, therefore Nethyl Cellulose'
i'wonld not “te capable of inhibiting further large increases
in bacterial density. It is unlikely that MNethyl Cellulose

actually causes an. incrgase in the mortality rate of the

‘bacterial population though this cannot be ignored.

~Growth cn_rves of .E;.suss;u

rhese cucves follow the }clnssical logistic form of
.population grovth (Figurés 2a—d); The rate of grorth,in thé
"systen decreasos significantly' vith.. decreasing cc ‘(Table‘
2a,c). A logari-thic regression of these values gives 3 25 +;‘
.1 371n(x),vr2 =0, 96,‘n=55. All systels 1nit1ally overshoot K
“»to’ a slight degree. Hovever, they soon return approximately
ro it, oscillating~nith a ‘small anplitudé .aronnd it. This
vovershoot is 'not unusnal in ga;aggc;g popnlations (Gause,

. 1934; Vanderneer, 1969).

‘Fission Rares'j

B The nﬁnher of diVisions‘ perl day 3ing ‘the " Pargmeciuym
popnlation is shoun in Pignre 3a. Not. surprising, there is a'
good correlation betuoen the divisionsvper day and CC levels

'(Tnhieﬁ3a;h}s£atsy).-The’regressionsito thQSe.ratés_nre:'
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NMC Oparacec;un/day=36 O1xt.18, r==0 98, n=98
L [o lparalec1un/day=28 96x2.2¢, rz 0. 96, n=108 ‘
\\\Bore importantly, at any given CC level, the division rates
are‘alvays lover for #C sfste-s than fo;v the corresponding
RaC systeis. This.is‘attribufed~to\the increased saintenance
costs ‘of the'aninals in ﬁC. less energy'beinq availible for

reproductive purposes.

The rep:oductive rates for the populations determined

.ftOl these experilents do not compare favorably with those
obtained from the grovwth curve rnns,_at‘least for the higher

CC levels. The ram “values obtained._here are considerably

higher than expected. These diffetences for cc1;o. €Cc0.75,

Ccco. 50, 'CC0.375 and CC0.10 tespectively, are 38 percent. 29

petcent, 23 percent, 18 percent, and 6 percent. This can be

attributed to im part to the differlng initial densities of

thé_expgrilents'and the inttaspecific competition vithin the

prey populaﬁiqn in the growth curve runs.

(B) Predator Population Paraseters

‘Thtdnghéut this | section fo;‘ the  purpose of

-~ simplification the presentation of various predator
para-eters v 11 be co-pared to the CC levels. It uusg\Be H
relenbe:ed that ,hese eharacters are actually influenced by
the nutritional state of the prey grown at these CC levels

and” not the levels themselves.
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FPission Rates

As with‘gggggggig;, the fission rate of Didinjum drops
significantly wvith decréasing CC levels and between NMC and
MC™ systems (Table 3a, 3b, 3c(stats), Pigure &4). The -
regressions to these curves are; |

NMC #didinium/day=53.96+46.61n(x), r2=0.99, h=82

'HC‘Qdidiniul/day=39.2*37.21n(x),'r2=1.00, n=110

By comparing the fnnctional form of both fhe Didinigm
and Parapecium fission rates (given MC or ©NAC) it appe&rs
-that the prey can withstand _starvation, in terms of
maintaining a viable reproductive rate, somevhat bette: than
.Didipiym. The réasoﬁ for this may be related to differences
betveen‘ the feeding be&;vioxs of the animals in that the
| prey can usually obtaip.301e food at any given instant, even

at the. lovest CC level, while this is not the case for the~

predator.

Predator Functional Response

Both the results - obtained for the NHC and AC systeams
show the same trend (Bigure-SQ,:b). AsS the CC -levels (prey
nutritional guality) drops from CC1.0 to CCO0.5 the"plﬁteau'
of #he. fegding ‘response dtops by ahoutﬂh@lf; ¥ith the.uut
: systen; this ﬁlatéau drops from abonf 12.2 pfey/preaatOt/day
fo-é.h pref/predator/any. Siiilatly. for MC systems, at
CC1;0, '11;6 prey/&ay‘ are consnled'while at CC0.5 only 5.2

ptey are consumed per day. There is no significant

~
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difference betveen the final plateaus at NMC1.0 and BC1.0 (U
= 73, P>0.25, nt.= 14, n2 = 16). There is a significant
difference between NNCO.5 NC1.Q (U = 262.1, 'P<0 001, nl1 =
16, n2 = 20). The HC systems exhibit a ' "drawn out' respénse
cuive.v thbugh the general shape still conforms to a type 11
functional response‘ this is attributed to the decteased
-searchinq rates of the predators in these systess and will
be discussed later. The AC curves are also shifted to the
right on the . Xx axis. ilp1ying the predators ate'unable to

support themselves on lower densities of prey.

The functional teSponse cqrvos can also be used to give
an indication of, among other things, the predatory success
rate and the time takenm in handling the prey (including .
consumption, digestion, amd resynthesis of the feeding
aﬁparatns). When the predators are feeding at their maximum
- rate, they should-consn-e about 12 prey éer day, assuming a
2 hour.resting phasae. Tiis vﬁs confirmed by the position of
the plateauns in the observed functidnai‘ response for both
laCI;O and #HC1.0 sysﬁélszb The nmaxiaium feeding rates
déferqined for these systems iere 12.2 and 11.6 prey per
day. o ‘ |

. The Cco.sl'functional responses for both tréatiengs
| .glevel otf at a.rate siénifiCantly less than the‘ maximiom
expebted.-‘ﬁhy iigﬁt ‘this be? FPor ome thing, the capture
SUCCess of nigin;g; sust now 'bé cousidgredA since the'

predators ;te not_7assured a capture at each prey contact.

-



From the capture success data, it is possible to predict at

vhat rate the plateaukin'these respodéeS"shonld OCCdr.nycr

"nnco.s, this maxiaium rate is pred;Cted.to be 9;6' prej-‘per-.
‘day vhile for NC0.5 this rate ielafz-prey éer‘day,.These,are'.

still comsiderably higher than theAbbServed rates. There.ere'(

at least three possible reasons for this deyietiqn;

(1) the .resting phese for predators grcin~dpon”“

prey raiced under CC0.5 conditions is longer than

tvo hours.

(2) the success rate is lover in these cultnres‘pg
- to produce these resnlts it vould need to be ahout‘._;

52 percent in the unc systels and approxinately qufvdf;*

percent the uc systens.

0
-

;Qy (3) the predators take a longer tile to find Jprey

43

oy

after coming out of the restlng phase-»in effectrf‘

they vould be satiated for a period-'this hoveverf.” o

does not seem likely considering the- CC1 0 ddta.

There is 'also’ additional inforiation that ceh. be;i’~-'"

gleaned froa these curves: the average searching tile of thej*"

predator at a 91'9“ prey density. The fnnctionel resPonsefg.yd
curve describes the feeding rate of the predator in telation/“
to various prey densities (or ratios), Assnle that the’

predator's resting phase takes two hours, ‘this 18’ not -

unrealistic for"CCI 0. BY nnltiplying 'this value by the

npusber of prey taken per day at any given prey density, ‘one

can obtain the total time spent by a Djidiniua in the resting

phase. Any time remaining is spent 1n:seerch1ngdfor'the
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prey. By dividing the searching tine by the number of prey

.COHSUIQG, . an estinate .of the average searching tine per

predator ‘is obtained. In the follovinJ'discnssion only vthe
CCt1.0 systels will be considered,

Based on'® a ‘cdnsiderdtion of the velocities of the
.predator‘and the prey, 'the .rate. of contact ’betveen the

coaponents should be about 30 tines qreater in nuc Ssysteas.

than in AC systels.hrhis_is detenlined froam. the following

relation (Salt,: 1967; Stanely', 1932) 5

C = (v{(y)(B 1“16)((01 +02) /£2) 2) /G uhere
Cc = tneinnlber of contacts /tlle

v = the lean.predatOt speed

o1 'eng 02. = the mean dianetets of the prey. and
‘ptedator respectively

G = the volume of the system

© If ve comnsider the actual fnggtionii response‘data,:4ueA

find' that the —actnﬁi séqgching tile in'the systens"cen be

v’

given by pover series. Specifically.
| ]. (o8 searching tile = 10. 7X-° ‘7, r2 = 0. 95

. NC searching tf&e = a2.11-°.°, = 0.99

By taking the integral of these regressions one can
obtain“the total searching tile of the predator over the.:
designated prey densities. BY conparing these tines, ve find

that the tile spent seerching for a ptey in BC . systens is

‘only six. tines greater than in the NAC. systens. Also as the,

wd

tegteSSions snggest. ‘the difference in 'searching tiles

~
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betveen the tvo 'sjstels decrease"as~ the preyb>density
1ncreases. For instance, at a prey/predator ratio of 1, the
predators in the NNC sYStels ‘kﬁabout 28 hours to capture
.one Paramecium ; for NC predatg{b, a tile of 118 hours nmust
elapse. At a ratio of 20:1, the NNC predators take about 0.4

\

hours vhile the NMC predators use approxinately 2. 2 hours.

It . is i-portant te note here that these differences in
- seerchin§ tiles, particularily'at tﬁe lou CC~ levels are
vital. in influencxng the outcome of the interactlon. Since
y_g;g;g! barely last ua hours u;thout food, at low CC levels

and prey_densities, the-predators are severely affected.

‘Prej~Reqqired_for-0ne Qig;g;ggrnivision

This paraeetcr_ is significantly affected by the
Apresence of uc in the syste-. The. nunber of prey reguired by
Qigingn! to. divlde is 51gnif1cantly greater 1n uc culture
than in uuc cnltures at all cC levels“(l’lgure 6, Te_ble Sa, '

" b(stats)).

ilthin a' nﬁc ~or NC systei.”there is no significant
"difference betveen cC1. 0 and CCO. 75. Belou these levels, . a
’significant dxtference develops.vks cc drops, the nunber of

prey reqnired for a fission' of the predator drasticallyi

increases. This has also been shovn previously;. as many as 8:»7j_

;to 12 ;ggggggigg lay be reqe!!ed by Dldigig to reproduce,f

if the prey are sufflciently starvod (see Bntzel and Bolten,

© 1968; calkins, 1918). -
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Prey'Captufé’SnCcess'.'

Theretis no sicnificant difference'betneen‘uc and NAC
systeas at a given cc level, vith respect to this paraleter.
There is, howvever, - a significant difference, within a
treatment, between the CC 1evels (Table U4a, ub(Stats)).'
p;gin;g! becomes increasingly inefficient at. captnring and
holding prey as the nutritive state: of the prey decreases
(equivalent to decreaszng CC). The_ prey used at each CC
level tested vere growvn at that particnlar concentration.>
The suecess of CCO. 375 pigin;g! against CC1 0 prey vas. only'.

c
about 24 percent (n=50).‘

The'nunber of'prey that manage to escape the predator

»after an attack to die a: short tile later as a result of the""

venomous 'effects of the n;g;g;g_ toxicysts also increases

significantly as the CC level reach their ainimam valnes. At

" CC1.0, virtnally all of the gggg;gg;gg that escape ‘the graspv‘ .

of the predators (abont 1 percent) eventnally die vithin a ﬁ_

fev linntes (n=56). At cCO- 375, ‘about 50 percent of the preyf
_escape, and of these only 25 percent actnally die (n=88)..'
*SOIe of the snrvivors in the latter gronp do exhibit‘i

Asnbsegnent : abnornal strnctnal norphology and disrnpted

- mitosis . (see Janovy, 1963). It appears that this decrease ini o

- the captnre efficiency ‘of" nigig;gg may . he related to its
"dininishing size (Table 1n) vhen fed on increasangly starved'”

prey (also see uast, 1909). rhe captnre snccess of niﬂininn~ ;
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- can be influenced by three factors;

.(i)pbigig;un 013crinination of Preyntypesi

nany protozoan species ingest'alnost any edible food,
‘others hovever, like Qgtipoboligg radians and‘nid.niul are
lnch aore fastidious - (uanuell, i96d). It is not 'knonn how
prctozoans ‘are capable of distlngnshing betveen edible and
inedible‘Substances. 'In these lexperiaents Didiniuym ‘could
' distingush between 'starved and» vell—fed -paraleciag~inen
givenla choice'betveen-tnese tvo types of prey.- vell-fed’-
QIQinikl ‘selected the vell-fed prey a signzflcantly greater
.percentage of the tine. ‘The' ve11 fed nj_jnin! plcked healthy»

prey approxilately 84 percent (n=60) of the time’ (x!=13 07, -

- P<0. 001). starved g;ginigp chose nntritionally adeqnate |

indlvidnals only 57 percei‘ihn=60)' of the tine (xaso IS,], S

vh P>0.5). rhis difference- vas exanined and found to be'

significant (r2=6. 72, n=110, o, 025¢p<0. 050). In addition.
starved 2;§jnig! generally 'consuned the first prey they

contacted- this ‘vas not necessarily the case vith' the L

v }-fed predators.-; Starved. pigin;g_ discharged their '

feeding apparatus at the first prey contact 87 percent of“d"

'tne tile (n=60). iell-fed predators did so only 65 percent;

of the tine (n=60). The difference betveen these tvo ‘valnes.l\'

v

E':.Signifi ant ti the . 5 : percent level (!237 68.""

_-o 025<P<0 05). Qidinign then is able to d;scrininate betneeni b

5dprey species and nntritional types of the sale species., Thef:'

. discriaination exhibited here is’ ralated o thg;predator'ss’



48

nutritional state.

(ii) The Importance of Predator Size

An ilp6rtant. charncternstic-. of nny predator's
fnnct10nal response is its ability to overcome the prey's
inherent nechanlsls for defense. Nast (1909:97) described
the reaction of Pg;;gggig! to pigig;g; attncks as follows, "
If a, didinia chances to svil aga1nst a paranecxnl ....‘the
‘tuo adhere to one another, and one soons finds a tangle of

"fxne filalents all abont the scene“. These fine f11alents.

'-are of course, the trxchocyst Iibers dlscharged by the‘ prey

in »response to the predator's nssanlt. uast (1909) observed
that if the gggg-gciu! is larger than the attacking n;g;nig!d_l
¢ the prey's trichocysts lny halper and throu off ‘the -
'predator. Prey of a size eqnal to ‘or. s-aller than nidjgig!vh
~did not inhxhit the predator's‘ attack. These observations

'uere confirned in the present s‘dy. Snccess of the pj,gm;_

. at captnring a prey 1s positlvely'correlated vith predatorv -

size, a- paraneter itself related to the physiolog1cn1 state‘-“

.dOf the ani-al (see T‘ble 1“)- BY correlatxng the crnde size o

fcategories of predator given in Tnhle', 1ﬂ "uith 'tthé C

rvprobability of snccess given in table na, the correlation:j

:,va.ne is fonnd to be abont 0.95. this high correlation is noi“’

t due in part to the hiqh degree of arhitariness in the ;‘.

‘f_classification of predator size. It does serve to indicntes

”;that a relationshig betveen these tvo paraneters does exist.i;

1,ldditiona1 snpport for this hypothesis cones fron theti/fi



following experiaents. Small  CC1.0 Djdipius taken
"_innediately after fission, had a'Snccess.rate significantly
iess than large CC1l. 0 predators. The larger predators vere
: successful 95 percent of the tine (n—50) vh11e the smaller
pidinjym vere successfal only 70 percent of the time (n#SOy.
This -difference is significant at the 2;5 percent level
(xzs6;35._0.025<9<0.05). The smaller 'CC1-0 predafors yere
rnenselves- more successfui at capturing prey..thanj the
similarly sdzed -po:-§1¥_ 'p;g;gijg_. of = C€C0.375. This
differencev is sfariStically 'sicnificant t.f12=‘2'6;é5,r

0.01<P<0.025). -~

. ;jiri) lutritional.;ngdeguecy,andrthe Toricjsts o

The starvatlon of the predators also seens‘ to affectﬂ_r -

'the relat;ve toxicity of the feedlng apparatns- 1ndicaq§d byv'

"theb greater chance of a Pgrgnggin surV1V1ng after escaping I

ba predator (see resnlts). Thrs, no doubt has an influence on‘

the snccess rate. It vas observed in the CCOJP75 ’systenSi“'.f

"uthat prey vould gnxte frequently escape the seelingly firn7 B

bc'grasp of the 'predator. Snch an’ 'occnrrence uas rarely'
'observed in the cc1.o cnltnres and nay be due in part to the'
greater relative strength of the predator and the increased'

’fpotency of their proboscis toxin. o

"-zxcyst-ent of njgi_ig_ g 7":*7“.5df‘%€ .

o The dependency of encysted yig;g;g_ npon the hacterialdﬁf

g
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concentration. in the envirenlent for the 'induction -of

'~ ‘excystment is fcleariy shovn in Pigure 7 ~ (Table - 6a,

: latter resnlt uonld ‘seenm rather high considering »the. B

”,volune than those of the fnnctional tesponse rnns, the'ﬂ

-

_relain; alive (Table 7). ‘To achieve 80 percent snrv;val '

L 'y
: i 1ni n grovn npon CC1 0 prey need only be fed at the rate

'(C) Pepnlation bynaaiCS'_-viV

6b(stats))' (aiso 'see'Bntzel and Horowitz, 1965). The 1ewer
tne densityf and"reprodnctiVe' viger of  the Eacterial-

popnlarion, the 1less likely nigin;y; v111 excyst This may -
play a distinct role 1n ‘the optilizatxon of Qig;_ig!!s

predatory act1v1ty (see,discnssion),

'Rate of Prey Caprnre:Required“for Haintenance

'These~ experinents, though crude. do giwe an indication

of the rate of prey - consu-ption' teqnired by pigigig_ to

i

“of - 1 Parglecinl/day. Bowever, vhen fed npon CCO 5 prey,. this
"rate of consulption rises to 2 ptey per day. At cco. 375, the

afrate of prey consnled lnst be at least 7 per day. This

'functional response data. This difference is probably a.

result of the nse of difterent 'experilental volnnes"and.'
absolute prey densities betveen the tvo experilents. Since

the latter experilents vere carried ont in ‘a anQ s-aller_

.correspondingly larger valune increases the searching tile
of the predator and thus decreasxng the tate.~o£ prexl

vconsnnption per nnit tile..f

t
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Extinction of Component Species at Low Densities

AThese experilents vere performed to give a ‘quantitative
ihdieetien of how both the variation in the environment and
the general lortality"facfdrs_ inerihsie " to ‘thesenilals
thelselves influence the outco-e of an 1nteraction vhen the
population» densxties'-of the conponentvspecies becone 1ov.

' The probability of extinction declines as the nu-ber of

individhals “in - the _ sfstel 'increaSes (Table 8).' The

'envirennent"appears to have

the interaetion - at dens;ties _of over 3

£l

'1nd1v1duals/ll. Didin

cannot survive on ptey cultnred .on
'CCO.1 or CCO 25 ued;un, thetefOte no results vere obtaxned',~-

o for these systens.

. .

-Long-ters ths_'j ‘ I .
HMC Systems - o
T » K
7iith tespect to . coexistence .‘o:':ché" c01ponent,"

populations.' the results fro- these expeti-ents are rather”

'Ab‘straight fotvatd. leither coexistence nor any ttend touatd

°tstable 'oscillato:y behavior uas obsetved at any CC 1eve11

‘ttle effect on the outcone of.

‘anestxgated (Table 9, rigure 3,. In a11 cases, except .at»_.,

';CCO./ for teasons lentioned earlier, gig;niu conpletelyflf
.ovetexploitated the prey, driving then to extinction,» then_»

"folloued ‘;si-ilar con;se»lthejselves.,WThese;tesulgseare
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basically those found by Gause (1934). The = time to
extinction of - the systens, increases significantly as CC
levels drop. A logarinthic regression to this data gave an

-2 value of 0. 95.\

~ Coexistence vas achieved in such NNC systems by
'Luckxnbill (1973) by using a- relatively large volume of

lediun (350 wml) and very low CC 1evels. Tvo 100m1, CC1.0

»vcnltntes, stored at 10°C persisted in this study for over

tvo nonths, hovever no qnantitative leasnrenents vere taken.

HC SyStensﬁ

Typ1cal results for the long-terl runs vith'uc are
prresented in Pigures 9a and b, 10a and b, 11a and b, 12a and .

b, end 13. Both tine and phase plane plots are ngen. In.
' #

b

additlon Table S sunnarizes ‘the inportant characterlstics of

'the interaction at all cc leVels.A'1

v

Long tera coexistence of the conponent popnlations vas

_‘achieved 1n the systens CCO 5, CCO uzs, and  €C0.375." The'l

’betueen -rnn tatistics are given 1n Tahle 10. There is no o

151gnificant difference betueen runs of a given Cc level.

"g;gigig_ popnlations shov less. variance in nnnhers ‘than 60'

'raethe Pa ;g ggina populations. !hls vas tested by nsing thev

peak density valnes, both high and 1ov, of the conponent
" specaes and perforning an analysis of variance on these
:valnes. One case of prolonged 1nteraction uas observed in ail

.  CCO.6i25 systen. .
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Systess of CC1.0, CC0.875, CC0.75, CC0.6125, C€CO.25,
and cco. i do- not. exhibit lpng-tera persistence of the
interaction°:however the first four concentratxons dia cycle
to some extent, this" behavlor heing cha:acterized by an
_lncteasing alplitude of oscillations. A loganithnis

regressxon to the data y;elded a r2 value of 0.91.

The levels cco. 25 and cCo.1 vere incapable of ptodncinq
prey ‘that coulad adequately nonrish _the predators. nnco 25
prey vere capable of snppottxng a llnited predator grovth.b
‘Hrhis fnrthnr strengthens the. hypothesis of the inportance of
energy loss by predatorsﬁin the . [of ledla. This phenOIenOn of ‘
| prey~.not vbeing- utritionnly adeqdiie to - sustain the
‘predators hasf heen obsetved in othet .nrofozoan syste-sf_
;(Janovy. 1963) and nay account in part. for the san1va1 ofn

e

_ p:ey~popnlations in nature.\

of the coexisting systens. only CCO 5 showed a set offv
"increasing oscillatxons E np" to ‘;n stable nnchnnging f
; trajgctory. nrhe systens CCO 625 and CCO.375. aftet a snall
initial cjcle;" axhibited -dnlped oscillations. They
i~evéntnolly; houever, laintained a stabie cycle. The cco 425
.systen vas chnracterized by both a lnrger lean alplitnde of'
the final stable cycle and a shorter period of tine regnited.
; ton obtain these stnble oscillations than the. CCO. 375
:systens. This uns doternined by nse of an -analysis of,.
varxance. the fonr critical points in the phase plane where

the trajectory of the systens becone pnrallel to the x or y
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axisv vere tested._ These values betveen the different CC
systems were compared with respect to one another. For
example the P value between prey peaks of CC0.5 and €C0.375
vas 6.78 (v1=72, v2=92, é<n:oo1);.netueen CC0.5 and C€C0.425
the P value vas 3.22 (v1=72, v2=62, 0.001<P<0.00S] and for
CC0.425 and C€C0.375 the value was 2.09 (vi=62, v2=97,
’0.905<p<0.01);.siniliar results wvere ohtained by’testing the

other three critical values. e

v

The derivation of- the actual zero 3

S0

predatqr and prey populations frol the expe:? Tl’f iﬁa'caalf‘$\

-~

:be accosplished ﬁolloving the exarple of Goel and&pstrebel
(1972). The isoclines derived for the varions systens are
présented ia Pigure 16 and a brief summary of the important .
'-aspects of Eﬂe predator isoclines is given 'in Tahle 11. The
limits of the ohserved points are given in Pignre 17. Here
90 percent. of the observed points observed_dnring various
.long~tern vor.} pertnrhation ~ rnns ‘are delinited. 'The

"description of this data uill be left to the discussion.

,f?gpg”“data‘ used “to consttﬁ%t these isoclines must

;conforn, as nentioned earlier. to three conditions. The
| _actnal data obtained froa this study leet these reguirelents
': vith one exception. The trajectory of the 1nitia1 cycle in.

- most. of the systens violntes condition tvo by crossing upon

itself. Such- crossings do: ocassionally occur “in later.' ;

:cycles. Houever. these crossings can " be 'interpreted a.

result of slight stochasticity in the environlent. This is
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within the bounds delimited by the condition. It ig possible
that the crbssing of the"trajectories.-durihg the initial
cycle could be due only to environmental variation. Since
the size of the populations durihg the initial cycle is’
small, any constant loftality induced by the envinonlent

reSuits in proportionately greater numerical changes.

This !iﬁitialization' phénonénon, however, has been
noted before by Huffaker ot al. (#63) and can also be seen
in the results of Luckinbill (1973, 1974) and Utida (1957).
‘It is unlikely that such a common occurgence is due entirely
to the external nilieu, Indeed, this cpaéacteristic of newvly
initiated AWystens has been ’ittributed’to undsuallj large
a-onnts of food (with respect to the prey) and other factors
. that are not sigmificant in later oscillations (anfaker et

al., 1963).

~ In this study, the initializatiou period appears to be
dne in patt to the lack of a hactetial ‘*lawn' covering the
exposed surtgces of the culture vessel at'the;beginning of
the run (as time proceeds, th§ eit}regiéése1 bécOleshéqvetéd
by a'layeﬁ of‘bactefia);zif coexistingA (or'-nohocoéxisting;
B ones if ‘taken early emough) were retntned to their initial
, denslties, no inltialization beha110r in the next cycle vas
observed. It vas also found that if a coexisting systea vas
placed in a sterile cultnte vessel,; the initial cycle in
‘this nes dish vas abnorlal vith respect to the cycles that

had preceeded it.
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buring the course of this study, it wvas noted that the
volume of the experimental systea had important effects on
the outcome of the jinteraction. 'If the nolnne of a
coexisfinq CC0.5 systenvwas decreased by two-thirds, vith a
similar decrease of the existing population donsity the
syéten did not coeaist.'?hree replications nere.catried out;
the gg;gjggjylr vere over exploited in all cases_and driven
to extinction. A controi.sySten, vhere the iolnne, of Athe
culture :énained at 6ml, but whose population vas decreased
by tvo—thiros, persiéted;nornally‘after-regaining“the stable
'c!cle- Sjstens. that"iere inifiated at 2-* volnne”falso-
‘axhibited overexploitation of the prey by n!_;g;g_. This is
rather inportant since it implies that the‘:outcgne of a'

dynanic interaction is telated,to-the<y01nne of tno‘systen;

Pertntbations

(1) innerical Displacenenn‘:

g ~To refine the definition ‘of the predator and prey'
'isoclines, systeans vera displ&ped to. neu positions in the‘
phase plane after they had attained stahle oscillations. 111
but a fev of these systens ratnrned to the egnilibrinni;
confign:ation. By applying an analysis of variance »to the
critical points it vas fonnd that for both cco.s and Cco 375

the "revattained“ cycle was not significantly diftetent from

the vstabln configntation ( tor cco 5, 1-0.87,.@@ 3, vzsuo,u ‘

AR

P>0.75;. for cco. 375. P= o 61, ‘wi=56, v2=60, P>0.75) (see
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. Pigure 1dn, b). }It_ vas noted in both caseé'thnt systenc
perturbed to the inside of the stable confignnntion achieved
the ctable cycle vithin one oscillation vhile thoce
perturbed to the outside took at least two oscillntionq to
achieve the standard cycie (the F value for the first
.pcrtu:bed‘kcycle for CCO.5 4is 2.2, vi=43, v2=36, P<0.01; fq:
- the CC0.375 éysgens,-r-1.e,'v1=50, v2240, 0.01<P<0.025).

-

. Tnc résults of thesc pecturbctions ' vere especially
interesting aronnd the equilibrioa point. Both the CCO. 5 and 3
v:CCO 375 systels, vhen retu:ned to their egnilibriul points,-'
did not rauain there but invatiably .spirglled ont to the
'eqnilibriun cqnfigutation. The actual equilibriun point fot-
‘ajgiven systel vas found by npproxinating the 1soc11ne by
least squares nunetical nethod nnd solving the tesnlting
_equations for their intersection point. nunber of systens
vere started in the reqion axound this point since the
predicted point vns lost 1ike1y not the actnal one.‘ . |

. (ii) Tenparntnre Shock e_' '

nu-her of CCO 5 and CCO 375 systels vere subjected to .
a sharp telpe:&tnre~change dnring the conrse of a run. rhis
vas ‘done to deterline- if the resnlts obtnined by the

l

_physical displacelent of the s;stel de8ctibed above,v vete

the sana as those darived less n:tificall;. The 'shocked'

'c systens shov a atqnificantly qteater chance of extinction c- ,
than do the control systens (rablo 12;. b, c(stats)).,fhe .T‘E

~ €CO.5 systnns nre attected by the - sbock to a__nnch lqsser
e IR
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:“extent than the CC0.375 cultures. Though in both CCO0.5 and
Ccco. 375F cultures the . shock .'Severely ’ displaces ghe
populations avay from the equilibrium configuration, the
displncehent of the CCO.S?S.systens is of a auch \greatefwi;

relative magnitude (tablev12b).

(1i1) Predation;on and'Inligration_of Qidiniul' R

*..
These -anipulatlons vere perforned only on CCO0.5
->bsystens. 'hen Didinium vere reaoved at a rate of 25 operi:ent

frol the systel, oscillntions reminiscent of a CcCoO. QZS or a

_CCO 305 syste- ' were obtained .(Tahle ‘13) . ‘Indegq,_ these

reSur!s' do appear to be' internediaté betveen these two

- cultutes in some reSpects. These. cycles are different from

4CC0 825 (0 025<p<Q,050) and are significantly dlfferent froa

','the CCO 375 runs (0 01<P<0.025) (rigure 14¢c). .

ihen pigig; a- veté‘.udded to the Acultures at a 25

' percent tate,'extxnction ‘of the prey guickly occurqu. ¥o -
. ”.
true cycling behayior_uas,observed. o

,1iu)‘zbne_o£ Sfubility

rhe sizes of the zZones . of’stahility in ‘the ?hase planes

gz%%&%?#!!te toughly deternined. The
kg

. axea of instubility w'ﬁ&-ﬁﬁrg& in, cco.s ‘than in €c0.375

,'»nf CCOJ-S and cco 1N

f.(rigure 15&. b). this is a t nlt 9? the gteatet efficiency'
'v:of the predato:s in the fqgﬂgt "systéns. This data . also .

coqpnres fnvorahly to. that obtailqﬁ tron the nunerical:”'

J"l

__ 1%1? o I
'/ g R - - :“,‘- ‘ L -
'ﬁ, : : f v

. ) 3 . ) o
A ; ak a R -2 . " RN
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-either stable coegi

displacement experilents. Syste-s vhich vere displaced to

. .positions ontside‘ the stability boundary did not persist,

vhile those started vithin-this region eventually returned_

to the stability coﬁfiﬁiiation. These experiments vere used

to give an- 1ndicatién of the gzope around the boundary
“y
region, represented by the dasbed lines in tbe fignre.

ﬂ.‘.-

within these zonc?'tbj on Hg(of the interactiqd cottd be“

nge npecies extinctign ‘hesq‘toneh

are a result of éh( nental stocbas&*ﬂity and qi%litative

Lo~
differences in. the ini&itl.star;ing popnltggbhﬁ“
Ml oy oA N
. o, : s . . e PRI,
. B . " 1 et 4 I " A
, . T IR RN
‘ AR A !
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Discussion

Characteristics of Qiginjg; as a Predator

When considering protozoan mdator prey systeas, ‘
is- led to vonder vhy the interactions betveen Didiniym and’
g‘gg;ggjng (Gause, 1938), 1j§y§h_ and gg_glggig_ (Ualy,p
‘1969) , 23;;§pi;a and 3nglgna (Devey and Kidder, 19“0), or‘i‘
Leycophrys and Glayco g (Brovn, 19“0) . are seelinglyr
,self-destrnctive, and vhy the interaction between jggg;g:;;;
lb-and gg;glggjg! (Salt, 1967) or 3&;;;31__13 and bacteriaﬁ
(Canale et _;., 1973) persist for extended periods of tine
in ',experilental,‘ spatially non--heterogeneoné'h licrocosns?

.Indeed, considering only the results of this stndy, why does’

‘the Q;ﬂjn;nj Eg;g.g_ig; interaction coexist inm sone BC

cnltnres and not inm others, and how do these conpare the nnc
systens where' persistance of the interaction 'to even a i
_fslight degree vas. never observed? These qpestions can be'

‘“ansuered by considering the characteristics of the predator"

.and the prey, and the strnctnre on the experinental systen.

-
e

rhe outcoae o: the predator-prey interactionn.in_ nC?L -

"ssyste-s depends npon the relative contribution of four basic:‘

paraeeters to the dyn*nics -of the intéraction at theuvi

different cc 3evels. These fonr popnlation para-eters ate'v -

(1 intraSpecific colpetition 'uithin ‘the prey o

popn}ation | 1‘i~ N 7i. ' }; L e
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(2) the success of predators at captnring prey ‘
(3) ‘the hunting rate of the ‘predators

(8) the fission rate. of the" predator at different.'

3

v i S prey. densities'p”' .
ﬁEF Coexistence of the :predatorj'hnd' prey, assuaing the .
3 predators searching rate is cohstedt, is achievead bj~strong-

intraspecific.éenpetitien_uithin the‘preyppopulation-eﬁd low

~‘preddtﬁibeﬁ§ieiency. non-coexistence is a 'futhicnp of 1low

_ lation and hiqh predator efficiency. :
S ";’f L

Q1) Preyﬁédptnre

RS A

v R
. "

{‘rhe, captnre success of m__;gg depends upon three ,_' -
factors- its ability to discrilinate betveen prey t’peS°-itsA

L physxcal si:e._and the potency of its toxic:sts. The effect

" on the sdccess »rate by the latter two f'ctors is obvions.
’d;he first becoues inportant only in the long—terls rnqs._ Itj
ilplies that 'vh,n the predator 13 vell-fed it uill not'

o consule ‘as Ilﬂ){ﬁ‘t uuit tile as it would vhen‘starved. rhisipp

has an intluence on the shape of. the pre&ator isocline' and

"vill be discnssed 1ater.,

'cdnsider theA ease~vhere both afvell-fed and‘e sterred

"'nigjnjgl bave set uith an nnsnccnssful attenpt to captnre a,fp‘v

prey. since both predators~ have 'fired' tlp feeding

apparatus, this structute lnst nov be resynthesized uith no 1_

‘~renergy return for the effort. To a well-fed predator. snch

;failnre is not a serions sitnation. It has snfficient enetgy-ﬁ



reserves to support the regrovth of the proboscis and allovi

continned hnnting after the resting phase.

Y failure,.uhen vieved frol the‘position of e sterved B
'predator, houever. is considerahly nore serious. l starvedi
giginigg can ill-afford to vaste energy in rebnilding there*«ﬂ~

->expended feeding. apparatus if there has been no net gain for.,
this expenditnre. If 1ts energies are depleted to. snch an
!;:extent that the' proboscis can only 'be partially
reconstrncted,,‘or if there is no energy left. for searching;v." e
.. tlier preclator vill aie. f,_r?n ‘the' cco 375 experinents, nany- |
predatorsﬁ%iure Seen, after being repelsed by a prey, to’ go

¥ Ag B
into a rest&hﬁ%bhase from uhich they did not recover. uany o

f;ﬁéyrp seen'to Qﬁ geakly svinning ahout.'

ﬂﬁhﬁhﬁhv”ﬂ.ﬂﬁns‘ _ _ O
. The consegnences. ;therefore}_ of failnre to a starved
‘.predator are considerahly different thany}hose to a uell-fed'x'
':"predator.‘xt is inportait to renenher vhen considering the
dynanics of Gthe different systens,_ that failnres are a
_,general rnie. rather than the exception, in the' louer ‘CC f
‘ .”cnltures. ror instance. uhen confronting a starved predator,
:] _ixglggj!. havei ahont an even ehance.of surviving. houever N
"r'aQainstVQEalthy predators, they HQVe for ali pnrposes,'pnoplg-p
'“chance.qlror the varions cc 1ezifk'betueen the ettrenes of

j(cc1 Q- and cco.315. there is ’7‘§'?tinnons¢~spectrun of‘

”3-£pt when -

) predatory snccess rates.- thlle qpst be. .cc;k;p

_descrihing the: dznaeics at each ;w”__vel, Bveﬁ uit]dn wa «cc frni:

. ve;a"
level, as a resnlt of the periodtrity ot the prey nnnﬁefd%
. o C TR o 'Q;ﬁa? >

» o e



| | ‘ T
| . S R
.and the subsegnent oscillation in the states of gredator
starvation,. the snccess rate uill vary as a function of the'
‘prey density. The measured success rate onlx represents a
.'naxinun value fcr thisiparaleter‘tpt any giien Systen.d |

"g‘y'.‘ .o " ’ ’
o oeo : e

5(!) Sea;ching Rate

p;gigigg »is an active, rapidlr 'fdraging predator.

-:Because of this bevavior, a great deal ot energy vonld’ be

_1reguired by the animal per unit tlne. This is denonstrated'g _

by its relatively short life span uhen starved. nnlike”
,uggxgjgg;gj.,'vhich is capahle of living at least a veek 1n

lsterile nedinn, n;gigig; can snrvive only tuo to three days.'

cOnsider the searching bebavior of gjginjg!. 'Applying e.
the sinple aspects .of gaae theory to “the experinentalf
systen. one can deternine the 3optina1 searching patterns ’
favazlahle to a randonlr hnnting predator noving throngh
'Qvolnne or. along a piane. Gane theory is especially usefnld

" for’ giving ¥ an ['1ndication of the optimal sfrategies .

o 'availiable to- tvo antagonistic species since the tactics*l'”"

.ansed by both nnst he constrncted by analyzing the rules ef 1df

' the gane. ror biological systeas, “the. 'rules have .defined'r o

' fbiotic and abioticv limits :uithin vhtch natural selection'n
acts to _choose the strategiesa ror -randonly hunting
,—predators,f the optinal searching pattern is predicted to be

‘basically one that 1nvolves fregnent changes. "of diréction°

v‘

"guick tnrns vieh 'short periods of: linear noveneqt. rhgs is



e
just thé pattern of response ve find in p;ﬂ;n;gg jggj_g;:i_v_f.;‘
(Salt. 1967). ﬁuud ,rginlg;gg;- Ahil randonly searching '
 m;predators. -These' prototoans 'are at a disadvantage in that -
't they have no aeans of - sensing out: prey.i Their snrvival{t

therefore depends ‘directly on,the searching rates and the
vay hnnting is carried ont- :. V v S
bidini a, in addition to turning frequently,.-spirais'
along its line Aof travel._ Though it vas not deterained
”guantitatively, this spiral hed a radins of ‘abont 2 tiles5l"=;
the diameter’ of the aniial. This pattern aliovs 2111212! tof;;f
L earch out a greater volule alon‘?its line, of travel than53ff
"vonld a non spirdlinq predator (about 7 tihes greater).‘;ffgilf pf
S S lﬂ;“,;a L T T e
"fhe{ svinning behavior of g;;g!ggggg has prcbablyfﬁlw%ﬁ”.
Anost influenced by its resonrces rather‘ than by proto;oangtltk

f predators. ].;;._gjg! sviI linearly' fqu'long periods of

' tine.vThis is. an optilal patteruvvhen feeding npon bacteriaff’aﬁ

u«

.r;-thch may be aore or less evenly distribnted throughont theg'ff7:

mediua (at’ least in & ‘given. ares). Aay. ‘behavior that.f'

”*.involved freguent tnrns vould be. a vaste of energy. Snch

'”:fbehavior vould also be esetnl vhen searchinq O“t "'fvfju

R

Vresonrce concentrations.- . ",' s , ,~;‘ : Y

. : -
- . . .

" POT randoaly no ing predators. the rate of prey captnre*ir
,'15 directly related to seerching velocity. uethyl Cellulose-
»~rednces the velocities of the conponent species t end'
ftherefore has the effect of ‘anreasing the avertge time
_betueen contacts. ankinhill (1973) deternined the swinning s



‘:".T'el°¢1ties of- Diﬁi.iu and _'g_;_u___;u_ iu both- nuc ‘and LI

*ZfSYStens., he averagewrelocity of the predator and the Prelc"ﬂt

.zfin ¥ncC. was 909 and 1923 hicroneters per seCOnd respectively; o

v*f_;n_ HC systens, these rates vere' reduced to 29 end u73ff"“

-fnicroneters per second respectively. This 1arge decrease in{_r

“Aithef‘ dispersal ; rates of the igecies is not ditectlyt'VQV

A ik

fproportional to the. contact rate (see results).;‘_ g

‘ The greater chance of cof!isions‘betUeen the predator.lf,f"

”'and the prey 1n the nnc systens is probahly the nost E

'”inportant reason vhy none ‘of - these cultures persisted for]'

ﬁ_fany perlod of tine. Though the reproductive rate of thentw.

:;,predators Ls also 1npOrtnnt, 1t ubuld not Seen to be playingi“:‘

ws?the najor role in influencing the dynalics. This can be seenAlf

",;-by conparing the rates of predetor increase in llc and aCfT-"”

",systens .uith the correspondinq degree of stnbility ih such

.'-cultnres. rake for qn exnlple the extrene cases af nnco 375;;‘

jendﬂ ‘ 0 5-i‘ though | the nnco 375 systen's predator1;~»

.,?.

‘rﬂ;reproductive rate iS'less than the uCO 50's. the uc systen

le auch lore stahle.-rhis trend 1s consistent throughout the.
_rdeta. rhe \success rate too 18 not - as inportnnt as nzght bera
'iexpected. since the capture snccess betueen tme trentnents

'»’1s not significnntly different.-Considering the seerching,

rtte» houever, changes in this paraneter have a great i

;influence on the’ dynanics of the 1nteraction. Bven at cc1 0,1“f’

the NC systen exhibits 'sone persistence. the interaction-
- lasting about 260 , bours; the. - NAC ° syste-s';;atj the

f'corresponding CC level ram only about 10 hours in the nixed
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condition. - - _—

In BHC spsteas,‘ the searching rate ;deternines ‘the
ontcoae of the 1nteraction, and because of the predoainance
of this paraaeter qver all others. there is alﬁays only one.
outcoae. Thongh other factors are involved: and do aodify the‘
dynaaics to sone extent'(increasinq the tine to extinction),-

they exert little influence on the long-tera persistence. In

‘ the ‘MC systeas, as a resnlt of the great reduction of.the

searching rate, the success rates and other factors to Dbe

o o
,neationed later, becoae extreaely iaportant in deteraing the

outcone ofpvaA;aixed microcosm at_,ai given CC level. The
1nstahility of MCO0.5 systeas vhose volnae has been cnt"hY'

tvo-thirds snpports the hypothesis of the iaportance of the

4 searching rate on the dynalics of the systen. Thongh Hethyl_

Cellnlose inhibits Didigiga dispersal, din this s-anerf

volnae the predators re capable of searching out -all the

t}“fhﬂ ilportance of the searching rate cannot be ;‘
JroRuR

fsoverstated. ls described in the reselts, it? prey/predatorf"
: 'ratio of 1 uc take ahont 118 honrs to find oneZ'
. . ‘kg;!\mn

prey. This is ahout 70 hours 1onger than it takes for .a

'p;g;_;g_ to _starve to death. therefore it is reasonahle to. .

expect at least soae cyclic hehavior in the systea.» ‘the

" HmC systeas under sznilar conditions, the searching tiae for

a Qidinin! is cnt to 28 honrs, therefore eVen at lov prey

densities the predators are capahle of eventnally findinq'
. *Qr .. .
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. some food. In"the"'nuc systels, in all cases the prey
population began to decline and s destroyed before any

-

' decrease in the ptedator popnlation vas noticed. Since NNC

'giginﬁii&éan_find»food-even at the lowest prey dens;ties
before ‘they- statve; tne ceiplete'extinetion of the preyais
the only possible outco-e of the 1nteraction. With the HC
predators, nost d1e of starvation ‘before the prey are:
d.eliILnated and thetefore the potentinl for cyclic hehafio;l

_ betveen the pOpnlatlons is enhanced.
~ (3) Number of Prey Regnired for Predator-:FPission

- Given ad‘snffiéient deétee 5of-'§rej ~steriation,-the |
?tedator is 1ncapah1e of d111sion and lalntenence no latter‘
:hov Vzany ‘bney are eaten ( Butbanck and Bisen, 1960~ BntzelA
and holten, 1968). Prey of this physiologlcal condit1on vere
'noted in the nco.1 and aco 25 systens and in the NHCO 1
4 cnltnres. The inahility of n ginig to co-pensate for the
| nntritive state of the g 'g gg; » - hy ingesting gteatet:e

nnlbers of prey ’suggests that starved prey lay';%se an

: essent;al snbstaﬂ&e. or at least have its concentration drop

'?helov a threshold that is requited for predator grovth. The
edipeptidaae »en:yne 'lentioned eatlier is a likely candidate‘
‘fot this substance.i et - enetgq cons;derations ‘must also
houever he taken 1nto accennt. - o » o Hé
The 1loss ’of tne:annttitive’-nnlue of the prey to the

. predator. as cc"decreaSes; eqn be seen ih T;Eies uafend;7; As



‘

the CC levels drop, more prey are tequired-both to pr_videA

\,

energy for honeo§tatic processes and reproductive fnnctxons.>

¢
The increased nnlbers‘ of prey required are directly

reflected in the fission rates. Because of Didipjum's

resting phase, for each additiona1 prey‘consuned, 2 heurs,is

added to the tjime per division. Proa Table 8a, at MC1.0, one
predator fission should occur abont‘eyery 5 honrs.vﬂowever

at CC0.375 one division vill only occur every 18.8 hours.

(8) Pission rates - o

. It is unfortumate that the ol{come of the interaction

- of . a>piedator and prey in a mixed systel canhot be c01§afed

_:to their flssion rates tecorded ander optxlal ccnditions. 

q

'-The gs&u{h rate of the prey in e Iixed culture is st111

: __dens;ty-dependent° the predators. hovever. no longer exhibit“ »

< ideﬁi gtouth but increase according to e vlodified logisticf

*‘#

equation vhere K becomes a function ot ptey density aﬁuany"

(

'ngen instant. Due to the interplay of intraspecific.

-.conpetition and predatipn on the net ptey increase. and the

PR

1 dependence» of the ptedator lnltiplication‘ on the preye'

density. these grovth tates cannot be represented as. any,‘

hﬁ'sinple function of tine. Bven uithin a givep cc level, the _'“

: acﬁ@on of the ptedptot on the pre]'s grouth rate, varles inu

-« )

;a nannet dependent npon prey density.

T

_(5).Inf1dences of;tﬁe.vte§¥en.tte:ﬁynapics offthe_Systen'

- g
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At bigh CC levels intraspecific effects are of minor

importance in reducing the groith of the prey\popnlation.

The major demsity tegulating factor of‘the prey population

is the pte&&tor. AS the CC level decreases, intraspecific

effects cahnot  be ignoréd.“‘and indeed in very low CC

systeas, it plays the major role.

This changeover in the inporthnce 6f inter and intra

specific ipteractions in the dyha-ics of the gg§g§ec1ug-

' p;gig;g! systei.can be shovn by co-paring the péak’densities

exhibited by both species in the mixed cultures. First

, éonsider the‘prgj’peak dénsities by théléelves. The prey
increase in A_‘dénSity-deéendent l;nner. and there is no
‘reasan to assume they do not f@llquithié prdct;ce in a mixed
 cultdre;'iﬁ'the 1ogistic‘§quatibﬁ-(vﬁiCh will be assuied to

be lodelling the prey grovth), the terl (K-X) /K has been

-  c§l1ed the -unutilized .oppottnnxty of populatxon' growth

(Kreﬁs; 1972).v‘!his tern neasures the extent of resoutce

‘tavailability and indicates the potential for further gronth.
'-Since it is a function of pre} density it can be’ used tou

gits, a Vagne ‘1dea ot thev sttength of the intraspecific .
_g;effects operating in the popnlation. In’ nc1 0 systels. the

;flaxilu- value fot this te:g (ﬁ;o.wthe peak density) is 0 20.

. Likevi.se fox: uco 75. uco.so.. and uco 375 the respective

._valnes ate 0 3’-,0 59, and 0. 62‘, rhe prey are exhibiting"
:greatar int:aspecific effects as the. CC levels drop. The’*

'fteason for this lay ‘be. as tollous.

-~ PO
Py

PV o
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Consider the predator peak densities in tne"iixed
cultures. The ratio of the predetor/prey penk densities ‘
decreases. continuously as CC declines. fron 0.88 at CC1.0 to
0.22 at CC0.375 (see ‘rable 9, Pigure, 18). This indicates the
predators are-beconing less numerous im these systenm yithr
respect‘ to the prey end;nlso_inaebeolntelterns; At cci.o
_there’ere’l.1 prej“for'everyipreQator; et;CCO.375-there are
4.5 prey.per'predator:.lf Ve aesnne thet’the nore‘predetors‘
‘there are in a systen the greater the - deleterious effects on |
.prey popnlation grouth. then, as thercc 1eve1 decreases, the,c
predetors nust he exerting less of an influence on the prey.‘
A better neasure of the decline of predator 1ntluence on the
prey dynanics can be ohtained hy conparing the ratio of preyu

L
et the' ptedator peak These :

lto predator density occnrr
-_valnes for CCi. 0, CGO 75. cco 5, and CCO 375 are 0 ao, 0 82,
.'1 25, and 2. 91 respectivelf In-the lovet CC systeas the
.predators do. not exert nnch of an effect. The intraspecificiv
.rinteractions vithin the prey popnlntion gct to. regulate thef
”lprey grouth. The predetors at the 1ouer CC 1evels cause thei"

oscillatory hehavior observed in these systens bnt they are'

'~no longer an inportant factor in deternininq the persistence;l-'

'er extinctioh of the prey. lt the higher CC levels, the prey_
N populetion ‘never: achieves eﬂdensity to neke intraspecific71

effoﬂ wrtent on the dynuics.

€. ol
~

.(6).Oacilletione.infthe'sjstens_I¢.~
vthe'oecilletigns exhibited by the component populations

.
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*in “the MC systel can be }irectly attributed to the changinq
cherecteristics of the przfetor. As the p;g;glg! densiti 'is
increasinq._ a stage ‘'is - reeched vhere the fission rate of.
ggggjggjnj can no longer sugport the lncreasing attritlon
due' to the predator- the Didiniums consume the gg;gjggin!_f
faster than they can- replenish thelselves end the prey
population begins to decline. If the, predators -veredi
instantenebusly responsive to the prey deéline. they too:“
should begin to decreaseL Thls, hovever, is not the case.vls ’

theA prey becoles scarce, the predetors acg’ still capeble of

population grouth though thelz‘high flssion rete hegins to=;7i'

decline. Eventually the peek predetor density 1s rdﬁbhed.:lfic
the _1slnl9; are healthy. they are capable of.ariving-the]f'
prey to- very lou nulbers and extinction. Starved p;g;gig_ doﬁiﬁ

enot reduce the prey populetion snfficiently to tbreaten i

.!,

: uith extinction (see Teble 16, rigure t#). T :“%ffhig@fvﬂfwtz'

 macrthar ,(1970) has stated that the instability of & i

?systel cam be accentuated by incteasing tiee leqs betﬁeen{tg;“

the conponent populations. Usuellyvif a systel is controlled:ff;f

by feedbeck loops as 13 the preseht systel, tile deleys in‘,f?_;

response to changing peraeetere drive.the systel in such

lanner as to produce oscilletlons of larger’ enplitudé.yj.,ﬁ':g

.-é‘

In. generel, larger alplltude ogglilatlous result 1f thengi':'

ifeedhack loop is. longer then the natural period of the;tf;f

systea (Smith, -1974),' ror ‘ el populetlon : experienclng:f*,w

.exponential. groEth,. the' netnral perlod is given by 1/rn.f g

3 - n J
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| Thongﬁf!igigin. does not inc:e;g¥ in an exponential. nanner.

1/rn can be nsed to 91'8 a crnde estlnate (a nlnllinn value)"
‘_ of the natnral period. rhe actnal valne of Im in the nixed{iA
'lisystéI!~¢§ dlffgcult to obtain. Hovever an estiaation of

fthis paraneter can he'obta;ned froa the- functional response

. 369 . "" [
xvﬁdata, “The nain failnre' uith this nethod is that lit

b

“Wntoiigically‘ assnn%s “tﬂit all ptey densities occur. in the

u{;od systen ag 3§na1 period’ ‘of tiae..ror the Cc1 Q ‘systeas

i "

f” the ct;%?ion pate’ is rfonnd to be about.2. 32 and for CC0.5.
i) o,

abont 1.33. The ,ﬁatnral pé&iod then for these systens~

'_'respectively ¢.i8 ‘f% 3 and 18.1 hogrs. The actnal delays in

J"" .
'~ the syste;ﬁﬁan ggabetetlxned from the: data concerning the‘
B nnnber of prqy rﬁﬁpitedwpet ptedator d;vzsion. For the CC1 OJ

cnltnros, the delay 1s abont 5 nours while for £C0.5 it is
i

.18, 8 honrs. these Tesults ac#, not ' consﬁstent with the above

discussion on the~ stahili&‘.y and size o‘ thg oscillations 1n

»

popnlatlon iSQ.}.

D

?,a systen. This tine"lag Ofn the o i

. 'w ‘ g

' associated vith fhcteasing stabflity any
o -

) nnnetical tequirenents ~for pteysfor one fissxon and since

vith”the increa

E the predatoty popnlation is also exhibiting 1ncrnged_
laintanence? costs,' the reasons for this stabllization is
iobvions and  bhas been ediscnssed- eatliet. . Thongh the:‘
~osc111atory heha'ior of the gg;g_ggigg- p;gin;n systen L
‘ cannot be nnderstood vithout acconnting for the tine-delays'
i,inherent in ‘the popnlations.‘ their 1nportanCe in the-._
di;ectiqn of the dynanics is greatly inflnenced hy the, cce

level at which they are oporating.
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(7) Pactors Jnfinencing.;poexisrence :

£

r

. ’In protozoan systﬁs it is possible to detemne the
: »" <
=i~='f’ ,pbasic oﬁaracteristics reqnired by‘r thea pre&atq to allow

- ‘v\ironn‘en“i.‘

_ @persistence of the. interaction inva 5honogehe ! |
Coex,isti*ng cultures of EMA ap,&!"a apécj 1} have been
obtained by Salt -(1961!5_”and“ aééﬁn _(1980)  has obseried
cultures that ‘vere , tending tovarsssza}existence in a .

mggp_hm glggg_la systel. ‘rhese resnlts can be conparetbg-

'tq—, and incorparated with the observations “Jthq present '
" ‘L

. system. The five main factors vh&ch are i,portant i‘n t.he g

ce. of ‘these systens are as ‘iollous-' “"

_~(1t)."‘:

the predators are inefficient 'at gapturihg N

L
N

v

e Y

Ley _ _ o
.‘.4 fg‘ . .l o & ’ ‘ -
Cm searching r&e of the predator is not 8 -
Py s -1.’5";.5“‘- over‘ly rapid. . if the«predator is adapted to
. o NI : , : . ) ,‘{_‘.

feeding a.n ;;.o_ .& ghrticnlar subset” og then kA

efh'ironn;nt,_ _ uhen o ‘dﬁven " vo "“.'!'.eive this G
oo ;v 3 .
nicrohahitat by starva’.onr. it becones ‘.gven more

| \\\~*¥‘.,_ 'ineffioient. S T ;”--“fﬂvﬂ';-;
| (3) thz fission rates of the predator and the pre‘y
shonld be approxinately egnal. or. at least the o
grovth of the predator is highly dependont on the )
prey density. 'rine lags betveen the reagonse of
the predator density to changos in ptey lnlber

shonid be small "to rednce the anplitnde of tne iF _'.:

: oscillations. e L e
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- m to lai.ntein _ thenselv.'e.s e”(}\ re"\?rodnce _
PRV ‘lb

eftec,t.j.vely. the predators $hdﬂd‘cd’nsnne ﬁnirly .
lerge nnnbers of prey anﬂ the predator pqpnlation_ -

' \shou‘ld hegln - to decline at relatively high prey
densities. , TLoe o . % 0 Ve

h . AR

: (51 the '_.' prey popnleti.on lnst : be 1argely
'A self-lilited to snch ‘an ertent tha; its pnsit;-

) qever increeses sngfi.ciently to ello he predator':‘ar\;
; b Y to exhihit explosive grovth. ) ' ff,’S}’;; RS Qt
" n ’ e . B EE

Y
» .

'4.

There is another cheracteristidléof the redq;tor ‘vhic'h‘
could Ap‘olote tke oontinned exi.stence of ]the\'-
5' ir,

with the prey.. llhen the prey pgpuletion‘;. reaches certhi&

i nt@raction -

threshol‘ levels, the predator“encxp‘s, only to excyst Qen
the prey becones nn\erons eﬁ“o?xgh to snpbort prredator qrovth" -

* Thesé. threshold levels shohld be' wt r higﬁ t as’sure the -
N&‘* % agPure . the

..

’prey's .survival. If - _the p’fedatots excysted at’ lou Yy

thresholds, the pgy popnlafiou lay have heen rednced to
< .
.vsnch -en extent that. !it is sncceptible to et‘tinctign dne to . {

_ environnentel vatietion. vtu T ‘-.}_‘ S
/.4 | . a . o , , o o . f" T

- t8) ' The Significance’ of . ‘Bxcystment and ‘Rii'l_:ystnent -~ inm

. . ' \ P - o N . v('n TP . ' ‘ .

L4

S - Bncystlent of MM i.n' lonq-tern systens odbnrred
< '-,onln'et a significnnt rate ln the uco 6125 (5 percent) \
"">cnltnres end the naco.s‘ (10 percent) and uaco 375 (20"
’-percent) sntens. ncystlent vas not observed ‘in Genée's

—

s e



'1nvolved in this ptocess. ‘It has been found that pjgjn;g],

;_uhen thq food supply is rapid%} decre&sed '(But:el and

M\ 2
(193n)~ and Luckinhifﬁ?s (f 73) studies.ﬂThough the lack of

. enéystnent of nigig;ng in tﬁé experine-tal systqns

o L
sL;g}ifieay tﬁﬂ hnalysis. of ' ‘the interaction, . it is nnt ~
charactdflstié oflthg apisdl. th encystnent fails to occntp

in_ these systeas lay be a result ‘of two pecnlaritiestﬁqi

»

\ )
< .

%
gtovn nnder optimal conditions are: incapable of encysting,

Bolten, 1963). p;gigig! ate also incapable\of encystinq vhen

'eithet stgtved oﬁ feh on starved prox, The lagnitude and _'

AY

g tapidity of the nnnericnl qscillations of %he ptey in the

-the dcggt? of staniat;p
':bb sufﬁicieﬁt to grev«“t hacystlentv .  "~" s

-'highst ccC 1evels ’ ;p"COIbination x%th the resnltingw

>starvat;pm of Ghe predatq; after the gtey dcclines nag ’

account to: ‘the {aék of encystlent. At the lower €C levels,

ey
f'both thp prey andb predatOt« lay #,
»ﬁf

6

& S . . - EE L

L Bxcqsfient lay he duo to ﬁgg;é nqtabolife of the

'.‘bacteria. rhis charactetistic of tho gredator delonstxates':

~ dmp

.capahle

hov thc nnt:itional cohditxon of -'the prey has played an :

c?Q

'”filt role. in ‘the evolntion ot . niggninn 3! "CYSting_i

_‘only to the presgnce of snff;pient ptey resontces, the

pn.dator {s red of .8 pte, ihosqtaptr ;l.ial gn y 18’_ ‘

pet-itting snccessfnl .predato: grovth‘ and
‘Y Ty

*encystnont uhen thg ptoy again becones scatce. If the:

ptedator excysted only ég thc proscnce of the ptex. its

"futnte vonld be latgoly a tuncti . of chgncumz,ihis 13 ;*

;-hocanse the pﬁgdator hls 1.0 neans ot ddtetlining uhethet the _

L'



prey tha% are | availalible are adegnate to serve its needs

(uithin the cyst at any-rate). It can be safely assumed
| that, if the1e prey thensolves indnced excystnent, relatively'
large nnlbers of thea vould be reqnired in the environnent.~
-By. the tiJg these critical nunbers vere teached. tne‘prey
‘would nost prqﬁablg ne nearithehpoint~ of -exhansting their
resources (Since in natural systeas population grouth vogld
be some type of pnlse function)e Tha!Epredators theretore'_

6

:vonld only catch the tail end ot a te much more vigorou;,'f

. a ¥ . . v
| PreYJpopnlation. 3 ' i‘f - . R - o e
ﬂ N . i ) . c. . |

Aﬁ?‘excysting fo the prey ‘fesource concentratfon itself.»

’ tk%’predator is capable qt gpli_

. thns prolonging the tiae £ dw”‘e interaction occnrsr\this*
is done by regulating the degreento uhich thg prey ‘ﬁoxp*lo* *"

Tng the prey's increase..m,

ahe:' environlent. negnlition is aChieteg‘ throngh the _fl

-

-inhihitiﬂt of the natural rate of increase of the_ prey
'popnlation.' Tnongh the prey vould .adt. reachq the nigh

_~;densities characteristic in the .dbseaﬁf of the PrethOr,(:)
; thes§ relatively lover, densfties - would: he maintainéd for

N

longer perigos.A In natnral -3 ktens. large n‘abers ' tf;,'

‘bacteria vould also serve to attract g;;g;gg;g! and thuas *
Y ,

. assure the predators of at Iaast soae prey. )snfticient toL .

snpport a snall popnlation. nntil the prey's\gwovth rat”
) this initial deficiency. It is nnlikel{' “that

Cewt ‘.,) % ~-ﬂ\

on & ,m..‘g. pm;n atbrld* m{m&«my anm T
therefore be ‘a distinct evolntionary advantage for ﬁigin;g;

to excyst to the bacterial concentration in the habitat.



The \experiigntaI‘ daté §gpports the\above di;cussidn.
The pjgigjg!-orly“excyrt‘at‘cpxléigls thatfsuppori v;goronr,»
healthy prey. At the lover CC levels,. vhefe the prey are
’Putritionally 1nadeqnate for. the predatot, the excystleut
irate of D,Lcnm_! is either ver& lov or 1t does not oc&
all. Unfortunatela any- furthur discnssion o this poimt is

{f
li,itqd;slnce in xpe.nore natural NAC systeas insﬁability at
oo GG
all levels tesnlts. Any relationship betveen excystament,

étstability ‘anad uc 1evel 1s pnrely coincidental. " ‘ o
3 SRR

Ih sul-ary then. the dynnlics ot theq; Cc systens area«‘?J
govdrned directly by the 'p:ﬁd&kbty ﬁbarching rate.b T%@f -
Cw dypalics of tq;f ac systels are houever. influelced b;ythe.

' predator captnrq success. fhe&prey and p;eda"t_br_
D‘Qo

and the' prey 1ntr&specif1c eftects. ﬁgt;, _
‘success of the predator in conbinntion vith the inpteased, ji

- Tae
TN A
v

e

nnnerical requirelent of- prey tor lainténance and,division.
f setvbs to séve;gly lilit p;gigig!'s qrouth potential.A

| I ."'

- o » PR e _
_:gqudgllforva Protzzqan §eneralist or Spec;alist

c There is one najor fa -or reguiréd by 'such a lodel° tﬂe\
L predatog grovth sust be i.tectly inflnenced by the rate e
; food intake. l silple eg‘ation for the prédator's nnnericqlh
1ncr;§se-can be forgflateh in. teras.of the searching) rate. féz,
l’the capture snccess, ‘the. |n111ty° oéuzthe tood. and thQ;; -
2
*,nunber of prey specios (Pi) frol vhich to choose. svolption |

f f|a1ntenpnce costs to the prgﬂqtor. lsdita tie predator h&k.

.. FR

e ) . . e ‘," PR -t -



;cts '.so as to hxinize the expected enerqgy. ga’in for-ﬁ;htg time -
| spent in consuling and digesting any given Pi. 'ro attack and.'
consule °,, prey, a certain anount‘ of tile is taken np, tin

'that could he %ent searching fqr other prey. The total

searh tlpqau ti‘le (S' sppnt by the pl&edator qan*be given by
ST=1-£&1H1 vhere Ai i.s the nnlbet of attncks ,pn Piaper nnit

b . R
VRN 4

~tigeghand Wi is the time vasted bandling the prey. The. to&ar
! , N T
nnlbewof attacks on any Pi then 1&% : : i L
vmv,.,*f e ag=keif-Zaini) Bi, 3 ,‘m¢7i‘ K,
el . o F IR ST I
,wh.sre & is - a constant of proport\ion@nty and Bi 1s the e
o :
probability th‘at theﬁ, pmdatb: a&tackf the ,pr:ey uhen 3% L I
. 4 ﬁ..,', »-i ; 2
- contyets it. ‘ 'rhe .t tal' £ uiktacks. océurih ik an
L he . tq @R acks. e gm“j
given petiod is . R gv i X t’l
C e .., IR ‘i: (kigili 2 .kapii.ilgi) - o L _-_&n';_',i, o ‘.a."«
) : : R ‘75‘::" -‘:D« Ly ,4] A ‘:.; L
‘ ‘The grovth rate of the predatoranst he ay uﬂction of
L
the prey intake -inns the energy expenditnres or B K
. ‘ o ._w:'. . i
S dy/dt = ,(zxisici01 -H) S .
s = . ‘ L . . "’W ) a0
Nhere .t T l ook
R R S S . s : T : .
' % si i§’the prbl:%bility of success* against Pi "
e :

6i is the net’ giin forn P | ‘- ':gf
_ C/~\ Qi is. the nntritionql adeqnéfy of the prey and
"~‘ﬁli n is the laintenance costs to the preda

. . 'rhis eguation Can also be giw b’ 5 , -_  - -S‘ | -
N dy/dt = ,((xzpisiciqixi)/(1¢ 11131) 0.
L . . - o . \ ) ':. . .

R ‘Natural: selection can act on bqth u. ,si. cj.. and Qi. to

*

nxinize dy/dt £or a given rdsou:ce. Bnt these factors do

.
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f . L * '
not deci_ Y At policy* h‘t. tﬁq predatbn takes, that is.

either bec i 'a'generali.st or a. specialist. The .paraaeter,

.‘Bi deternin! : 'tl\is. ' S o | Q“

if the pRgdator spends most of its time searching for
prey. the St is glo {o .1'.';i'n A‘eff.ect, Ai=k PiRi vn.i.ch.'

suggests, that selection vill maximize the ‘tera X Pi!iSiGiQi
‘in the growth rate equation. Por a11 prey for vhich siQiGi .
. give a posa.tue value, the. selection acts. to laxilize xig.tqr '

;u.) “
. a11 préy encountered. If spclfic resources for the pM&tor
LI : A :
. are fev  and far betueen, the- predator should be. a-
by . A}

e g.ene'ral.’g,st. |

If sr is slallwthis indicates tlat the prey .ar’"fore

nnlerons " or at least easier to f:lnd than in the alip

: Here, most of the predator's time is spent in handling ',t.he'
Prey.. Selectgn now acts to. aaxiniie & x‘ﬁ;_ { S ';».,Q.'

s,

kPiBiSiGiQi/ZPiBili. : i

c

-'Tli‘.i.s uul be done. b-y optiaizxng Bi only for thoso prey

s ﬂ

- species vhich are the nost abnndant or yield the greatest :

- net energy gain to the predator per captnre.dherefore. a{t*.;.:

40\.

\the predator regnires cq,nsiderab'le periods of tile to Qandle;""'

. the prey. dts best Strategy is to consusedips

pe Wrse

Y. those prey :

that naxiaize the net energy inpnt per captnre. rhe -
consnnption of tﬁe prey reqnires length,y periods and the

’ predator cannot afford “to- vaste time consnaing less than

/7

', adegnate pre y.

v . s .
. . . . N -~



_grn!gg;g_ fnll into tne category described by the'
»first cese.‘ The handling tine for their prey, hacteria, is.

ainimal and in addition. their method of capturing the prey . .

also precludes any degree-of selective preference,  ,

Didipiym can be grouped iato the last case. ‘The

r'_consunption‘of prey requires a great_denl“of time, and the

predator cannot afford .to eat anything tnat coues'its vay. "
Agglgntioned earlier, it is 'obligate on Bg;glggjg! a
»relatively large prey. Consnning snaller prey vonld not gninv
| tthe predator‘%nything in so fat as time goes. Consunption of
'snaller prey night cnt do‘? the digestion time, hovever this}

- Iv, )
process only takeso up abont /8 of the resting phaSe /%he,v

g o
Q? loss in potential energy ipggt for the -gain in searching

‘tile '15 not sufficiﬁht ;of chnnge Qi iniam‘s selective'

. S N
hehnvior. L

Al

.
-‘- E PR 3

o ihethet a protozoan predntor takes up the generalist or
specialist strategy depends npon its method of h&ndling

. prey, and in addition.'the size of the prey itself.

oA

—N



The Isocline Theory- 1 e “”4Jﬁ‘

i'd N »

As shovn in the "'d‘on, the stability of tuo'
Li?end on a conbinatioh of nany

wli Their degree’ of 1nflnence on the dyna-ics nay very

E? th the biotic anE’ abiotmc, conditions <of the
\ﬂ:cause of the nncettainties involved, prediction of”
‘thev stabillty at any givem CC 1level vould be dxfficult"
unless the cortelation of the‘%ntite.sequence of stabilities'
uith_the'hiological pataletets vas already_pre—deterlined. A
 _much silpliet'nethod‘of~detetiining the stabiiity of a given
systea is to apply a gtaphical analysis. The shape.and fdrn
. of the, 1soc11nes end their positions can be qualitatively -

expressed in ﬁrls of the biological charactetistics of}

conponent species. Given any systel. if fﬁe 1soc11
Y
' the‘conpoqents are knouas-one can immediately deterniqdv

-t

stability of the systea in terams of .the species parameters.

(1) Isoclines = =~

= As deQCtibed ‘brief¥y eatlier»<the isooline-lethod of
nosenzneig and uaclrthu: vas based ugoo 3 considnration of
the equilibfinl points,}n the ptedator-prey’phase plane. the
pppulatidn densities 44 or uhich at least one of the species¢J“
‘.involved neither inpreeaes DGF\QGCIOGSQS.‘zhi; techingne vas
‘ developed as a eesnlt of the applicatiou of,‘ditferentiali
eqnations to netural systei& in en ettelpt to predict theit '
: dynalica; rhe predetor—ptey phenonenon can be desstibed in

Sy o . B . -
; ‘ o » ' I



Ptedaton—prey;!ﬂltefaotions are Observed asvchengesninn,'

‘the population- &Qnsity of the component speoies ‘as a -l

l'function of time. Undet special circnnstnnces. these changes
f:n:e, p;niodic or nenrly so. By stndying such interactions in
. the phase plane, ‘time. is redé%ed to an il#licit vatiable an&
‘lnthe oscillations of tne populations can: be coupled together
and analyzod as suga.vﬂ_’ - ' |

- " -
-

To deter-ine the :eto~isocline of the conponent species_
| in a systen. the equations representinq the grouth tates fori
u;egch species are solned at tﬁe equilibrinn points, ‘for

'exangle. in a tvo species systen. the*'equntions df '
4; interaction can be given by kl. B i%a, 't e
o dx/d&;afex.n. e ?
vhich 'states that w‘the grovtn o;‘the popnlation of eithet
" species is a function of -both species. f%e isocline of a
“fgiven species, eay. ;, is'fonndAby solving dx/dt=f(x,y)=0.
| fhis eqnation dete:liles nnder vhich conditions or. densities,
'of X and Y thete will qn a. steady state for\ sp‘ii‘ ﬁ |
{hﬁhiliarly solving dy/dtto . we ohtain, the steady statel
values for sﬂecmg 'rhere are +tvo sp*ific types of
: equilibrinl points inﬁﬁhe phase plane uith vhich ve are the

Ny

nost intere.sted thosq trhgte the isocline’s of thq conponﬁnt' ,

species \cgosst fhe qo—ordinate axeh and those Vhere the
isocigpes inte:sect vith ench other (nassel and uay, 1972)i

s .. . .
S - 4- ,“.

To dete:ninefghe-iSooiines]fog én_e:perilentni; sygten;vf ,

tow
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Y

AT

‘one ‘éonia lerély‘ héld x const&nt anﬂ'alloﬁ Y to reach an
-nnchanging value. This p:ocednre uould bhe. perforlod fnr all A.f
‘valnés of x and. as the- :inal thsnlt, ve vould ohtain a set
R of valﬁes of x uhich are associated vith at least one: ,value

of y Qich neither increaseé no: decteases. By Vary;ng thev_ ‘
.values of y for a ‘given x, ve vonld also tlnd that any vg}ne

 of y greatet thaéthe steady-stato value nould decrease, and f

_any valne<ofz Y “'ess than the steady~state valne wonld

.- increase. - By glA_forning the same procedure. but this ti-e .l
‘holding y §6h i' 't and alloﬂing x to var).,ue -vould obtain
-the isocline g‘:Iuas for xo The actnal executidh of this
| lethod is qgfielely tedious and ptesents\_ considerable

";techincnl dit:ioulties..~ o '.f - o , ; n

'CA The ‘isocl;nes ﬁagn be apptoxinagpd nucb more Silply by
' @the methods of ualy (1969). Bete, one ohserves they initia1
behavior' 6f‘ q_ systel at aay given colposition of x and y,
- realizing that the ‘two orthogonal conponentso of _tﬁq;%
jectory at any iustant can he teprasented by a single o
:}e;nitant vector. BY nsing enough points\in the phase plane.°
the direct.ton field qf tﬁe trajectories can%be deterlined. "a‘
- In the pgesbnt stn&y, this~lethod vas tound nnsatisfactory
dne to its dopendence npon the sanpling tiue. rhe p;esence '¢?.
o; a p:ey isocline was pever indicated in the nuc systens, B
_-'and conld only be crudolg obtained in the. ac systensz .The
'} pggition ot thq‘pted;tor‘isocline vas tann& to he directly
.o g!pendent npan w!,;het the systel was’ sanpled at 6. 8,_f12;"“

- or 28 honrs. ‘o ,‘v  . ‘ivfij "-3‘*41 }
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The simplest means to obtair the isoclinmes -of a systes "

.can be achieved by observing the behavior of the tiajéﬁf%ty

‘over time. “rhis"ahtailsv nerely starting the System at ap .

.initial denaity and conntiug the populations as tine

. either of - the a:es. This Uas the nethod used &n this study.

] * « * . . . . I
“ . : . e . . . .,
.

fl-egv « 19713 Luckiabill, 1973)- & steady state is
ﬁ“d reaclmd whcn the trajectoty ‘taps parallel to :

rhu prqy isoc;inc can ;lso be constructed trdn aw: -

&

N

-consideration of the preda%hr tquational tesponsa (Rx) hnd 
; 19 acconplished b? gluttirq o

H [
> ,the pray gtowth ratg (Gx). ‘B ‘1"::

w5

'ch and the £alily of cutves'ghg‘y(ax) for various values of:j?
. y agat%st x‘ _The p&ey isocline suns thtongh those pointsf, 

uhete Gx and y(Rx) 1ntersacte This

this ’dﬁiﬁi{f hovo'er it fniled
b

'produce

ce e

isocline§ aetived fron bhe dnta..'; ”772$3” -5¢i;,,j 3 ‘;g?‘;;

. u'i The Shape of t‘h:
“’1 P [ 4

4"% 1.,l'

« The grey isoclﬂne detived for all thc ac systens a:e of"

the observéd'f

_od,vas also§ ased in  o

‘=the predictod convex shapo. this 1 not directly apparent 1n7TVQ

s 2

- N R
‘ the 561.0 andfnco.875 siktcls becanse the prey popnlatioq:.,

Zn‘neven achieves a snfticicnt donsity to shov the region to' -

- A

;7.the tight of thq hupp. o S R ﬂlw‘}?, g
) > . f«‘z/~ .," ) . o a

AR . : y

»

v ihen consideting the higher cc levels. ft§§;7$§Ape' of



to than they ate at tho higher Cc levels.

these 130¢11nes"ar§ -ore or 1ens sylletrical. A disfiﬁct

'asyqpegxy develops in tho lover cc systels (nco 6125’ ﬁndu .i
less) charactg;ized by a eolpression of the 1socline to tho .

N- 4
-left of the h and an extension and shallouing of " the '

'slopa of ‘he QSocline to the right of the. hulp. what is the
leaning ot this asrnnetﬁ;? )

.
L]

D) Tho cause of the positiyo slope in the prey 1§oc11ae to

'.“t e lett of the hnnp 1s a :esult ot biological factors. Ap -

;.: the nunber 'of pney 1n the systen apgrOaphes zero, the ‘

_donsity aﬁ the ptedato:s requited to sﬁo# any fnther

’

>

‘L '1ncgease"ﬁ the ﬁrd&,atso appr&aches zeto. i‘ﬁrefota. at 1ov 2

: enongh prer‘dansities the ptey isocline vill hava a positivg
4,q,lope. The 310pe of the prey isocline to the right of the

hulp is negative as & tasult of thetinc§§asing 1n£1uence of -

prey lntraapecific@ gttects on thé dynanics of the prey

9

ngfulation as. x is app:oacheﬁ. As in the above case. fever
ptedators are teguited to: p:efhnt fnther increaaes 1n p:ey

dehsity. nosen:veig (1969) ha} given a. type of nathe-aticar
snpport tor the shapo oL tho prey \1soclina hased on a

consideration of the intetsection ot the ptedatot fnnctional
neépbnse rates And the p:er‘qmouth tatcs.‘ 2.'5. ,li ,”Q;"
‘, rhe 1ncneusing alynnetty of the ptey ipoclines at 1ovet

cc\/ len‘J‘ hp].ies then that ptey ini’taspecific grouth

-1 inhibiting :actors a:t ot a -ncp greatet rtlative 1|pottanco
\"t the highot cc

levels, the delete:ions action of the ptodat‘ts on the Ptey

v
LA

%
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)

reduce . the Parapecium demsity to such an extent that

intraspecific density-dependent factors do not exert such

influence.
[ ]

The functional form of the isoclines can be derived
from the data by either imnspection or by the application of
a numerical method of approximation (Goel and Strebel,
1972). If the systems are reasonably well behaved, thé
isocline method of analysis can be applied to them. By
regression of the critical points obtained from the
experimental systeams, the predator isoclines in all systeas,
within the limits observed, can be represented by a straight
line ”éxhibiting' a deviation frgm the normal towards the
right. A§' the CC 1level decreasés, Qhe extent of the
deviation becomes more pronouned and, in addition, the
isocline itself exhibits a shifting tdvards the right along

' the prey axis (Table :ZZ; What does this rotation and
isocline mean in terms of the

translation of the predat
systenms dynamics and. its biological significance? To
maindain a predator, a discrete number of prey are required
per unit tiame. Belog this'level of prey conSumption, the
predator cannot maintain its homeostatic mechanisss and as a
result soon dies. This was sho;n throughout this study. fn
theory, the slopé of the prédator isocline is given by the
rqciprocal of the nasinimum number of 'prey needed for
maintenance (Strebel 'and Goel, 1972). It is logical to

assume that to survive, each predator requires a certain

nulbet of prey, say zgntyerefote the mininium number of prey
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required to support the predator population-is z times the
predator dens;;y. if the actual number of prey
consumed/predator is - 1e£§ than 2z, the the predator
population declines; if the number of prey con#hledﬁ exceeds
zZ, the pred&tors increase. Therefore the predator isocline
must be given by a line with a slope of 1/z, and in the
ideal c;se, vith .an intercept of zero. The value of 2z
predicted from the slopes of the observed isoclines, is far
less th;n that actually obsgrved.by approximately a factor
of ten in all cases. This difference can be Aexplained' both
in terms of the inability of the predator to utilize the
prey to the fullest and the time-lags inherent in the
process of prey capture and consumption. The theory assames
the. complete and instantaneous transformation of - prey

a

biomass into predator substance.

The tilting of the predator isocline to the right
usually indicates that the fitness of the individual
predators ‘is 'reduced as a result of ﬁd%iai disoperation
occntriné at high prgdator densities. Didinium does not
delonstraté such intraspecific interactions in the usual
sense. In these systéls, the‘\;ilting of the, predator
isocline can be ascribed to three causes. < .

(1) ?hé “discrimination of the predator at éhoosinq

prey. v _ [ “

(2) At high predator densites, the ratio of the prey to

-

the predators is considerably reduced from that . at low



ot
- -
24 -

dgnsiﬁies. The _piéy population;nnder the infludnce of such
relatively large'predatof' densities, is‘ undergoing r;gid
change. Only vhen the prédatorsﬁare relati;ely rare can the
prey achieve a density ihat results in a prey/predator ratio
that favors rapid‘pig}nég;.increase. When.the predators are
approaching iheir peak densities, the piLey are rapidly
.decreasing and have" Seqn for some time. As a result,
Didipius nov find that they must expend relativelf more
energy pét prey capture at high predator deh§ities than at
low ones since the prey are nowv becoming quite sparse and
difficult to find.}hééﬁuééyof this effect, more pie‘ will be
required to surport the predators during ‘the upsvﬁng of‘
their cyclic oscillations on the basis of the .16nger

“

predatof searching time.

N

. (3) It is also pos;ible ihag at higher densities of
gigjﬁ;g!, the chances of two or more predators capturing the
vsane vprey 1is greater relative to low predator densities.
" This would reduce the amoung of -ptey tfunctional biomass’
consumed per capture. It vas aobserved in the systeas of this
study that thié type of 'sharing; of the resource was much
more coamon in the cultures at'high predator densities than
at low ones (aboﬁt 15 percenf at high densities and}for all
purposes 0 percent at loﬁ densities). After capturing a
ptey,- Didipius béCones lﬁfe or less stationary for a minute
o£ tvo, completing the ingestion of the Paraseciynm. Thié, at

high predator dénsities, is ample time for another predator

to ‘capture’ the prey once more. This effect, though it say
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be even slightly more exaggerated in the high CC systeas as
a result of the higher mean predator demnsity, might not be
so noticeable on the dynamics of the interaction. One-half,
or even leés, of a vell-fed prey 1is considerably more

nourishing than a wvhole starved one. v

fhe shifting of the predator isocline to the right on
the prey axis reflects both the decreasing efficiency of the
predator, and the decreasing nutritional gquality of the
prey. Since wmore préy are required for the leré survival of
the predator at the lover CC levels, the predator isocline

must shift to the right.

(1i) BEvolution of the Predator Isocline

© <

Evolution has acted on Didinium so as to push its
| isocline as far to left as is possible. Didinium have not
evolved leqhaniSIs‘for self-stabiiization vhich overcome the
destabilizing effects,cau;ed by the selective forces in
pushing tls étefdator isocline to ‘the left. They have
instead, engineered a means by vhich‘they can destroy the
prey with relative immunity to the éffects of the resulting
collapse of the systesm. Théy are, 6 as discns§éd earlier,
capable of encysting. It is\possible that the evolution of a
self—stabi%i;pﬁion lgchanisi in a predatory species.requires
more elaborate and intricate responses than Djdipjum or any

other protozcan predator could posseés. In the WNC systeas,

the resulting interactions were so unstable that no true
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cycles ﬁeveloped. In one of the WAC1.0 cultutes,‘ the prey
population barely increased by onefhalf before being
destroyed (Pigure 8). '

L

(iii) Nature of the Ooscillations

In the NC systess vhryi;g dggrees of stability in the
sixed aicrocosas vere obtained. When the equilibrius point
is to the right of the hump, the oscillations of the sYS;pl
daap down to a stable configuration. When the intersection
of the isoclines is to the left of the hump, the systeas
exhibit increasing amplitude of oscillations and intersect
the axes. Hherh' the static point is about the hump, stable,
constant asplitudal cycles result. The perturbation rums
support this contention (Pigure 18a, b). If a systea vas
perturbed either to the imnside or the outside of the stable
cdnfiguration, as long as it vas vithin the bounds of the
region of stability, the orginal cyclic behavior was

eventually assumed.

The oscillations observed in the populétions vith time
could be either inherent in the systea itself or due to the
abiotic environment. With respect to the latter possibility

r

it is now pertinent to include the following results.

The possiblity existed that the stable oscillations of
the coexisting systems wvere a resnlt,of'an outside fotcinf

function wvhich vas due to some factor in the environment or

the experimental design itself. This possibility vas tested
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»
in the folloving manner. The periodic behavior in the
cultures may have been as a resuit of at least two amajor

outside influences.
<

The observe&~.b;haviot could have been due to t;e
periodic input cf prey resource into the culture. To test
this, every 12 hours fresh tacteria were introduced into the
system in excess of that regquired by ti; prey. The'syste-
vas still reneved every two days. Pour systeams vere run in
this” manaer and it was found that.tﬂh behavior of these

cultures vere for all parposes identical to those of the

coatrol microcosas (P=1.82, vi=18, v2=62, P>0;25).

The second possible forcing function could have been
due to the effects of the the reneval procedure itself in
reaoving letabolihé buildup. The test here.vas to let the
system run five days before renewal of the wmedia. Fresh
; bacteria vere still 'supplied every two days. Again four
sgstens vere run and again, the bebavior vas characteristic
of the controlg though the prey peak densities vere somevhat
lover than before (Abont 8 percent,'0.025<P<0;CSO). PZi:\\
these results it can be concluded that the cycles exhibited
by the interdcting populations vere due to the inherent
propérties of the systea add pot a result of ““the
experi-ehtal aethod. \

x

(iv) Manipulations of the Predator Isocline

‘ﬂ 1 means of partially éepatating the effects that the:
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'shifting and tilting of the predator isoc}ine. brings upon
the dynamics of the d;stel can be seen in the -anipnlat193
of the predator density experisents. Shifting the predator
isocline to the right by aﬁplyinq'ZS percent ptedatiéﬁ upon
the . injye population noticeably | stabilizes  the
interaction (see Pigure 16) , while the ilt}gtation' of
predators into the culture quickly collapses the systan,
even more rapidly éhan aight be expected. Cyclic behavior

wvas never observed and these runs vere much more reainiscent

‘'of NMC cultures.

‘ The 25 percent pred&tibh_ezperilents appear similar to
the C€C0.425 runs. Usin@'léhalysis of variance there is no
significant diffetenqe betveen the numerical asplitude of
the oscillations of these two systeas (0.1<P<0.25) or
betveen the cycle time (0.5<P<0.90). This brings out an
intetesting‘tpoint. By imposing 25 percent predation on a
CCO0.5 system, the interaction has been effectively changed
to one of another CC level. It might be expected that in the
cco,@zs'syste-s the net predator increase should be about 25
péréent less that ip CC0.50. The fission rates in CC0.425

.g%Sféls vere never determined directly. They can however, be

B

’Elvﬂﬂlons/ﬁay, about 25 percent less than the CC0.50 value

':extrapolaged from the data. The eitrapolated value is 2.88

i (§ﬁ82).?rhis indicites the importance of the division rates
o /

in BC systems in influencing the dynamics of the systea.
' 5‘This iovever is not quite as it looks, since 3.82) is ¢the

optimal’ rate which is rarely exhibited in the aixed

fi
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cultures.
o

Tvo additional runs mentioned briefly earlier vere also
performed. Predation vas applied to the Djdinium in the
following manner; 0 percent vhen the predator density wvas
less than 20/!1, 12.5 percent vhen the  population wvas
betveen 21' and 40 individuals/asl, and ‘25 percent when the
densit§ uaé greater than 40/sl. Despite the large variation
in the points (see Figure 17), there is a tilting of the
predator isocline to the right, with almost no conpensatiég
‘'shift to the righg. The dynamics of this systeam appeared
sililar to the 25 percent straight p;edatton experiments and
the MCO0.425 cultures. This suggests that the angle At which
the predator isocline intersects the prey isoCline plays
little‘ilpottance in the.outCOle of the dynamics (at least
as 1long as the orgin of the predator isdcline is to the
right of the hump). The position of the equilibrium exerts
the wmain controlling influence Bd,:the- dynamics of the

! ¢

systea.

’ v
A
(3) Equilibrium Points in the Stable Systeas

-

Roéenzueig and BacArthur's model predicts quite vell
the dynamics - of the present system, if, ve include the
restriction that the eqnilibtinl point éan be represented by
a stable configuration (see HNay, 197ﬁ¥;‘)8asicqlly ve are
integrating into the graphical lé&éi (though it is already

there implicitly), Kolomogorov's theorea on stability of

-~
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singular points in the phase plane and the inherent

time-lages ip the predator population.

The adjor difference bétweep 1linear and nonlinear
oscillations is that with the latter the amplitude of
oscillation of a negatively damped, statécally stable,
nonlinear oscillitor\ commonly tends to a finite limit. The
limiting periodic oscillations of finite amplitude exhibited
in the stable BC systeas ‘dicate that, as vas also inmplied
by the curve fits to the prey isoélines, higher orde£ teras
in the interiction betwveen the coaponent populations are

involved. These teras are not biologically apparent in the

systea.

The equilibrium points observed in the experimental
syséels vere’ never found to possess any sort of
neighbourhood stability. all systems started at these
supposed pointé spiralled out to the stable cycle
configuration. There are: twvo explanations for this behavior.
The first is that there are no stable equilibrium points'fOr
the systeams and all *'solutions®' are periodic. This  is in
accordance  with ihe conceéts mentioned in the above
paragraphacrhe second e;planation is. thﬁt theré is an
equilibrim point for the system but its domain of ‘attraction
is rather small. The amount of environmental ~ariation
acting on the system, hovever ‘slight, is sufficient to
displace the frajectory nu;y fros the equilibriaum to such an

extent that it finds itself ii the zone of attraction of the

<
‘
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limit cycle. This interpretatio{\ is not ©biologically
unrealistic for zomes of attraction around supposed 1limit
cycles in natural populations have been implied to exist

(see Holling, 1973).

The equilibrium point in the pParepecius- Djidinjym
systea may possess neighbourhéod stability wvith the
corresponding zone of attraction (under the given
conditions) being. very small, so small in fact that'it may
be consfdered biologically unrealistic in this case. 1If
every environmental factor was held absolately constant, a
stable equilibrium point might Dbe found.- Though the
graphical model vould now fit the system wvwith no
modifications, its pufpose is defeated. If it is to be of
any practical ‘value it must relate to natural, stochastic
systems. Canale's et al. (1973) system held under rigidily
controlled conditfons does exhibit all the properties
predicted by the grapﬁical model. It is hovever unlikely

that the system would behave as such in the 'wild®'.

The behavior of the Didinium- Paramecium systems must
be interpreted in teras of limit cycles whose magnitude of
oscillation is dependent upon the relative position of the

ptedator and prey isoclines. As the predator isocline drift

to the left, the oscillations of the population coaponen
increase 1in amplitude/ eventually, the magnitude of the¢se
cycles becomes so great that extinction of one of/ the

component species occurs. As Nay (1972:900) states, "/Such a

Y
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stable limit cycle provides a satisfying explanation for
those aniasal co-lnﬁities in wvhich populations ace observed
to oscillate in a rather reproducibfe manner".

(4) BEnrichment J},

.Since most of the obvibus manipulations of the predator
and prey isociines vere achieved by wmerely varying the
Cerophyl conceniration in the systes, the results obtained
here have a direct bearing on the phenomenon of enrichment
in biological systems. As can be seen from the present

,.ngjg;g. —'gggg!ggjggisystep, enrichment increases K for the
prey. Assume for the lélent ;hat the nutritional state of
the prey has no effect on the predators. Bnrichaent of the
systél then sﬁifts " the _prey.hulp to the right. Since the
predator isocline dogs not love,‘a‘resnlting sﬁift of the
equilibriua to the left occurs. With respect to the hump,
the predator isocline can be cénsidered to have moved to the

;eff. The effects on a system's dynamics as the ‘p;ggator

isocline moves to the left has been discussed .previously. If
the systel before enrighnent is stable, moderate addition of‘
prey resource does “not necc?ssarily shift the equfgibriun
point to the left of tbé hump. The s;étel uoﬁld resain
-stable and in additiom, one vould observe an increase in the
.éredators nusbers ;; the sys;e- Qithout a corrqspoqding rise
in the PRey density..This situation vas not observed in this
studf. Though the -eah predator population densitysand its

equilibrium co-ordinate does increase vith enrichasent of the
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system, so does the prey's up to a point, after which it
declines. The reason for this is a result of the dependencé
of th§ predators on the level of enrichment in the systea.
The predator isocline is not stationary but shifts as a
direct function of the prey's physiological condition
(itself dependent upon the CC level). It is a result of the
movement of both species isoclines that the observed results
are obtained. The shifting of the prey isocline to the right
and the movement of the predator isogline to the left
enhances the instability im the system since the relative
amovement of the equilibrium point towards an& passed the

hamp is accentuated.

,__,f
Ve caﬁ drav four gemeral conclusions about the dynamic
behavior of this system (and possibly ptedatot-pﬁey systeas
as a vhole) from the experiments presented here;
(1) under certain condit;ons, vhen the predator is
limited by the prey, periodic fluctuations in the
popuIAtibn density may occur.
(2) if the prey is not limited by the predator bnf
rather by its resource, the oscillations of the
systes temd to damp out though not cospletely.
(3) a unidue conbi;ation of ipter-. and
intra#pecific effects on the prey will allow a

systeas - that exhibits constant numerical

fluctuations without daaging.
o ’
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v - ‘. .

(4) if the predator |is limited by some factor
other than the prey, damped oscillations may occur

. under certain situations.

The above conclusions are valid only for a systen in
vhich the prey isocline has a husp. " Such ? laxilnl, as

sentioned earlier, vill result only if soke of the predator

'»tunctional tesponse curves intersect the prey grovth curve

at least tvice. Such lultiple 1ntetsections vill occur in a
systes if; the prey species te%Fodnctive rates' ‘decline at

lovw densities as' wve ,.%t bxgh ones, thns indicating an

jnability of the prey to £0d ‘Ahtes® or such:, or, if the

reproductive rate of the prey decreases continnonsly, the

predators functional response is a ﬂolling type 1I curve.

-~

" The shapes and posiiions of thé isoclines can be
diredtly related to ‘the chatacééristics of the conpoﬁent
speciés. the shifting of the predator isocline to the right
as the CC level. drops is d direct function of the predator's
efficiency in ‘the dtilization of the prey. This efficiemcy
is affected by the preyis nnttitidnal state. Because of
this, the position and -ovenent is directly dependent upon
the prey. This explains the simultaneous shifts of the prey
isociine to the left and the predator isocline to the right

~

" as the Gerophyl concentration decreases.

13

3 . . A%
By incprporating predator time-lags into the graphical(
sodel, the behavior of the experimental systea can be

~ predicted. Preedman (1976) has shown that there is a region

7 C

v { . :ﬁ'%ﬁ
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'of the phase plane to the right of the hump where there is
"an unstable egpilibriuam but which is bounded by a stable
limit ‘cycle. This' is the situation observed in the
experinéntalvsystels. To the right of the hump no stable
equilibriua points are observed, hovever stable limit cycles
do occur. To the‘ left of ﬁ?e huap, there are no stable

equilibriul points or limit cycles.
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The Accuracy of the Saspling uethod
as a Punction of Protozoan Density

-

#,ml - % erpor  towl ¥ %error

500 ©2.0° 250 1.2

800 . 1.6 . 100 1.5

300 - 3.3 50 1.5

200 2.9 50 1.9

100 3.6 25 . 2.5 _
50 3.8, 10 3.1

25 et s

10 5.3
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Table 2a.

~ Parasecium Population Growth Parameters.

»

-

pethyl Cellulose Systeas

c¢ K gn guns

1.00 1061 3.14 10

0.875 966 - 10

0.75 838 2.93 " 10

0.6125 674 - 10

0.50 498 2.66 10 ®
0.425 - 438 -, 8

0.375 381 1.55 10 .
0.25 191 - LN

0.10 62 0.14 9

'uon-uetﬁyl Cellulose Systeas
i .

- € P runs
1.00 1310 10
0.75 978 9 )
0.5 562 | 12 .
0.375 821 - 18

0.1 . 9 . 10 —



Table 2b. /’ "
Pa Carrying Capacity - Betveen NC and NAHC.

\ ]
(i) HC1.0 to NEC1.0 232
(1i) AC0.75 to MNCO.75 225
Liii) MC0.50 to WACO.50 279

(iv) 8C0.375 to NECO0.375 251

E

' Z0v001.

<0.025
<0.001
<0.001

LR
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TablelZc.

Growth Rates Determined froam the Logistic

Equation - between HC Systess.

(i) MC1.0 to MC0.75
(ii) 0.75 to 0.50
(1) 0.50 to 0.375
(iv) 0.375 to 0.10

(=]

256
220
232
377

'3
<01001
<0.005
<0.005

- <0.001

112



Table 3a.

\]

R
N
L

R

S

Optimal Pission Rates (per day).

NHC systeas NC syétgls

ggg&leciul
c¢ fissions
1.09 5.15
0.75 ‘4.39
0.50 3.19

0.375 2.54

0210 1.07
Didinigs
NMC systems

€c  fissions

1.00  5.75

0.75  5.38

0.50  4.43

0.375  3.05

3.79

2.68

1.68

© 0.49

NC systems
_fissions

5.27
4.85
3.82
1.07

Iuns

45
50
50
40

25

‘runs

50
52
48
50

113



Table 3b.

Optimal Fission Rates - Pagamecium

-

(i) NMC1.0 to nc1;0'

(ii) NNCO0.75 to MC0.75

(ii) NmC0.50 to HQO.SO

(iv) NNCO0.375 to MCO0.375

(y) NNC0.10 to 8C0.10

within NMC systems

(i) 1.0 to 0.75

(i) 0.75 to 0.50

(iii) 0.50 to 0.375
 (iv) 0.375 to 0.10 |

vithin NC syétels 

(i) 1.0 to 0.75

(ii) 0.75 to 0.50

(iii) 0.50 to 0.375

(iv) 0.375 to 0.10

g

481

§21
398

362
429

632

432
481
298

721
- 493
398
288

14

, ' )
<0.001 |
<0.001
< 0.001
<0.001

<0.001

<0.001 .

<0.001

<0.01

- <0.001

<0.001
<0.001

<0.01



Table 3c.

Optimal Pission Rates - Didinian

betveen t;eatlents

(i) NMC1.0 to m€1.0
(ii) NNCO0.75

(iii) wWmMC0.50 to MCO.50
(iv) NMC0.375 to MC0.375
vithin NHC systeas’
(i)1,o to 0.75

(ii) 0.75 to 0.50

(4ii) 0.50 to 0.375
.within NC systeas

(i) 1.0 to 0.75 .-

(ii) 0.75 to 9;50

L (ddd) ogso.té 0.375

369
405
421

622

306
629
604

290

376
502

o

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

© <0.001
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Table 4a.

Success of Didipiym at Capturing Prey.

c¢

0-75'

0.50
0.375

cCc 1 successes . failuyres
1.00.
0.75

0.50
0.375

yon-Methyl Cellulose

78
76

63

43

Nethyl Cellulose

96
98
73

48

4 successes 1 fajlores

2
4

17

37

4
2
27

52

% success
98
95

79
54

| % syccess

96
98
73
" a8
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Table 4b. —

ircéess of Dijdipniup at Cabturing

Prey - tested by X2.

\

’

NHC systéls
(i) 1.0 to 0.75
(ii) 1.0 to 0.50

(i) 1.0 tp 0.375
NC systeas
(1) 1.0 to 0:.75
(ii) 1.0 to 0.5
(tii) 1.0 to 0.375

* between treatments

(i) HC1.0 to BAC1.0
(i) uc0;75‘to NBCO.75
(iii) MC0.50 to WHCO.S0
(iv) HC0.375 to NMCO0.375

T 2.96

14.2
32.53

3.21
17.2
87.1

0.22
0.96

0.85

0.78

I e Syl N AT

ro

>0.25
<0.001

<0.001

>0.15

<0.005

<0.001

0.5

'>d.25
>0.25

>0.05

UM TR LTI Y s vt
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Table 5a.

The Number of Prey Regulred for

Fission of Didipigm.

nulber of runs for each test is 60

nc .0

CC -prey copsused pIey consumed

1.00 2.8 : 1.8
0.75 .9 2.2
0.50 5.8 3.7

0.375 9.4 6.6

1se



Table Sb.

119

\

Number of Prey Required for one Didinium Fission.

between treatments

(1) HC1.0 to EAC1.0
(ii) HCO.75 to NHCO.75

(1ii) HC0.50 to WHCO.50
(iv) HC0.375 to NWECO0.375
‘within NNC

(1) 1.0 to 0.75

(41) 0.75 to 0.50

(1i) 0.50 to 0.375 °
within BC
(i) 1.0 to 0.75

(ii) 0.75 to 0.50

(414) 0.50 to 0.375

't

282
395
312

511

229
310

492

254

325

591

P

<0.05
. <€0.001
<0.001
<0.001

>0.25
€0.005
<0.001

50.05
 <0.001



Table 6a.

\,

- Bxcystment of Djdipiym at Different CC's

€ 8 excysting # dorminant ¥ excysting

1.00 74 6 93

0.875 75 s ‘94

0.75 68 12 85

0.6125 44 36 55
0.50 27 53 34

0.425 8 72 10

0.375 2 78 3

0.1. 0 80 0

120
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Table 6b.

Excystment in Didipjum - X2 statistic. )
1 e
| 1z P
(19 1.0 t0 0.875 | 0.10 >0.90 -
(i) 1.0 to 0.75 8.82 | >0.02
(iii) 1.0 to 0.50 ' 31.51 © '€0.001

(iv) 1.0 to 0.375 , 80 ‘ <0.001
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rTable 7.

maintanence Bequirements of Didipius
20 runs at each density '

cc ¢ preysday % survival
1.00 R 83
2 95
3 96

45

-

0.50
| 76

93
95
91
0.375 0
14
88
78

82

o @ N o w8’ 0 & w- N

.85
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Table Q.,
Probability of Component Survival (S{ at Lov Densities.

50 runs at each density

Racamecium

initial number/al
cc ‘ 1 3 3
1.00 _ 95 100 100
0.75 100 100 100
0.5 85 95 100
0.375 55 , 90 100
0.0 40 80 | 1001'
Didipiup
initial nulbet/nl '
- €c 1 3 .3
o0 - 100 100 100
0.75 95 - 100 - 100
0.0 70 80 100
10.375 a5 60 85

0.10 o 4 o 0



Table 9.

Summary of the Long-term NC Systeas.

| N .
¢ gups K §1.0K  prey pesk pred. peak
.00 17 1061 - 213 187
0.875 9 966 91 2 177
0.75 18 838 79 258 159
0.6125 & 674 64 o 2mn 182
0.50 20 _ 098 a7 295 110
0.425 6 438 a1 265 82
0.375 18 381 36 235 52 °
0.25 10 191 18 - -

0.10 10 62 6 - -

¢C prey peak ¥ of § ratio pred./prey peak soezistance

1.00 . 20.0 0.88 . ' no
0.875 20,0 - 0.77 . " no
0.75 31.0 062 " mo
0.6125 40.0 L 0.52 ' mod
0.50 - 59.0 </ - 0.38 | yes
0.425  61.0 ~\J) 0.31 ~ yes
0.375 61.0 - fe.22 - yes
0.25 - ” - ' no

0.10 - . : - no
2 5 ‘ .
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rable 9. continuwed
Summary of the Long~term NC Systems.

cycles ohtained

ol ryns 3 cycles copdition of predators ¥

1.00 5 2 " good
R TR S
| 1 3 "
0.875 2 2 good
6 3 n ,
2 8 "
0.75 ¥ 2 '~ good
8 3 . ™~ " '
5 & | .
2 5 ‘ n
0.6125 1 3 good-fair .
| 2 5 “ o
1 9 S .

Por thé systems of CC0.50 to cco;315. continuous states ‘
of coexistance were achieved. The predators vere in '
a fair condition. :

" Por the system of €C0.25 and Cco.1,-the‘ptqdators ,~'
‘were in a poor state and guickly died out.
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. Table 9. contipued

126

o summary of the Lohg-ter-‘uc Sysfels.

&

- cc ggg.muie.nmg time/cycle(hrs) first extinction
©1.00 undamped - 96 ' ‘pa:aleciul
0.875 . undamped 117.6 parameciuam 6
C ‘ T didinium 3
1 0.75 undamped 134. 4 didinium
| 0.6125  undamped - i80.0 didinium
0.50 limit 162 N/A
0.425 damped 145 "W/A
» to limit
0.375 damped 156 N/A
to 1lisit '
Suamary of the Long—ferl NNC Systeas.
~ ' " - time to _
¢c runs K extipction(hrs) first extinction
£ 1,00 15 1310 10.8 paramecium
0.75 18 974" 19.2 "
0.4 18 562 30 n
0.375 18  421. 4g.2% " % .
' - : E‘n '
0t 7 9 - didinium



Table 10. Between Run Variance in Coexisting Systeas.

Analysis of Variance.

0.50 systeas
paramsecium peaks

didinium peaks

0.425 systems
paraleciul‘peaks

didiniul peaks

0.375 systeas
paramecium peaks

didinium peaks

P=1.38

P=0.93

r=1.12°

P=0.76

, P=1.83 ‘

P=0.62
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1Tab1e 1.

Predator Isoclines: Summary of Results.

cc deyiation x orgip 3 prev K
9

1.00 3.9°
0.875 4.20
0.75 6.8°
0.50  9.1°

0.375 57550

¢ .

82

48
78

127
131

5

9.

26

34

;57

0.9

0.96
0.95
0.98

- 0.96

128



Table 12a.

Tenperatdre Perturbation Results.

systes type (HC) ipitial ¢ rj.gets;sting % persjisting
| | ' 100

control (0.5) 15
. control (0.375) 15
shock (0.5) 5

shock (0.375) 15

15
13

n
2

87
73
13

129
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@
Table 12b.

Changes in Conponent Den51ty after the
Tenperature Perturbation.

systenm QSQ;Q ﬂSQ;}Zﬁ‘

jpitial prey f 254\ 198
ipjtjal pred, #  .ug 26
- final prey # . " 83.° o 22
final pred, ¢ _ 19 3
% change 25_1 6T 89

Schange pred. s6 - 88



Table 12c.

Temperature Perturbgtions;5x2 statistic.

(1) controlO.S/cdntrolO;375
(ii) ééntrolo.s/testo.s |
(i) control0.375/test0.375
(iv) test0.5/test0.375

2. 14
4.62
16.13
11.0

.131'

fg,

20.15

50.025

<0.001



Table 13.

S T 132

"Nulerical uanipulations of the Predator Isoclines.

for conttol see. Table 9

,experinehf 2§1 11113;3&19n 251 2£_ﬁn£i_a _n.z_ns

. rums ) 10 11
s coe;xsting -Q 0 - 10
B 91513.5123 undamped "lilifi-
timescycle 8.7+ 2.6
prey peak 192 256
’ ' -.{da‘-- 7

g;ed, peak

2

2
lllit
13 2
‘213
-39,



Table 14. |
size of pParamgciya and

133

- at various CC leyels-(inflictons).

the prey .are represented by an ellipsoid of seli-axes

. b, and Ce.

'the-predators are fit by a Prustrus of a right citculat'
cone of radiz d and e and of heigth h. _ .

' NC1.0
‘8C0.5 |
MC0.375 10

HC1.0

MCO0.5

o

.20

14

4
. 80
25

. MC0.375 15

1.0 to 0.5
1.0 to 0.375
0.5 to 0.375

% change

. 60 .

o

20

85

_ Pera-ec;gn
b . c
80 30
‘ 22
son 18
:D;digig! | .
. . h. 
60 75
35 60
A R_E.aes;nél\
61,5
81.3
15363-*‘

yolume (picrons3)
2.01x105

¥ 7.7x108

' 3.8x10¢

voluge (picrop?)
Ct.2xi0e
3.4x108
8.7x10¢

71.3
92.7
78,5



Table 15.

134

1

Prey Low Mean Density. .

cC - prey lov demsity

1200 8

0.875 11

0.75 21

10.6125 32 . v o,
© 0.50 T

-0.825 | 7 §2  5
' 0.375 128
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Figure 1.

CARRYING CARPRCITY VS CEROPHYL CONCENTRATION

V]
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Figure 2a.
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Figure 2b.

POPLULATION DEKSITY/HL
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Figure 2c.

POPLULRTION DENSITY/HL
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Figure Zd;
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Figure 3,.
. PRRAMECIUM FISSION RATES
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Figure &,
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Figure 5b,
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Figure 6,

»>

101

PREY CONSUMED/DRY
m

PREY/PREDATOR DIVISION

~

v

v

CEROPHYL CONCENTRATION

144

L]
1.0 -



145

Figure 7,

EXCYSTHMENT OF DIDINIUM : '
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Figure 8,

POPULATION DENSITY/ML
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Figure 9a .
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Figure 9b.

DIDINIUM DENSITY/ML
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10b.

Figure

v

SR
, T 00€
£

W/ALISN30 WNIJ3HBYYA

8L°033 ALISN3O

WNIJ3HUY¥Ed SA WNINIOEA

.

002 001 0
~ " 1 . .» e PEl -- WNA.{I» Q
. \ ’ . l,’.l.\'\- .’,.
‘..17111111:\\\. . Juoﬂ
A, i1
\\ . -OON
l/ L 4 ] )
SN b
N o ﬁ
’ L gog
b
* - 00y
1 : }
R
008

W/ALISNI0 KAINIOIQ




151

Figure 1lla.
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Figure 1llb,
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. Figure 12a,
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Fggure 12b, y
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Figure 13,
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Figure 15b,
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Figure 1l6a.
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Figure 16b.
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Figore l6e,

.

n { - )
~ ) . w
—t ) - - &

& ] p
M - Q, ) @ N
100 1 i
W SR
...N:. ] R5

= 4 td .
B |
- -..%. d. . -y ¥ g v Yy T Y 14 .ﬂ.“J— ¥ 14 v v T ——y Y v : ‘-
0 100~ 200 ~ Tso0 . 400 500
PARAMECIUM DENSITY/ML .
. ot | .



,
166

- Figure 178. '
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‘Figure 17c.
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