The stability of ecosystems: A brief overview of the paradox of enrichment

SHovoNLAL Rov and J CHATTOPADHYAY*
Agricultaral and Ecelogical Resaarch Unit, Indion Statistical Institure 203, B T Road, Kolkata 700 108, India

*Corvesponding author (Fax, 21-33-25753049; B, jovdev@isivat ac in

In theary, earichaent of resource in a predator—prey model kads to destabilization of the systom, thereby collapsing
the trophic interaction, & phenomenon refemed to as “the paradox of enrichnwent™. Aftcr it was first proposed by
Roseazweig {1971), a number of subsequent studies wers carried out on this dilerma over many decades. 1o this
aticle, we review (hese theoretical and experinveniel works and give a brief overview of the proposed solutions t the

The mechanians that have been discussed are modificatioas of simple predator—prey models in the presence
of prey that is inedible, invulmersble, unpalatable and toxic, Another ¢lass af mechanisms includes an incorporation
of & malin-dependan functional fomm, inducible defence of prcy and density-dependenl mortality of the predator,
Morsover, we find a third set of explanations based on complex population dytemics inclodmg chaos in space and
time. We cencdude that, atthough any ane of the various mechanistns propoged so far might potentinlly pravent
destabilization of the predstor—prey dynamicy fidlowmg sonchment, in natore o fferent mechanisms poay combing to
cauxe stability, even when a xystem is pariched. The exact mechanizme which may differ amonig systems, need to be

dmentanpled through extensive Beld stedics and Jaboratory experitnenis coupled with tealisde theorehcal madals.

[Foy 5 uod Ubattopadbyay 1 2007 The sinbility of copaysiema: A hrief overvicss of the parsdex of enrichaend: J. Bloser. 32 21-42E]

1. Tmarodactioa

Emergence nf the classical predator—prey models dates
back to the piopesring work of Loikz (1925). Subatantial
devalopments have been made in the Geld of predator—prey
mrahtion by nomerous thepreticians and ecologists over
e past decades (May 1972; Abrams 2000). However,
Se cofroversies related to classical predator-prey
micracions sl await comscoyus amonog investigabors,
One of thesic cnigmas i3 popularky known as Roscozweig™s
paradox of corichment. Rosenzweig {1971) showed that,
if the carying capacity of The prey population of 3 sunple
predutocprey mode) is increased sufficiently, the time
ewution of the model system devistes from the steady slate
al exhibits cycles (i.e. limit cycies). For further increase
of e camying capacity, these cycles grow pradually,
Winging the shundance of either the prey or the predator or
h"“ﬂ’_P“P“hﬁﬂn& choser zod closer 19 zeru; m other words,

ing to the extinction of one or more ophic level, On the
basie of these observations, Rosenzweig made the following

contlusions:

“Lincreasing e swpply of Limifing mitients oy
awergy tends to destroy the steady siate, Thi man must
ke very carefz in atletnpling to enrich on ecosystems in
order ko increose its foed yiald There i o real chance
than such acifvity may resalt in dacimation of the food
species thar are wanited in grealer abundance.™
This exciting and mmovative result predicisd theerstically
by Rosanzwsig, has atractsd the attenton of numerois
ciomincists and theoreticians for the past four decadcs.
A numbcr of theoretical and empirical stwdies have been
donie 16 explain the pamdpx of enrichment. In this article,
our objective i5 to rovicw, within the boundary of our
knowledge, thesc theargtical and cxperimenlal works and
give a brief overview of the solutions peopased. Although
Rosenrweip's moadox has been well acoepted as a clasic
example of ar ecologicul paradox, the word “paradox” in
the phrase “paradox of enrichment™ is not yet universally
accephed and iz interpreted in differsot ways (Jemsen
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and Ginzburg 2005). Rosenrwrig nused “paradox” to
EXpreas an apparenily cootradictory role of enrichment
ccosyshmy; eorichmem that is perceived as bencficial for
the growth of papulations might have the potential to cause
desmbilization of the ecosystem and eventually extinction
of the predator—prey populations. However, in subsequenl
artickes “'paradon™ has been used o express the discrepancy
between the dypamic behaviowr of te real predator—prey
systems and that predicted by simple predator—prey modeks
(ree Jerwen and Ginzburg 2005). Without dwelling cn this
dilemma, we int2nd to give an overall view of the empirical
and thegretical works that are directly releted to the phrase
“panmdox of ennichment”,

% Experimewts and fickd obwervatigns on the paradox

A rmber of experiments were carmigid out tg observe the
effect of enrichment on the dynamics of simple predator—
prey systems. However, tost of these expenitncnts tejected
the hypathesis that enrichment would cssentially destabilize
sommunity dymamics,

The bandful of experiments cited by many authors which
claim destabilization of ecosystems following enrichment
inghude those by Huffakeer ef af (1963, Lockmbill {1973),
Velleux (197%) and Fusmmann e af (20000, Huffaker o
al {1943} showed thet an increase m the wupply of fond
to herbivorous mites destsbilizad their interaction with
predztory mites, which eventually led to the exlinction of
beth species.

Luckinbill (1973} and Veilleux (1979) conducted their
experiments with Didimum moswiem a3 the predator and
Paorameciom qurelio as it prey. Tn Luckinbill's experiment,
when Paramecium and Didfnhim were allowed o grow in
& m! of stendard cerophyl medium, the Didinfum consumed
all the prey in a few bours. However, when the tradium was
thickened with methyl vellulosc, the Didinivm-FParameciim
pair went throtigh two or three diverging oseillations over a
period af 10-18 days before the Didinium bacame extipet.
Harrison {1935) used these data to tess the applicability of
predator-prey modeds with differcnt functional responses,
and produced an important resalt .. reduction of the Faod
supply for the Paramecinm and/or thickening of the medium
could praduoce 2 nonoscillating stable steady state for the
prpulation densities™. [3 other words, Lhe systom was shown
to ghift from instability to stability when the pressurs of the
input prey was reduced (Hamizan 19935),

In Veillewx's experiment, the outcoms of the predalor—
pivy inbetaction [again with methyl celluloge in the medinm)
depended upon the concentration of the bacterial mutrient
cevophyl presemt in the medium, Veilleux observed 1he
following: at low cerophyl concentrations the predator
and prey coexisted at 8 numerically stable equilibrivm, at
intrrmediste cerophyl concentralions, althouph the specics

4. Bigsel. 322}, Macch 207

coexisted over time, the pepulation densities oscillated wig,
an amplitode related to the cerophiy! devel, However a¢ high
ceropbyl concentrations, the species were unable ta coexist
(Veilieun 1979}, Henee, similer to Luckmbill's Sxpetiment,
Veilleux's experiment also demonstrated that for a sy,
coexistence of the predator and prey populations, a reducien
in the supply of available prey is needed.

Fussmann ef af {2008) reporied the dynamic behaviour of
A two-species agquatic communily in o laboratary Conmpining
4 rotifer-algae system. This expariment alvo showed they
reduction, of high nuirient input shifted the systern fron
a temon of condistent predilor extincton o 3 region of
coexistence.

Cm e other band, 4 numbet of observations inclading
those by Walters er of (§987), Watson and MeCauiey (1588,
Leibold (1985), McCauley and Murdoch {1990), Kirk (150§),
Persson gf of {1993), Persson ef of (20011, Muzumder (19943
could not support the paradox of enrichmem. Analvsis
of phytoplankton—zooplankton systems with  different
nutrient inputs demanstrated that the equilibrium densivy of
phytoplaniton increases with an increase of tatal phospliorys
(Walters e of 1987, McCauley ef of 1988, Leibold 19109;
Mazumder 19943,

McCauley and Murdoch (F990} restmd the Jymamir
behaviour of the freshwaler zooplankton Daplmic znd il
algal prey. They reported that the biomass dala of these
populations collected from lakes and ponds depicted stable
and cyclical dynamics caused by interactions berween the
papulations. The cyeles in the Reld dats were not of the
paradox-of-critichment type due to the following reasons:
the amplitude of the vyeles was small, the poried equal o 2
Daphnia generation was shor, and the eycles wers generated
by whe developmental delay of Daphnia (MceCaviey and
Murdock 19903, Further, they grew the fickd-collected
Daphnia and algae populations in nutries-rich and mymient-
pair tanks. They demonstrzied thal the addition of tukrisnls
to the cxperimenizl tanks had o effect on the amplitude
of population cycles of the cladoceran Daphaia, snd thal
Daphrniz-algae populations sxhibited similar dynamics in
bath nutrient-rich and -poor tanks, Moreover, “Daphnia
populalions digplaycd tmc-lag cycles in buoth treatments
with amplitudes, periods, and demographic details similar
to thoze observed in field and othet tank populations™. They
concluded that in natural lzkes and poods the biomass of
phyteplankion {prey) has no carrelation with the amplimde
of Dapfrniz (predator’} eycles.

However, in 1999, a paper published in MNawee by
MeCauley ef al teported thal they found large amplitude
cycles it enriched algna—Daphinia systems. Their gapenment
demonsirated that the dynamies of the Dagvinia—algal systat
essentially flipped between two coexisting atraciors -a
stahle equilibium and large amplitude cycles, Umly the
presence of inedible aigae and the production of ephippi2
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{rﬁmf,ggs}mdmbeahl: 1o change the nature of these
cycles towands dynamics with less profonnd Aycmations in
population demsity. )

To test the hypothesiz that enrichment of phytaplankton
peoy will increase the vaciability and complexity of predator

ips, Kirk {1998) conducted a laboratory experiment
with microcosmes couraining plankionic rotifer (Synchaera
ingie) a6 predators and phytoplankton as peey. Prey
enrichment wes dope by directly increasing the input
concentration of prey into predator chemaostat flasks. Such
enrichment  Toduced the population variabiiity thereby
gtabilizing the predatorprey dynamics. The reason for
ihis stabality, as Kirk found, was the production of some
unidentified aumtoxin by the rotifers that reduced the
papulatiof growth rate and individwal survival. The result
of the experiment showed that enrichment stabilized the
population escillations, and theteby rejecied the ypathesis
of the parador of enrichment.

Pesson o af (2001) conducted experiments in three
squatic food-web configurations with high or low nutrient
additions. Far thiz experiment, the basic foed web chosen
incladed bacteria, beterotrophic flagellates, algac and small
grazers (small cladocerans and rotifers). The three food webs
were derigned by keeping the bazic web unaltered (oech T,
adding large gragecs (web I}, and adding both large grazers
g fish (web [IT). The results demonatrated that although the
peedator—prey dynamics were destabilized by corichment,
changes it both resource edibility and consumer mortality
stahihized the dynamics. Moreaver, it was found that for a
certain degres of enricimaent, vulnerable prey responded
in accordance with the paradox of enmcichment, however,
deslabilization of the invulnerable prey was insignificam.

3. Theories propased t0 resolve the parzdex

The serious discrepancy hetween theorstical expectations
and  obsérvalions in  nelural predator-proy  systems
provnoted imvestizatars to propwose a number of thaaretical
mechanisims for resclving the paradox of entichiment. Some
of these techanizms followed directly from the experiments
conducted previously, others were drawn from theoretical

andlyzis of plansible mathematical models of predator—prey
Interactions.,

3.1 Presence of inedible prey

To exphain the mismatch between iheory and observarion,
o getieral class of tmechanisms has been developed by
“xpanding the origingl model of Rossnzweig and MacArther
(1953), A cotmon division of prey was made vo the
gsumption that the prey cansists of two Types of species,
“uly ote of which is edible by the predator; the other is

medible (Phillips 1974, Leibold 1989, Kretzachmar o af
1993}, Grover (1995) stodied delailed theoretical anchyzes
on the effects of neural nedible prey, interfering inadible
prey and ouiritionatly valueless prey. A neutrally inedible
prey is generally oot consumed by the predatar and thus doee
not directly influrnce the interaction between the predator
and the edible prey. However, these inedible peey can exert
conittol over the numicnt contert of edible producers, amd
it has heen shown that the presenee of such inedible prey
may overtum destabilization following nutrient eovichenent
(Grover 1995). The experimental work by McCauley and
Murdoch (1940) also demonsirans] that the presence of
inedible prey that acts as & nutrient sponge (Kretzachmar
&t of 1993; Murdoch ar 2! 1998) may provide a plausible
miechaniim o resolve the paradoxical sucome of coogyatem
enrichment {MeCauiey 2t «f 1999),

1.2 Presence of imvulnerabie prey

Due 10 geveral reasons some individuals among the prey
population may appear to the predator in a tramsifional
state between Ihe vulnetable and invuloerable classes,
Invalnerability of an individual prey may he either due o
il= physiclogicalbehavicueal state, of s spatial iocation
(Abrams and Waiter 1996). Sometimes immohile prey
occupy 2 spatial loeation whers predatoes cannet gain accrss
and, i sack conditions, he predatery risks are greatly
reduced therehy making the individusl prey invulnesable
(Wemer and Anholt 1993) Incorporabing in the predator-
prey modeis such a dynamic clags of prey population that
is invulherable duc to spatial Jocation, or has a greatly
teduced vulnegability to predators due zome potentisl
survival activity associated with it physiology, Abrams and
Walter {1396) showed that enricheenl canmot destabilize
the predator—prey system. When predamr—prey syst=ms
congisting of an mvulnerable ¢lass of prey are enriched,
the ipvulnerable class increases m pumber résultitg o
an inkrease in the Biomass of the eotire prey population.
However, increased oumbers of invulnerable prey reaoll in
an increase tn the input of individuals into the wualnerable
class making the predstor-prey interaction a “domor-
cotirolled” system, and the dynamics of such systems have
meen showt to be strongly stabilizing (Pimm 1982). The
experimmental work by Porssun ef af (2001 {discaassed in
Section 2) supported these thearstical analyses, showing
that inviinerable prey may stebilize oophic-level dynamics
by replacing more vulngrable prey.

33 Presence of umpalatable prey

Apart fiom the class of protitable (edibke) and medible prey,
in the conlext of entichment of predatlor—prey systeme, zoma

J Figsct 3202, March 2007
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myestigators heve smphasized the presence of amother
claaz of prev that is bss profitable b edible Becauss the
profitability of such prey is lower than a crivical value, cven
if thesa proy are consymed st hiph hiomass, the outritionsl
reyuirement of the predator poputation is unfulfilled. These
prey are referred to ax “unpalatsble” {Genkai-Kata znd
Yamarmura 1999, X000, Analysis of ame-predator, two-prey
systems {Genkai-Kato and Yamaomwra 199%) demwonstrated
thit if the predatar exhibits oplimally selective feeding (=g,
valanoid copepods), the presence of an unpalatable prey
sfficiently reduces vhe amplinnde of dynamic vecillation
following enrichment. Moreovet, in an enriched ecosystem
the presence of an uwhpalatable prey prevents the minimum
shundatice of species from falling below certain values
{Oenkai-Kato and Yamarura (%99), and thos increases the
tobustuess of stability of the predator-prey systems against
enrichment. Following these resulis they concluded that the
pratitability of unpalatable prey hes the potential to actas
key predictor {for the dynamic behavioor of predator—prey
syatems in nature. Experiments bave shown that duc o some
physical and bidlogical constraints, the quality of faod both
in planktonic and terrestrial ecosysems sometimes decreases
s high binass. For exemple, Tabhe and Sterner (1 5%4)
demonseated that, though the biomass of algec incteases in
cespomde to hght avatlability, the PoC ratio of algae, which
might be considersd a3 a potential measure of ils Food quakty
for the grazer zooplankton, remains fixed up o 2 cortam
critical light intensity, and decreases bayood it There are
alew examples among plant herbivores which demaonstrate
that the quality of prey decreages at high ahundance due to
certain moishure condibons (c.g. OUE ef of 2002). Recantly,
Roy and Chattopadhyay (20062) have proposed a simple
phenonenolopical relstionship to describe the degradation
of enzrgy value at increased ilevels of camying capacity.
Theoretical analyais has demonstrated that incorporation of
the proposed refationship in sipple predator—prey modcls
overmurns the poassibility of destabilization of community
dyoamics following eorichement (Roy and Chanopadhyay
200EaY.

3.4 Ruovic-dependent functional response

Thynamic instability dug 1o envichment of resotree supply
i3 generally an outcotae of those simple predatnr—prey
miedels that incorporate fimctionel responses which are
fully dependent cn prey density, These functicnal responses
are baged on the assumptans that predators encounter prey
species af rapdam, and that the probubility of this encoumnter
depends on prey abundance omly. Ardit and Gineburg
(198%) argued that these sssumpiion: may not always
be appropriste. They proposcd that, if the time senle of
population dynamics, at which the madels operace differs
from the behavioural time scale, it would be reasgnable to

J. Bioscd. 332, March 207

assurne that trophic function depends on the ratio of prey 1o
pradator shurdance. Ardit and Gineburg (1 98%) termed these
uptake functions “ratig-dcpendont functional responsa™
A mumber of empirical observations condweted earlisr
(.. Bemstein 1981; Katz 1985) supported the arpumen
of ratio-dependent wophic fanction. [f “ratio-dependony
uptake functions are incorporated, oscillatory instability of
the dynamics iollowing an enrichment in cartying capaciey
doey ot anise in simple pradstor-prey models (Ardit and
Ginzburg 198%9; Arditi and Berryman 1991}, However, ilic
sccopbmer of ratio-depepdent functional forms iz debated
by some ecologists (Okasanen ef af 1992, Dvieh! er af 1963;
Abrams 1994; Gleesem 1994}, and a detail of this debate,
which iz out of the scope of this revicw, may be found
Abrams and Ginzburg (2060), and Jensen apd Gimzburg
(2005).

3.5 Spatal interoction or spatintemporal chans

Tir study the effects of space and time on interacting species
Jansen {1995) extended the scope of the simple Lothe—
Wolterra system and (e Rosenzweig-MacAnhur model 1o a
patchy snvimnment. Analysis has demonstrated thal spatial
mteraction can bound the fluctuations of a predator—prey
systemn amd reguiale the abundance of the populations
(Janzen 1993). Morcover, the laboratory experiment of
Helyoak (2000} and thepretical works by Jansen and
Lloyd {20007 and Jagsen (2001) also showed that spatial
patehes protedt predalor—proy systems from collapsing due
to population extinction following enrichment. Using 2
standard diffusion-reaction system and a diffusion-reaction
eystam with a cut-off at low population denajries, Petravshis
ef al (2004) demongrated theoretically dhar transition 1o
spatiotemiporal chaos can preveol species extinction in
an enriched scosvetem. Thus, considerating of tinme and
space may efbciently siter the paradoxical sutcoms of
the regular dynamics predicted by simple predator-prey
models.

3&  lnducible defense

To study the effects of inducible defences on cotpmanity
stability apd persistence, Yos ef of (2004a, 200db) analysed
models of itrophic and titrephic food cheins  thal
incarporate consumer-induoed polymorphism. They showed
that inira-spccific heterogenesity it defence lewcls van
overtum the inxtaliility following enrichment. Essentially,
inducible defenses represent a predator-dependent etfect
fl.e. mdirect interferenced. These effccts are coused by
differences i handling imes andfor conversion efficiencies
between defonded and undefended prey. Vios ef of {20{Ma)
found that the stabilizing cffect remains unchanged even if
the tnducible defences affect the auack rates of consumers,
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boundipg the minitumn abundance of populations
potr Balling below a mummum value, inducible deftnces
ote the persistence of predator—peey spocics in
wirophtc food chaing {Voz et af 2004} [udqcad definces
have Also been showi 1o decclerale the mapid population
Aecting uf Daphritg undet peak predation by fish. Induced
defences can thus contribute to the persistence of prey
populations in the face of high predstion risk by efficiarn
predators (Vo et al 2002).

3.7 Density-dependent predaior morielily

The experiment conducted by Kirk {i998) (discwemed in
%3 demonstrated that, at hiph population density rotifers
peoduced some wnidentified sutotoxin that acted as a source
of density-dependent wortality, where the death mie of
the predator increases in direct respense 1o an increase
in the temass of the predator {Bazykin 1974} This
denrity-dependent meortality has been shown b stabilize
predater—prey  dymamics. In general, introduction of n
density-Oependent mestality term in & simple predator—prey
model alza theoretically provides a stalilizmng effect on
anrichiment, Gatto {1991} discussal sich smhility wsing
& predator—prey madel with & Holling type 1 functional
response. Apart from aviotoxins produced by the predator,
density-dependent mortality in the predator can, for other
reasons aler mabilize predator—prey dymamics ((Gaito
1991). A hiksly =itustiom, as Gatto argoed is as follows.
For & Dlopheio algal systemn, when Daphniz are more
gbundant, cither some other predators that are specialized on
other prey might switch to Daphnia, or Daphma account
Tor a higher proportion of all thedr predators’ diets. In such
gilvations, consideration of deodty-dependent préadmior
tortality might be ressonable in simple predator-prey
models,

3.8  Effect of toxic food

It is estmblished that, in the comtext of ccosvatem stability,
the energy valuc or food value of the rescurce (i.e. proy) ia
very importand {van Baalep e af 2001). The caloric content
of prey regulates the dynamics of one-predator — two-prey
‘ateraction (Roy ef af 2005), The food value or dictary value
15 geaerzlly determined by the stoichiometry or chemical
compoaition of the resource (i, prey) (Jones and Flynn
2005). Thus, 4 minor change in the stoichiometry of prey
D9y cause a sighificant changs in s quality as a food
(Sterner and Elser 2002; Mitra and Flyon 2005). A commen
wason for this stoichiometric modulation might be the
P‘U'%uﬁﬁm of taxin (¢.g. Flyno er af 1996, Calbul af of 2002).
belﬂ'Fmducilm phoioplankton in maring ecnsystems have
31gnificant role in determining the zooplankton population

density (Chattopadhyay ef af 2002) and regulating the
phvioplankton-zooplankion dyoemics {Roy ef af 2006}
Genzrally, the presence of {comeoon) secondary memtroliles
in a wsoutce 18 8 major cause for food toxicity (Bartoaz
2005). The mixed dielx of a predator often contiin a
meazursble amonne of texic chemicals (Bartosz 2005) that
act as Inhibitory agent for growth. For example, the dictary
compasiton of uman food ¢ontains some 1.5 g of phant-
originated Woxic xenobiotics {Dietrich of af 2003). Following
these obeervelions, Koy and Chanopadhyay (20ih)
recently showed that, theoretically, in the comtext of stability
of simple predator prey systems, the prescace of toxic prey
is highly significant. Taxic food in 2 mixed resource may
efficiently counlersel vscillativo (destabilization) arising
from curichiment of resource awailability, Moreover, al
increased resource availabibity, toxic food dhatr acts 2 2
sourcs of extra mortalily may incresse the abimdance of
the predator as well as that of the palatable prey (Ray and
Chattopadhyay 2006b).

4. Concleding remaris

A theorstical study predicied that enrichment of an
scomysiem may couse dynamnic instability leading te
extinetion of specics in 2 fnite fime pernicd {Resenzweig
1971). However, in real scosystems, destebilizaticn due to
endichment hag rarely been observed (Vos 2f of 2004, Also,
2 number of experiments incloding those by MeCauley
and Murdoch (1990), Kirk {1998), Pearsson ef of (2001),
which direcily lested the effect of eorichment, ceuld pot
support the paradex. Beversl stodies have beso conducted
over the decades om this popular paradox. The question
that has dominated the lileratire is: “Why is the puradox of
enrichment so rarely (if ever) detected in neivrel systems?”
The predominent approach to this question has been to posit
novel complexdty.

We have summarived the explimmiions relaed to the
paradox. The itechanizms that have besn discussed range
from simple extension of the predetoc-prey model to
complex population dyaamics, mcluding chacs o space and
time. Although the enrichinent paradox has been treated as
an ecological axiom, a geoeral conscnsus on the different
explanaticns of the paradox has nol been reached. Some
theoties ither direedy or indireclly indicate the imperiance
of predator-induced cifects. We nate that inducible defence
ig an mdiree) inlerference by the predater, density-dependent
mortality agam is effectively a predator-dependemt effcel.
The proposition of ratic-dependient funclional response is
a direct incorparation of the predator-dependent effiect. It is
reasonable vo ask whetier the phonomenon vt -was initially
proposed by Rosenzweig (1971} is due onty te the fallore of
theoretical understanding of ihe ecolopical consequences of
simnple predatoc-prey interactions. While most explanations

J. Biosei. 32(2), Mareh 2007
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lnvolve increased and copditional complexity, the suggested
shift wway from prey-dependent fimptional responses asks
sinply for m recansideration of the basic agsumptions
of the paradex of enrichmemt. On the othor band, each
of the theories thm ke into acommt the presence of an
abternative prey {inedible, invuloerable, unpalatable, toxic)
me cifsctively applicable to some specific ecosystems
couzidered,

Despite the fact that 2 large number of experiments
hawve rejected the hypothesis of the paradox of enrichment,
it in intaresting &0 pate that certein microseme experimenis,
a3 we have already memtioned do seem to support the
paradox of emrichment. ‘The reason is that such systems
are sitably simple: they do oot have the complexities
described by the various “complexity” theeres discussed.
Moveover, the short generation thnes of those aysterms
prevent significant interference betwesn predatars from
einergmy. These sysiems seem to cbey the assumptions
of Bozenrweig seemingty all others {ipzlnding all navurai
systems) do not.

Howwerver, nature is onmch miore complex than mindels and
laboratories. In oaturs different mechanisins may cotubine 1o
cause slability, ever when a systemis ensiched, and the exact
mechanizms may differ among syrtems, What we would
wan! is to bave & mulliceussl understanding of fmporiant
scological processes (Vos & al 2004h). This vaderstanding
oeeds to be achieved throvgh extensive fleld work and
haboratory experiments, coupled with renlistic theorstical
models. Formuolation of 2 concrete nidge between the
respomse of ceosystems under eorichment and a universally
atcepted valid model for predamr—prey interaction iy still an
unachieved goal.
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The stability of ecosystems: A brief overview of the paradox of enrichment
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In theary, earichaent of resource in a predator—prey model kads to destabilization of the systom, thereby collapsing
the trophic interaction, & phenomenon refemed to as “the paradox of enrichnwent™. Aftcr it was first proposed by
Roseazweig {1971), a number of subsequent studies wers carried out on this dilerma over many decades. 1o this
aticle, we review (hese theoretical and experinveniel works and give a brief overview of the proposed solutions t the

The mechanians that have been discussed are modificatioas of simple predator—prey models in the presence
of prey that is inedible, invulmersble, unpalatable and toxic, Another ¢lass af mechanisms includes an incorporation
of & malin-dependan functional fomm, inducible defence of prcy and density-dependenl mortality of the predator,
Morsover, we find a third set of explanations based on complex population dytemics inclodmg chaos in space and
time. We cencdude that, atthough any ane of the various mechanistns propoged so far might potentinlly pravent
destabilization of the predstor—prey dynamicy fidlowmg sonchment, in natore o fferent mechanisms poay combing to
cauxe stability, even when a xystem is pariched. The exact mechanizme which may differ amonig systems, need to be

dmentanpled through extensive Beld stedics and Jaboratory experitnenis coupled with tealisde theorehcal madals.

[Foy 5 uod Ubattopadbyay 1 2007 The sinbility of copaysiema: A hrief overvicss of the parsdex of enrichaend: J. Bloser. 32 21-42E]

1. Tmarodactioa

Emergence nf the classical predator—prey models dates
back to the piopesring work of Loikz (1925). Subatantial
devalopments have been made in the Geld of predator—prey
mrahtion by nomerous thepreticians and ecologists over
e past decades (May 1972; Abrams 2000). However,
Se cofroversies related to classical predator-prey
micracions sl await comscoyus amonog investigabors,
One of thesic cnigmas i3 popularky known as Roscozweig™s
paradox of corichment. Rosenzweig {1971) showed that,
if the carying capacity of The prey population of 3 sunple
predutocprey mode) is increased sufficiently, the time
ewution of the model system devistes from the steady slate
al exhibits cycles (i.e. limit cycies). For further increase
of e camying capacity, these cycles grow pradually,
Winging the shundance of either the prey or the predator or
h"“ﬂ’_P“P“hﬁﬂn& choser zod closer 19 zeru; m other words,

ing to the extinction of one or more ophic level, On the
basie of these observations, Rosenzweig made the following

contlusions:

“Lincreasing e swpply of Limifing mitients oy
awergy tends to destroy the steady siate, Thi man must
ke very carefz in atletnpling to enrich on ecosystems in
order ko increose its foed yiald There i o real chance
than such acifvity may resalt in dacimation of the food
species thar are wanited in grealer abundance.™
This exciting and mmovative result predicisd theerstically
by Rosanzwsig, has atractsd the attenton of numerois
ciomincists and theoreticians for the past four decadcs.
A numbcr of theoretical and empirical stwdies have been
donie 16 explain the pamdpx of enrichment. In this article,
our objective i5 to rovicw, within the boundary of our
knowledge, thesc theargtical and cxperimenlal works and
give a brief overview of the solutions peopased. Although
Rosenrweip's moadox has been well acoepted as a clasic
example of ar ecologicul paradox, the word “paradox” in
the phrase “paradox of enrichment™ is not yet universally
accephed and iz interpreted in differsot ways (Jemsen

Keywordy, Food value: panadox of earichment: oscillation; stability; taads food

& Fioser, 3201), Mureh DT, 421-41F,

421
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and Ginzburg 2005). Rosenrwrig nused “paradox” to
EXpreas an apparenily cootradictory role of enrichment
ccosyshmy; eorichmem that is perceived as bencficial for
the growth of papulations might have the potential to cause
desmbilization of the ecosystem and eventually extinction
of the predator—prey populations. However, in subsequenl
artickes “'paradon™ has been used o express the discrepancy
between the dypamic behaviowr of te real predator—prey
systems and that predicted by simple predator—prey modeks
(ree Jerwen and Ginzburg 2005). Without dwelling cn this
dilemma, we int2nd to give an overall view of the empirical
and thegretical works that are directly releted to the phrase
“panmdox of ennichment”,

% Experimewts and fickd obwervatigns on the paradox

A rmber of experiments were carmigid out tg observe the
effect of enrichment on the dynamics of simple predator—
prey systems. However, tost of these expenitncnts tejected
the hypathesis that enrichment would cssentially destabilize
sommunity dymamics,

The bandful of experiments cited by many authors which
claim destabilization of ecosystems following enrichment
inghude those by Huffakeer ef af (1963, Lockmbill {1973),
Velleux (197%) and Fusmmann e af (20000, Huffaker o
al {1943} showed thet an increase m the wupply of fond
to herbivorous mites destsbilizad their interaction with
predztory mites, which eventually led to the exlinction of
beth species.

Luckinbill (1973} and Veilleux (1979) conducted their
experiments with Didimum moswiem a3 the predator and
Paorameciom qurelio as it prey. Tn Luckinbill's experiment,
when Paramecium and Didfnhim were allowed o grow in
& m! of stendard cerophyl medium, the Didinfum consumed
all the prey in a few bours. However, when the tradium was
thickened with methyl vellulosc, the Didinivm-FParameciim
pair went throtigh two or three diverging oseillations over a
period af 10-18 days before the Didinium bacame extipet.
Harrison {1935) used these data to tess the applicability of
predator-prey modeds with differcnt functional responses,
and produced an important resalt .. reduction of the Faod
supply for the Paramecinm and/or thickening of the medium
could praduoce 2 nonoscillating stable steady state for the
prpulation densities™. [3 other words, Lhe systom was shown
to ghift from instability to stability when the pressurs of the
input prey was reduced (Hamizan 19935),

In Veillewx's experiment, the outcoms of the predalor—
pivy inbetaction [again with methyl celluloge in the medinm)
depended upon the concentration of the bacterial mutrient
cevophyl presemt in the medium, Veilleux observed 1he
following: at low cerophyl concentrations the predator
and prey coexisted at 8 numerically stable equilibrivm, at
intrrmediste cerophyl concentralions, althouph the specics

4. Bigsel. 322}, Macch 207

coexisted over time, the pepulation densities oscillated wig,
an amplitode related to the cerophiy! devel, However a¢ high
ceropbyl concentrations, the species were unable ta coexist
(Veilieun 1979}, Henee, similer to Luckmbill's Sxpetiment,
Veilleux's experiment also demonstrated that for a sy,
coexistence of the predator and prey populations, a reducien
in the supply of available prey is needed.

Fussmann ef af {2008) reporied the dynamic behaviour of
A two-species agquatic communily in o laboratary Conmpining
4 rotifer-algae system. This expariment alvo showed they
reduction, of high nuirient input shifted the systern fron
a temon of condistent predilor extincton o 3 region of
coexistence.

Cm e other band, 4 numbet of observations inclading
those by Walters er of (§987), Watson and MeCauiey (1588,
Leibold (1985), McCauley and Murdoch {1990), Kirk (150§),
Persson gf of {1993), Persson ef of (20011, Muzumder (19943
could not support the paradox of enrichmem. Analvsis
of phytoplankton—zooplankton systems with  different
nutrient inputs demanstrated that the equilibrium densivy of
phytoplaniton increases with an increase of tatal phospliorys
(Walters e of 1987, McCauley ef of 1988, Leibold 19109;
Mazumder 19943,

McCauley and Murdoch (F990} restmd the Jymamir
behaviour of the freshwaler zooplankton Daplmic znd il
algal prey. They reported that the biomass dala of these
populations collected from lakes and ponds depicted stable
and cyclical dynamics caused by interactions berween the
papulations. The cyeles in the Reld dats were not of the
paradox-of-critichment type due to the following reasons:
the amplitude of the vyeles was small, the poried equal o 2
Daphnia generation was shor, and the eycles wers generated
by whe developmental delay of Daphnia (MceCaviey and
Murdock 19903, Further, they grew the fickd-collected
Daphnia and algae populations in nutries-rich and mymient-
pair tanks. They demonstrzied thal the addition of tukrisnls
to the cxperimenizl tanks had o effect on the amplitude
of population cycles of the cladoceran Daphaia, snd thal
Daphrniz-algae populations sxhibited similar dynamics in
bath nutrient-rich and -poor tanks, Moreover, “Daphnia
populalions digplaycd tmc-lag cycles in buoth treatments
with amplitudes, periods, and demographic details similar
to thoze observed in field and othet tank populations™. They
concluded that in natural lzkes and poods the biomass of
phyteplankion {prey) has no carrelation with the amplimde
of Dapfrniz (predator’} eycles.

However, in 1999, a paper published in MNawee by
MeCauley ef al teported thal they found large amplitude
cycles it enriched algna—Daphinia systems. Their gapenment
demonsirated that the dynamies of the Dagvinia—algal systat
essentially flipped between two coexisting atraciors -a
stahle equilibium and large amplitude cycles, Umly the
presence of inedible aigae and the production of ephippi2
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{rﬁmf,ggs}mdmbeahl: 1o change the nature of these
cycles towands dynamics with less profonnd Aycmations in
population demsity. )

To test the hypothesiz that enrichment of phytaplankton
peoy will increase the vaciability and complexity of predator

ips, Kirk {1998) conducted a laboratory experiment
with microcosmes couraining plankionic rotifer (Synchaera
ingie) a6 predators and phytoplankton as peey. Prey
enrichment wes dope by directly increasing the input
concentration of prey into predator chemaostat flasks. Such
enrichment  Toduced the population variabiiity thereby
gtabilizing the predatorprey dynamics. The reason for
ihis stabality, as Kirk found, was the production of some
unidentified aumtoxin by the rotifers that reduced the
papulatiof growth rate and individwal survival. The result
of the experiment showed that enrichment stabilized the
population escillations, and theteby rejecied the ypathesis
of the parador of enrichment.

Pesson o af (2001) conducted experiments in three
squatic food-web configurations with high or low nutrient
additions. Far thiz experiment, the basic foed web chosen
incladed bacteria, beterotrophic flagellates, algac and small
grazers (small cladocerans and rotifers). The three food webs
were derigned by keeping the bazic web unaltered (oech T,
adding large gragecs (web I}, and adding both large grazers
g fish (web [IT). The results demonatrated that although the
peedator—prey dynamics were destabilized by corichment,
changes it both resource edibility and consumer mortality
stahihized the dynamics. Moreaver, it was found that for a
certain degres of enricimaent, vulnerable prey responded
in accordance with the paradox of enmcichment, however,
deslabilization of the invulnerable prey was insignificam.

3. Theories propased t0 resolve the parzdex

The serious discrepancy hetween theorstical expectations
and  obsérvalions in  nelural predator-proy  systems
provnoted imvestizatars to propwose a number of thaaretical
mechanisims for resclving the paradox of entichiment. Some
of these techanizms followed directly from the experiments
conducted previously, others were drawn from theoretical

andlyzis of plansible mathematical models of predator—prey
Interactions.,

3.1 Presence of inedible prey

To exphain the mismatch between iheory and observarion,
o getieral class of tmechanisms has been developed by
“xpanding the origingl model of Rossnzweig and MacArther
(1953), A cotmon division of prey was made vo the
gsumption that the prey cansists of two Types of species,
“uly ote of which is edible by the predator; the other is

medible (Phillips 1974, Leibold 1989, Kretzachmar o af
1993}, Grover (1995) stodied delailed theoretical anchyzes
on the effects of neural nedible prey, interfering inadible
prey and ouiritionatly valueless prey. A neutrally inedible
prey is generally oot consumed by the predatar and thus doee
not directly influrnce the interaction between the predator
and the edible prey. However, these inedible peey can exert
conittol over the numicnt contert of edible producers, amd
it has heen shown that the presenee of such inedible prey
may overtum destabilization following nutrient eovichenent
(Grover 1995). The experimental work by McCauley and
Murdoch (1940) also demonsirans] that the presence of
inedible prey that acts as & nutrient sponge (Kretzachmar
&t of 1993; Murdoch ar 2! 1998) may provide a plausible
miechaniim o resolve the paradoxical sucome of coogyatem
enrichment {MeCauiey 2t «f 1999),

1.2 Presence of imvulnerabie prey

Due 10 geveral reasons some individuals among the prey
population may appear to the predator in a tramsifional
state between Ihe vulnetable and invuloerable classes,
Invalnerability of an individual prey may he either due o
il= physiclogicalbehavicueal state, of s spatial iocation
(Abrams and Waiter 1996). Sometimes immohile prey
occupy 2 spatial loeation whers predatoes cannet gain accrss
and, i sack conditions, he predatery risks are greatly
reduced therehy making the individusl prey invulnesable
(Wemer and Anholt 1993) Incorporabing in the predator-
prey modeis such a dynamic clags of prey population that
is invulherable duc to spatial Jocation, or has a greatly
teduced vulnegability to predators due zome potentisl
survival activity associated with it physiology, Abrams and
Walter {1396) showed that enricheenl canmot destabilize
the predator—prey system. When predamr—prey syst=ms
congisting of an mvulnerable ¢lass of prey are enriched,
the ipvulnerable class increases m pumber résultitg o
an inkrease in the Biomass of the eotire prey population.
However, increased oumbers of invulnerable prey reaoll in
an increase tn the input of individuals into the wualnerable
class making the predstor-prey interaction a “domor-
cotirolled” system, and the dynamics of such systems have
meen showt to be strongly stabilizing (Pimm 1982). The
experimmental work by Porssun ef af (2001 {discaassed in
Section 2) supported these thearstical analyses, showing
that inviinerable prey may stebilize oophic-level dynamics
by replacing more vulngrable prey.

33 Presence of umpalatable prey

Apart fiom the class of protitable (edibke) and medible prey,
in the conlext of entichment of predatlor—prey systeme, zoma

J Figsct 3202, March 2007
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myestigators heve smphasized the presence of amother
claaz of prev that is bss profitable b edible Becauss the
profitability of such prey is lower than a crivical value, cven
if thesa proy are consymed st hiph hiomass, the outritionsl
reyuirement of the predator poputation is unfulfilled. These
prey are referred to ax “unpalatsble” {Genkai-Kata znd
Yamarmura 1999, X000, Analysis of ame-predator, two-prey
systems {Genkai-Kato and Yamaomwra 199%) demwonstrated
thit if the predatar exhibits oplimally selective feeding (=g,
valanoid copepods), the presence of an unpalatable prey
sfficiently reduces vhe amplinnde of dynamic vecillation
following enrichment. Moreovet, in an enriched ecosystem
the presence of an uwhpalatable prey prevents the minimum
shundatice of species from falling below certain values
{Oenkai-Kato and Yamarura (%99), and thos increases the
tobustuess of stability of the predator-prey systems against
enrichment. Following these resulis they concluded that the
pratitability of unpalatable prey hes the potential to actas
key predictor {for the dynamic behavioor of predator—prey
syatems in nature. Experiments bave shown that duc o some
physical and bidlogical constraints, the quality of faod both
in planktonic and terrestrial ecosysems sometimes decreases
s high binass. For exemple, Tabhe and Sterner (1 5%4)
demonseated that, though the biomass of algec incteases in
cespomde to hght avatlability, the PoC ratio of algae, which
might be considersd a3 a potential measure of ils Food quakty
for the grazer zooplankton, remains fixed up o 2 cortam
critical light intensity, and decreases bayood it There are
alew examples among plant herbivores which demaonstrate
that the quality of prey decreages at high ahundance due to
certain moishure condibons (c.g. OUE ef of 2002). Recantly,
Roy and Chattopadhyay (20062) have proposed a simple
phenonenolopical relstionship to describe the degradation
of enzrgy value at increased ilevels of camying capacity.
Theoretical analyais has demonstrated that incorporation of
the proposed refationship in sipple predator—prey modcls
overmurns the poassibility of destabilization of community
dyoamics following eorichement (Roy and Chanopadhyay
200EaY.

3.4 Ruovic-dependent functional response

Thynamic instability dug 1o envichment of resotree supply
i3 generally an outcotae of those simple predatnr—prey
miedels that incorporate fimctionel responses which are
fully dependent cn prey density, These functicnal responses
are baged on the assumptans that predators encounter prey
species af rapdam, and that the probubility of this encoumnter
depends on prey abundance omly. Ardit and Gineburg
(198%) argued that these sssumpiion: may not always
be appropriste. They proposcd that, if the time senle of
population dynamics, at which the madels operace differs
from the behavioural time scale, it would be reasgnable to
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assurne that trophic function depends on the ratio of prey 1o
pradator shurdance. Ardit and Gineburg (1 98%) termed these
uptake functions “ratig-dcpendont functional responsa™
A mumber of empirical observations condweted earlisr
(.. Bemstein 1981; Katz 1985) supported the arpumen
of ratio-dependent wophic fanction. [f “ratio-dependony
uptake functions are incorporated, oscillatory instability of
the dynamics iollowing an enrichment in cartying capaciey
doey ot anise in simple pradstor-prey models (Ardit and
Ginzburg 198%9; Arditi and Berryman 1991}, However, ilic
sccopbmer of ratio-depepdent functional forms iz debated
by some ecologists (Okasanen ef af 1992, Dvieh! er af 1963;
Abrams 1994; Gleesem 1994}, and a detail of this debate,
which iz out of the scope of this revicw, may be found
Abrams and Ginzburg (2060), and Jensen apd Gimzburg
(2005).

3.5 Spatal interoction or spatintemporal chans

Tir study the effects of space and time on interacting species
Jansen {1995) extended the scope of the simple Lothe—
Wolterra system and (e Rosenzweig-MacAnhur model 1o a
patchy snvimnment. Analysis has demonstrated thal spatial
mteraction can bound the fluctuations of a predator—prey
systemn amd reguiale the abundance of the populations
(Janzen 1993). Morcover, the laboratory experiment of
Helyoak (2000} and thepretical works by Jansen and
Lloyd {20007 and Jagsen (2001) also showed that spatial
patehes protedt predalor—proy systems from collapsing due
to population extinction following enrichment. Using 2
standard diffusion-reaction system and a diffusion-reaction
eystam with a cut-off at low population denajries, Petravshis
ef al (2004) demongrated theoretically dhar transition 1o
spatiotemiporal chaos can preveol species extinction in
an enriched scosvetem. Thus, considerating of tinme and
space may efbciently siter the paradoxical sutcoms of
the regular dynamics predicted by simple predator-prey
models.

3&  lnducible defense

To study the effects of inducible defences on cotpmanity
stability apd persistence, Yos ef of (2004a, 200db) analysed
models of itrophic and titrephic food cheins  thal
incarporate consumer-induoed polymorphism. They showed
that inira-spccific heterogenesity it defence lewcls van
overtum the inxtaliility following enrichment. Essentially,
inducible defenses represent a predator-dependent etfect
fl.e. mdirect interferenced. These effccts are coused by
differences i handling imes andfor conversion efficiencies
between defonded and undefended prey. Vios ef of {20{Ma)
found that the stabilizing cffect remains unchanged even if
the tnducible defences affect the auack rates of consumers,
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boundipg the minitumn abundance of populations
potr Balling below a mummum value, inducible deftnces
ote the persistence of predator—peey spocics in
wirophtc food chaing {Voz et af 2004} [udqcad definces
have Also been showi 1o decclerale the mapid population
Aecting uf Daphritg undet peak predation by fish. Induced
defences can thus contribute to the persistence of prey
populations in the face of high predstion risk by efficiarn
predators (Vo et al 2002).

3.7 Density-dependent predaior morielily

The experiment conducted by Kirk {i998) (discwemed in
%3 demonstrated that, at hiph population density rotifers
peoduced some wnidentified sutotoxin that acted as a source
of density-dependent wortality, where the death mie of
the predator increases in direct respense 1o an increase
in the temass of the predator {Bazykin 1974} This
denrity-dependent meortality has been shown b stabilize
predater—prey  dymamics. In general, introduction of n
density-Oependent mestality term in & simple predator—prey
model alza theoretically provides a stalilizmng effect on
anrichiment, Gatto {1991} discussal sich smhility wsing
& predator—prey madel with & Holling type 1 functional
response. Apart from aviotoxins produced by the predator,
density-dependent mortality in the predator can, for other
reasons aler mabilize predator—prey dymamics ((Gaito
1991). A hiksly =itustiom, as Gatto argoed is as follows.
For & Dlopheio algal systemn, when Daphniz are more
gbundant, cither some other predators that are specialized on
other prey might switch to Daphnia, or Daphma account
Tor a higher proportion of all thedr predators’ diets. In such
gilvations, consideration of deodty-dependent préadmior
tortality might be ressonable in simple predator-prey
models,

3.8  Effect of toxic food

It is estmblished that, in the comtext of ccosvatem stability,
the energy valuc or food value of the rescurce (i.e. proy) ia
very importand {van Baalep e af 2001). The caloric content
of prey regulates the dynamics of one-predator — two-prey
‘ateraction (Roy ef af 2005), The food value or dictary value
15 geaerzlly determined by the stoichiometry or chemical
compoaition of the resource (i, prey) (Jones and Flynn
2005). Thus, 4 minor change in the stoichiometry of prey
D9y cause a sighificant changs in s quality as a food
(Sterner and Elser 2002; Mitra and Flyon 2005). A commen
wason for this stoichiometric modulation might be the
P‘U'%uﬁﬁm of taxin (¢.g. Flyno er af 1996, Calbul af of 2002).
belﬂ'Fmducilm phoioplankton in maring ecnsystems have
31gnificant role in determining the zooplankton population

density (Chattopadhyay ef af 2002) and regulating the
phvioplankton-zooplankion dyoemics {Roy ef af 2006}
Genzrally, the presence of {comeoon) secondary memtroliles
in a wsoutce 18 8 major cause for food toxicity (Bartoaz
2005). The mixed dielx of a predator often contiin a
meazursble amonne of texic chemicals (Bartosz 2005) that
act as Inhibitory agent for growth. For example, the dictary
compasiton of uman food ¢ontains some 1.5 g of phant-
originated Woxic xenobiotics {Dietrich of af 2003). Following
these obeervelions, Koy and Chanopadhyay (20ih)
recently showed that, theoretically, in the comtext of stability
of simple predator prey systems, the prescace of toxic prey
is highly significant. Taxic food in 2 mixed resource may
efficiently counlersel vscillativo (destabilization) arising
from curichiment of resource awailability, Moreover, al
increased resource availabibity, toxic food dhatr acts 2 2
sourcs of extra mortalily may incresse the abimdance of
the predator as well as that of the palatable prey (Ray and
Chattopadhyay 2006b).

4. Concleding remaris

A theorstical study predicied that enrichment of an
scomysiem may couse dynamnic instability leading te
extinetion of specics in 2 fnite fime pernicd {Resenzweig
1971). However, in real scosystems, destebilizaticn due to
endichment hag rarely been observed (Vos 2f of 2004, Also,
2 number of experiments incloding those by MeCauley
and Murdoch (1990), Kirk {1998), Pearsson ef of (2001),
which direcily lested the effect of eorichment, ceuld pot
support the paradex. Beversl stodies have beso conducted
over the decades om this popular paradox. The question
that has dominated the lileratire is: “Why is the puradox of
enrichment so rarely (if ever) detected in neivrel systems?”
The predominent approach to this question has been to posit
novel complexdty.

We have summarived the explimmiions relaed to the
paradox. The itechanizms that have besn discussed range
from simple extension of the predetoc-prey model to
complex population dyaamics, mcluding chacs o space and
time. Although the enrichinent paradox has been treated as
an ecological axiom, a geoeral conscnsus on the different
explanaticns of the paradox has nol been reached. Some
theoties ither direedy or indireclly indicate the imperiance
of predator-induced cifects. We nate that inducible defence
ig an mdiree) inlerference by the predater, density-dependent
mortality agam is effectively a predator-dependemt effcel.
The proposition of ratic-dependient funclional response is
a direct incorparation of the predator-dependent effiect. It is
reasonable vo ask whetier the phonomenon vt -was initially
proposed by Rosenzweig (1971} is due onty te the fallore of
theoretical understanding of ihe ecolopical consequences of
simnple predatoc-prey interactions. While most explanations
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lnvolve increased and copditional complexity, the suggested
shift wway from prey-dependent fimptional responses asks
sinply for m recansideration of the basic agsumptions
of the paradex of enrichmemt. On the othor band, each
of the theories thm ke into acommt the presence of an
abternative prey {inedible, invuloerable, unpalatable, toxic)
me cifsctively applicable to some specific ecosystems
couzidered,

Despite the fact that 2 large number of experiments
hawve rejected the hypothesis of the paradox of enrichment,
it in intaresting &0 pate that certein microseme experimenis,
a3 we have already memtioned do seem to support the
paradox of emrichment. ‘The reason is that such systems
are sitably simple: they do oot have the complexities
described by the various “complexity” theeres discussed.
Moveover, the short generation thnes of those aysterms
prevent significant interference betwesn predatars from
einergmy. These sysiems seem to cbey the assumptions
of Bozenrweig seemingty all others {ipzlnding all navurai
systems) do not.

Howwerver, nature is onmch miore complex than mindels and
laboratories. In oaturs different mechanisins may cotubine 1o
cause slability, ever when a systemis ensiched, and the exact
mechanizms may differ among syrtems, What we would
wan! is to bave & mulliceussl understanding of fmporiant
scological processes (Vos & al 2004h). This vaderstanding
oeeds to be achieved throvgh extensive fleld work and
haboratory experiments, coupled with renlistic theorstical
models. Formuolation of 2 concrete nidge between the
respomse of ceosystems under eorichment and a universally
atcepted valid model for predamr—prey interaction iy still an
unachieved goal.
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