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. ABSTRACT

A variety of models for nutrlent cyc11ng 1n ecosystems -

-lare examlned both numer1ca11yaand analytlcally, to determlne eco-
' system responses to perturbatlons ' The structure of the decomposer—

B hdetrltus dynam1cs is found to play a governlng role in the stab111ty

of the ecosystem._ Stab111ty 1nd1cators are shown to ex1st'and'may_

-potent1a11y be evaluated in real systems from measurements of de-
'composer populatlon dynamlcs parameters.- The espec1a1 sen51t1V1ty
‘;iof ecosystems to perturbatlons in the amount of organ1c 11tter is
:-demonstrated and hlghly sub51dlzed ecosystems are shown to possess
'i4greater stab111ty than low-subs1dy (closed 1oop) systems. These
5-conc1u51ons, it is argued are 11kelv to be generally true in
';any model wh1ch captures certaln m1n1ma1 aspects of the decomposer-_
".detrltus dynamlcs which are necessary for a realistic descr1pt10n |

-'of nutrlent flow.
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INTRODUCTION

Th1s paper 1s concerned w1th the search for useful

"tstab111ty 1nd1cators for ecosystems It explores two related

f_problems, the f1rst is that of determ1n1ng what k1nds of pertur—

bat1ons can most’dramat1cally disrupt ecosystems,.and the second

is'that_of determining what”combinationsvof ecosystem parameters

- are reliable indicators capable of predicting whether an ecosystem

will collapse or significantly change when perturbed.

‘Because ecosystems are extremely complex, a nearly exact

"characterization of even a slmple ecasystem would.involve the
?detalled knowledge of a vast quantlty of phy51ca1 chem1ca1 “and
'blologlcal 1nformat10n. Instead of trying to model ecosystemsv
y1n ‘great detallv 'h we have used s1mpl1f1ed ‘models ‘which we

'feel dre reallst1c enough to allow us to draw some important con-

clus;ons*aboutvreal_ecosystems.' Out of the mu1t1tude of quantltles
which describe an ecosystem we have 1solated a small number of

potent1a11y measurable factors which are 1mportant for the under-

'..standlng of the system s stab111ty One of these factors is a

:stablllty 1nd1cator and is related to the carry1ng capac1ty for

decomposers 1n the - ecosystem. Another.crltlcal factor is the size

vof the 1n1t1a1 dlsturbance to . the organ1c litter pool in the eccsystem.

This pool appears torepresent a sens1t1ve "weak link" in many ecosvstems,
in the sense, that ‘a glven per cent change in the organlc 11tter pool
is 11ke1y to 1nduce a more s1gn1f1cant alterat1on in-the future

t1me development of the system than would a 51m1]ar per cent change
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in other'compartmeutsvin tﬁe system 5uchtas the inorganienutrient
‘pool the plants, the herblvores,'or the carn1vores. 'A third"fro-‘
perty of ecosystems wh1ch we show to be cr1t1ca1 to stability is
the degree to which the nutrlents (nltrogen phosphorous,'etc ) 15
the system flow 1n closed- loops. (

These and other results descrlbed below were f1rst suggested
' from Studies made using the Liapunov technique'for stability anal-ysi_s.1
The great‘advantaéequ this techniQue»isvthatvit caﬁ7b¢ used to .
'aSseSSKfihite; and therefore realistiC;;perturbations;':Thig'is iu
coﬁtrast to.tue most cemmbnltoqi‘used to”analy;e stability'properties,.
the-community matrik; uhich can 6n1y be'used to assess the'stability~
'propertles of an. ecosystem perturbed by env1ronmenta11y unreallstlc.»

'1nf1n1te51ma1 perturbatlons.2 Another advantage of the Llapunov

method ;s that it allows analysis of the stab111ty propertles.of a
~»eomplieated”3et of-eeupledHnoﬁlinear differentialiequatiOhs without"
:theinecessity‘of~exp1iCit1y‘solving the‘equations;- 
'A_detailed'description of our use of.the LiapunOV'technique
'hasvappeared'eISewhere.lﬂ-The primary fOcus of~this.paper is on
'numeriealrsimulationﬁof modei:ecosystems.: We emphasize that_the
analytié.Liapunovvtechnique"and the numerical computer-teehniques
iare complemeutary.- Withbut the analytic'work use of computer
"51mu1at10n would be un11ke1y to lead to 1dent1f1cat10n of stablllty
1nd1cators because of the great d1ff1cu1ty of prob1ng ‘the multltude
of p0551b1y SJgnlflcant comblnatlons"of_parameters; On the other hand

‘hand, the computer simulations are needed to probe the finite regions

-
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of stab111ty, because our: technlques for u51ng the L1apunov

method do not guarantee that we have found the largest f1n1te

| domain of*stabllrty (See.Append;x B). Furthermore, the computer

simulations‘ aliow us to'determine the féxplicit time—evolution of a
perturbed ecosystem. - o

One reallstlc and 1mportant feature .of the models dlscussed
here is_that they;1nclude cyclic feedback loops; Much of»the past
emp1r1ca1 ana1y51s of env1ronmenta1 d1sturbances of ecosystems has

focused upon the effects . of pollut1on or of other habitat changes

-upon the higher organlsms (e.g., birds, flSh mammals, trees )

In parallel w1th thlS, theoretlcal studles2 have emphasized the"

' predatOr-prey dynam1cs of ecosystems‘to the near exclusion of the

feedback.dynamics‘of the decomposer-detritus link. These

studies of ‘the upper stages of the trophic web have attempted to -
S ' : ¢

explore the role of diversity in ecosystems; but the contradictory

: nature of the ev1dence for any clear p051t1ve or negat1ve correlatlon

between dlver51ty and stability has d1m1n15hed the practical utility

of.such efforts.- Our work suggests that the 1nc1u51on of the decom-

3

_posing- bacterla and fung1, ignored in most prev1ous studles , is
'cruc1a1 to understand1ng stab111ty propertles of. ecosystems. Knowledge
.of the populatlon dynam1cs of the decomposers in the unperturbed system,

vknowledge.of the manner in whlch_the dlsturbance to the.system affects

organic litter, and’knowledge of the fraction of nutrient“flow which-

is processed by decomposers 1n the system appear to be of great impor-

tance. We suspect that by the time "1nterest1ng", organlsms are
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disturbed, it is often too laté or too difficult, to prevent sig-
nificant altera;ion'or collapse of the sysfem;

| This paper is organized as foliows; in Section 2 we
discuss the Sélient features of nutrient flow in ecosyﬁtems and
describe the geneial properties of mbdel equétions used for their de-
scription. Secfioh 3 contains a detailed description of sevérai mddels
for nutriént floQ in two systems'- a grasslands biomevanq a shallow
mesot;ophic fréshwatérvlake. In Section 4 we discuss the results
of computer simulations of these models. Evidehgé for the impéftance
of certain stability indicators ié presented. There are two apéendiceSJ
AppendiX A contains the equations we use to describe oﬁr model ecoéysfems.
'Appendix B can be skipped by readeré not interested in mathematical
methods; it is a review of fhe Liapunov stability méthod, an explanation
of its applicabilify to ecological models, and a summary of.hbw the

results'obtaiﬁed in Section 4 were first suggested by analytic methods.



II.

NUTRIENT FLOW IN ECOSYSTEMS

The flow of ba51c elements through the pathways ‘within

and linklng the blosphere, the geosphere, and the‘atmospheregls

cruc1a1 to the functlonlng of ecosystems We.do not attempt here
to add any new 1n51ght into the nature "of the mechanlsms 1nvolved
in this flow. Rather, our‘purpose is to show that.the‘stability
of'ecosystems is“intimateiyklinked to certain qualitative nro—

perties. of the flow mechanism and of the popnlation dynamics of

"the m1croblal organlsms responsible for ma1nta1n1ng nutrlent ‘levels

and cycllc nutrlent_flow patterns. In thlS section we set forth

~

- what Wevconsider'to'be the salient,aspects of nutrient flow in
‘ecosystems and describe simple minimal criteria for ‘their adequate

.mathematical description.

 There is a major difference between the flow of nutrients

‘such as carbon,vnitrogen, or phosphorns, and the flow ofvenergy in -
.an ecosystem. Whereas the energy supply to the primary producers
s almost entirely obtalned from the sun and not. cycled, many of

" the basic nutrients that nourish an ecosystem flow in a cycle, at

least to the extent that the forces of wind, erosion, human inter-

vention, etc.’ permlt. The bioiogical cycling of»these nutrients’

is, in large part brought ab0ut by the act1v1ty of a spec1a1

vgroup of organlsms, the decomposers Slnce these decomposers are,

themselves, a 11v1ng component of the ecosystem, 1nterna1 feedback .

-dynamlcs_must be,con51dered.



‘ The 51mp1est pattern)of 51ng1e nutrlent flowiln an
eeosystem is shown 1n F1g 1; Organic materlals are converted
- 1nto usable 1norgan1c nutrlent by the decomposers.4 Th1s
‘usable nutrlent is then 3551mllated by the pr1mary producers for
their _growth’.5 ‘Nutrient is then returned to the organic litter
pool in the form ofddead primary producers. In:more’COmpiex sys-
tems, some nutrient:(see Fig; 2)-vf1ow continues to herbivores;'carf
nivores,,eto.r Then’ via the excreMeno and”carceSSeé of all the;ev.
»organiéme,gthe nutrient isgreturned to the.organic litter pooi;
‘compieting the cycle. The cycling is never-cloSed in any-ciroqu
scribed‘ecoeyétem because nutrient,can:leare'orrenfer the organic'A
and ‘inorganic reservoirS’byia'variety of neChaniems such as
Jerosionn ot the appliCation of fertilizer. It can also enter or

leave the system via the mob111ty of 11v1ng organisms. We speak

- of systems w1th external inputs and outputs as "sub51d1zed" Sys-

' tems.' If the rate-of nutrient.input originating from external'souroes
is largé“(small) compared to the net primaryiprodocrivity rate,-tnen |
" the $y$£em is ‘a high (low)v— subsidy systen.‘ |

.vAvsensible mathematical description'of the complex.
proceSSes invOlVed invnutrientvflow.must involre avtradeoff between
methematical tractebility and eoological reaiism. To keep the math-
'ematicsvmandgeéble, many exquisite biological nuances,veome of‘which'
may‘be crucial to the existence of a particuiarrspecies in ﬁhe ecOsysfem

must be ignored. The general structure of such a mathematical
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model'mUSt be in conformlty WIth the laws of physxcs and chemlstry,
and must 1nc1ude a reasonable descr1pt1on of the mechanlsms re-
spon51b1e for nutr1ent flow.

To beg1n, we must select the varlables of the model If -

we are 1nterested_1n a part1cu1ar cycle such-as the n1trogen cycle,
then it is most convenient to choose as variables the nitrogen
" content of the various compartments of the system. A minimal

choice of'compartments is that shoﬁn in’Fig. 1. It is'pos$ib1e;

of course to add to or subd1v1de the compartments ‘in the. figure and

"bvifor certa1n app11cat10ns th1s 1s necessary (see Fig. 2) For
"~examp1e, in studylng the n1trogen cycle in a lake, a. detalled.
M'model would include the fact that grazlng zooplankton exh1b1t
o d1fferent preferences for various k1nds of algae.v In some
~cases,va se1ect1ve d1staste for blue-green algae,can hasten'thev
N onset of the v151b1e effects of eutrophlcatlon. :To incinde'this
':effect,the compartments for primary producers and for zooplankton

'would need to be subd1v1ded. A further subd1v1s1on of the prlmary
”-producersfconpartment could.be made between n1trogen fixers and-
= non-flxers, and between phytoplankton wh1ch can ut111ze organic

Eflltter d1rect1y and those whlch can ut111ze only 1norgan1c forms

In most terristrial systems the excrement and‘carcaSSes of the
var1ous organlsms must be chewed and broken up by worms, 1nsects

and other anlmals in. order to process the organ1c 11tter for the =



decdmposersuvAIn-drdgr to include the important'fuhctidnal rolé‘jn
nutfiénf,cycling which these Organiéms play, we would néed,tobintro_
duce a -new compartment for them énd»an~additibnal compattmént fér '
ﬂprocéésed" organic littér. In'additionvto fhg,tropﬁic’compiexities
déscfibéd abOve,'othef'effeCts.somefimes'heédvtovbe considered when
vvattemptihgltoumodel‘nutrient flow in,defail}' nge of these are
utime-lags;-age»distributioﬁ; geographical mobility, spatial hetero—
geneity,'tempérétufe dependence, and daily or yearly cycles. In
some éases‘théSe effeéﬁs can be included by -judicious uSe‘of,com-'
-paftﬁen£al'strqéture,v’For ekample,[ageﬂdistribution?or'generationv
méffécté mayfbe_crudelyvincorporatedﬂinto'models by placihg; séy,
larvae'and adults into scparatevcompartments. Cértainvspafialbmobility
effects can bevinCiudedfby use of additional cdmpartments.‘ For |
examplé,:infaudeep iake.a.giVen_compértmenf.of organisms could be
'Subdividediintousﬁrface and benthic‘compartments; In certain other
.ﬂsitﬁatiQns,spatial,heterogeneity,can be approiimated by. making

:Ause of‘avhbrizontal grid ofvdistinCt compartments. |

| Because of the complexity of'intefrélationships among
_varioﬁSorganisﬁsandvnutrients in an ecosystem, a detailed déscrip-
tion of $uch‘a system sometimes requires that a model incorporate

' -the floﬁ of several'nuirients simultaneously. ~If it were-true

~ that é:single limitiﬁg-factor reélly determinédban ecosystem's

~. behavior, then a model déscribing fiow of a single'nutrient could
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yield accurate detailed information. But, in fact, empirical

research® on lakes has given strong support for the hecessity of

a multi-variabled appfoach to nutrient flow. These studies show, -
for instance, that fertilization of a lakevwith’hitrogen'and
phosphorous leads to increased algal growth, but-that this growth

is alsd,dependent upon the assimilation of dissolved inorganic

- carbon into the lake from the atmoépheré. Thus, a realistic model

may need to inclﬁdé_simhltanedusly separate variables of the im-
pértant nutrienté in an ecdSQStem. 'Iﬁlliﬁingzorgénisms; the values

these variablés'takéﬁqn are constrained'to aépfoxim£te1y fixed |
‘réiids‘defermined by bibchemistry,_but the magnitudes of the :

various nutrients in the inorganic nutrient pool compartments

must be allowed to Vafy independently..

Given a set of compartments and variables, formulation

"of a mathematical model still requires knowledgc of functional
- relationships. We will adopt here the choice of coupled, non-

- lienar, first order differential equations (i.e., involving first

time_deriVatiVes only), which relatevthe_timefrate of change of the
system's variables to the values of the variables and to other

parameters in the system. These equations then have the general

form:

ay
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wherevthe.Xivare thé sysﬁéﬁ'sIVariabiés,.the yi are'ﬁarametgrs
such -as rate constants, carrying.capaéities;.Michaeiis;Menten
coéfficiéhts;_etc., and the Fi are fqﬁcfioﬁsvto be spgcified.
More complicéted'sjsfems-of integro-differentiai-eqﬁétions can be
cénstfuéted;but such models usd#lly involve.thevintrodﬁction of
qdahfities thch.aré extraordinarily difficult to mggSure'and
thus have very little practical utility.’

The vafiables in our nutrient modelé can:be'conveniently
grouped into three categories; those that deSéribe‘living QfganiSms,_
those that desgribe'the oygénic litter, and thoséthat*describe the
inbrganic ﬁﬁtrieﬁt. There are two_ important differences between
" the férm 65 thevrafe equations which’describévliviﬁg'prgahisms and
“the form'bf the rate equations which describe the'orgénié litter -
and inofganic nutrient pools. | |

First, at low population levels the growth term in the
rate équatidns for living 6rganisms is proportioﬁal to the valﬁé »
of-thevariable'which describes the liviné organism (and also, of
coﬁrsé, to its food supply)."On the other hand the growtﬁ (gain)
fateé in'ihe rate equations which describe the organic litter and
inorganic nutrient pools are not propoftionaito, or even directly
dependen; on, the vafiablevwhich describes them. The,gain rate of
iﬁérganic_nutrient is dependent, insteéd, upoh the amount of de-
compbsers:and-the'amouﬁt ofvorganic litter,.whiie the gain.rate

*. of organic nutrient is dependent upon the death rate of organisms
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band the’rate.of'excretion of organlsms throughout the troph1c web.
Secondly, for h1gh values of the varlable which descrlbes a 11v1ng.
organlsm, 1ts loss or death rate is non-linear (and very roughly -
quadratlc) in that variable due to a carrylng capacity or resource
saturat1on effect.7 On the other hand, for large values of the
tvarlables which describe the organlc 11tter and 1norgan1c nutrlent'
pool,_the loss rate for each pool is at most 11near in thelr'respec-
tive yariables; |

It is this d15t1nct1on in theggeneral form of the rate

equatlons for the three categorles of varlables, the relatlvely large

size of the organic litter pool, and the special role that decomposers

play in effecting the conversion of organic to inorgonie litter, which

we believe determine the primary stability properties of nutrient cycles.

In the .following section several exp11c1t examples of model equations

are presented. Althoogh they do not 1nclude a11 of the spec1allzcd

’

’phenomene shown in Fig. 2 and discussed_above they do'incorporate

rgeheralzproperties of nutrient flow, and they respect the above-noted

distinctions among the three categories of variables.
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MODEL GRASSLAND AND AQUATIC ECOSYSTEMS

This section describes nutrient flow models for two eco-

systems. In order to emphasize the quite general nature of our

~stability rééults, we have purposely chosen two quite different

systems: augrasslands biome and a shallow mesotrophic freshwater lake.
The two hodéis &iffer considerably in complexity‘of structure and,

of course; in the values of their rate»parameters. Whére possible,
reliable field dafa is used to determine rate ﬁarameters in thé models.
Thé grasSléﬁdé model for nitrogen flow is unrealistically'simble,

yet it contains the baéic minimal féatureé diséUséed ih the previous

section. The lake models, one ‘involving nitrogen flow alone, and one com-

- bining nitngen‘and oxygen flow, include more structure. Although

.thé'models considered here are quite simple, they have in common

the basic feedback structure descrivbed in the previous section..

We re-emphasize that the purpose of this modeling effort is not to

simulate or predict the detailed behavior of ecosystems but to learn
about the spability implications of grosslgtructgral properties of
nutrient flow.

In Fig. 1, the nitrogen cycle in a siﬁp1e grass1ands ccosystem
V(é.g. shortgrass prairie) is depicted. The four compartments,
correspond‘tolplants such as western wheatgrass, inorganic nutrient
such as NQg; Aecomposers_(bacteria and fungi), and organic litter.

Here, we envision the nitrogen cycle in the following way.  As the

.decomposers feed and grow, they transform the nitrogen content of the

organic litter into inorganic nutrient (NO,

3 primarily) for the plants,

1
-}

It
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while their excrement and carcasses add to’ the organlc 11tter pool
The plants absorb the 1norgan1c nutrient for the1r growth when they

d1e, xhelr nl*rogen content adds to the organlc 11tter pool In

addltlon, there-can be external inputs to and outputs from the inor-
ganic,litter.pools (e g. fertilizer, washout);' Our system is thus

an open ‘one with feedback ‘and cyc11ng

.Our n1trogen cycle equatlons for the grasslands blome are:

,dxp' . o
Tt T %% % B (prants)
ax, o |
dat %'91 - ¥y BIPXIXP * oDLVXDXL - (Inorganic nutrient)
3 4 5 6
S : : (2)
) SO 2 S
= = %% - DXD * Bp¥pX, ~ (Decormposers)
7 8
' ax; _ x' | : ,
it = QL @ BLD LXD . (Organic litter)
9 10 11 ;
2 v2
+T
(o X DXD + anP + Yp%ﬂ))
~— — |
12

.Where'the'xiqrepresent the nitrogen content of the_compartments.8
- The .numbered terms are:
(1) Plant death'rate'including'resource scarcity tern,(YéX§).

- (2) Plant growth due touptake of inorganic nutrient.
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(3)- Addition of inorganic nutrient (é;g. fertilizer).
OR Washout of inorganic nutrient.
’(S)_:DeCrease of inofganic nutrient due fo ﬁptaké by planté.
(6) Production of inorganic nutrient byvdéédmposer action on
'ﬁiitter, | :
' (7) -Decomposer death rate including resdur¢¢’5carcity~term
(R oF |
(8) Décomposer-growth'due'to feeding on litter.
(9) Addition to organic litter (e.g. Sewége dumping).
(10) wéshéut of litter.
(11) Litter decrease due to decomposer action.
(12) Litter increase due_to'cafcassés of orgénisms,(r is an
efficiency factor). N
must hold true.

oL * DL

In these equations the relationship BLD‘Z'B .+
The interaction terms (Bij’ ODL) in equations 2 have the

| general Michaelis-Menten dependence on the Xi, or

- B ‘ ij i _ 2
_ Bij = eij / 1 f cTUX, ¢+ d Xj) , 3

where Eij‘is.assumed to be constant. In our numerical work we have
examined cases in which the el andithe d*J are both equal to and
unequal to zero. All other parameters in our eqUations'are constants.

- Experimental work 9,10 has verified that the Michaelis-Menten

form is a reasonable one to describe the-iooplankton—thtOplankton_

interaction. For the grassland biome and the aquatic system, the precise

L
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forms of the.interaotion.terms'have’not been‘determined Our results,
however, ‘'do not depend cruc1ally upon_the sBec1f1c form of these
terms. For example, it will be 1mportant in what follows that there
be a contrlbutlon to the loss rate of decomposers which arises from

D
but all that isrreally important to our conclusions is that this term

growa faster than'linearly in XD as X grows large;

Typ1ca1 perturbatlons to such a grassland ecosystem,which

- we w111 simulate in our analys1s are a decrease or increase of its

*,

organlc 11tter, depletlon or 1ncrease of its inorganic nutrients. (by

runoff or fertilization), and addltlon of toxic chemicals which alter

plant and decomposer growth rates, death rates, and levels.

‘The aquatic ecosystem we consider is a simple version of

a shallow freshwater mesotrophic lake. In such a lake, several species

of phytoplankton can exist which differ from one another in their
relationship_to‘the nitrogen cycle. Many blue-green algae are nitrogen

. . . 11 . e ‘ .
fixers under certain conditions; in addition, some species of

. blue green algae may be able to utilize the'nitrogen content of organic

12 o |
litter directly. Most phytoplankton need to absorb the nitrogen in

the forn;of inorganic nutrientv(e.g. NO%).lé.In onr model,'We have
taken account‘of.these diStinctions by diViding the'bhytoplankton into
three compartments: 1) phytoplankton:whichtabsorb nitrogen from
organio'litter oirectly (phyto-i);'Z) phytoplankton'Whioh are nitrogen |
flxers(phyto f) and 3) phytoplankton which need to absorb n1trogen

in the form of 1norgan1c nutrients (phyto i).
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_ . In Fig. 3,‘our'seven cOmpartment model for'thebnitrogen

' cyclerin é:shailow_°mesotroohicvleke is schematicaily giren,‘~The
'conpartments are iooolanhtoni(xz), phfto-i (Xpi); phyto—f.(Xﬁf),.
.phyto-l (Xég), inorganic nutrient pooi (XI), deconposers (XD) and
organicilitter pooIV(X )., We can envision this nitrogen cycle in

.the follow1ng way As the decomposers grow they transform the ni-

-trogen content of the organic litter ‘pool into 1norgan1c nutrient,

- while their excrement and corpses add to the organlc litter. The

phyto—i absorb the inorganic nutrient as theyrgrow,-whiie their corpses
add‘to'the.orgénic litter pool The phyto-z.optake nntrient'from organic
11tter directly as they grow, while their corpses add -to the organic
litter pool; The phyto -f f1x nitrogen from the effectively unlimited
pool of:thechtmosphere and their corpses also add to the organic litter
- pool. The'zoOplankton.graze on all three tyﬁes;of phytoplankton and
their'excrement and'corpses adds to the organic litter.pool Externai
”_1nputs to and/or outputs from the 1norgan1c nutrient and organic
litter pools can also occur.‘

The equations which we.take to describe this seven level
-equetic,syeten are,givenhin Appendix A, Eos. A-1. ‘Their structure
,is similar to that of the four level grassland biome and the same
‘comments’ concerning the Michaelis—Menten form of the interactions
apply. Typicai perturbotions of such an aquatic system can be
thermal pollntion'nltering rate consténts,-chemical pollution toxic
to liﬁingvorganiSms, and excess~§ewage-inflow;

Eutrophication, a fundamental problem for freshwater ecosystems
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is often aécbmpanied by an a1ga1 bloom. In ofder to understand such

aAblopm, tﬁe phosphqfous, oxyggn and tréce element cycles temperdture

dependence of rate”cohsténts, and.énergy-fldw through the systeﬁ, must

be considered toggfﬁer with'ﬁhe ﬁitrbgen cyclé.‘ Td incorpoféte some of this

vcomplexity,'we made.sevéral simulétions with a seven compartment aquatic model

which simultaneously describes the floﬁ of nitrbgén and dissolved |

oxygen. The defining equations are listed in Appendix A (Eqs. A-2).

The additional compartmenf,-Y, repreﬁents dissolved oxygen. There

areltWO'kinds of processes which contribute to its rate of change.

First thérg‘are physicai'meéhéniSms suéh'és the transport of oxygen

~ either bY'stream flow or by movement across the léke—5tmosphereuinterface.

Second, there are biological mechanisms includiné'the photosynthetic

production of oxygen by'phytopiankton and the uptake of.OXygeh by

"iboplankton,énd decomposers. The dependence of zooplankton and decomposer

métabolic_activifyrupon oxygen is also crudely taken into aégount.(See Fig- 4)
:Obtaining'expérimental (field) values for many of the nitrogen

-content qggnfitiés (Xi) and parameters'(sij, dDL’ etc.) in our equations

is difficult and méﬁy of them are not well determined. For example,

.reliable esfimates of the decomposer dfy biomass (or nitrogeh con;ent)

do not exist for aQuatic ecosysteﬁs. Grazing :ates‘for sdme, but not

4,15

. . ' . 1 :
-all, important species of zooplankton have been measured. Even the

general‘trophic structure of many aquatic ecosystems is in doubt. There
:is Veryllittle qualitative or‘quantitative'information on the abiiity
‘of certain phytoplankton to directly absorb oi‘ganic,nutrient%3 On the

"~ other hand'chlorophyll concentrations (which are propoftiQné1 to
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phytoplankion biomass) and inqrganic nutrient concentrations are
! ’ . ) A . . 1 6 -
somewhat better determined. 4 _
In general, the situation is slightly better for grasslands
ecosystems. Here crude order of magnitude determinations of decom-

poser dry biomass or nitrogen coritent have been made.l’”!8

In addition,
steady state (unpeftﬁrbed)fahouqts of'organic iitter and inorganic nu—.
trient are crudely known  for some»gfassland Bioﬁes,'while the amount
aﬁd gfowth:rate of plant material (or nitrogen cdntent therein) are
quite well known. 17 |

-In both grasslands and aquatic systéms, in-situ decompqséf
métabolism_rates are very poorly known. These-ratesxare difficult
to measure in-situ'sinée;vto a large degree;viheir measﬁrement depends
on a knowledge of éndther'pdorly detefmined quantity - thé biomass df
decomposers present.

Iﬁ tables 1, 2, and 3, we list’fhe values of the various
parametefs aﬁd the.équilibrium values of nifrOgen content of the
various compaitments (ii), which were used in'our computer work;

In many cases, the entries in the tables were thainéd by arbitrarily
choosing a‘numéficai value falling within a bféad range of experi-
“mental Qalﬁes. | | |

.The number of compartments in these models is truncated in
ordef tQikéép initial ahalytic and numerical work manégeable. Many
trophicllihks, such as the grazing of zooplankfon on bacteria and
the grazing of carnivores upon zooplankton and éach other are ignored.
In addition, the models assume spatial hOmogenéity, ignore age distri-
bution effects, and take the basic rate pérameters to_be time independ-

ent. Further studies which treat several important nutrients simultaneously
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;hahdiwhichfarermorengenerons¢w1thcregard;¢o.the~numberxof‘compartments
* are in progress;'what“our initial studies indicate is that the results
 obtained below are relatively independeht of such complexities pro-
vided the gene}al.propértieSFAescribed here are respected. |
Another important feature of natural systems which we
ignoreiin.dur models is diurnal and annual'variation. We are not
concérned here with the effects éf such driﬁing_fofces as tempera-
ture or rainféll or insolation variation. Although model equations
with Miéhaelis4Menten factors are known to'possess limit cycle solu-
tions for certain ranges of the parameters,lo We‘take the unperturbed
(equilibrium) state of our model equations to be the'static solution‘
(X, =-ii) obtained by setting dX;/dt = 0. In all our models, the
static'solution has at least some domain of stability (the eigenvalues
of‘the community matrix‘have negative'réal parts). 1In a future pub-
‘lication, we will describe the results of stabiiity studies for
~systems with timefvarying unperturbed states.
Although the systems we study here are locally stable,
‘tﬂe domaih'of stability is usually finite. _Thus while_ah-infinitesimal
perturbation.only slightly ana temporarily alters the system, a |
large énough_distrubance can cause significaht damage and even total
collapse of fhe system...It_iéjthesé finite pérturbationé whiéh we
study.by'éimuiation.in the following Section;
i Our concépt of stability is ufilitarian. We pérturb'the

system and determine whether the response is gentle or violent - a
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distinction which will be clear in the figures illustrating numerical
simulation of our systems. Traditional definitions of stability dis-

tinguish between a perturbed state which returns to equilibrium and '

-

‘oné’whicﬁfdoés not. This is of relatively little concern to us,

since avsyﬁtém whicﬁ is'sufficiently, even though temporarily
dislpdgéd from equilibrium, would probably be perceived ds

dangerously vulnerable to change. Furthermore;:in such a

case, it is unlikely that the original dynamical equations

could bé-trusted far from équilibrium; SO éven'if,they

prediCtéd in é'strict mathematical sense that tHe system would even-
tually return to its origiﬁal state, it would often be prudent to
'coﬁsider such a syéfem as if it were unstable. The terﬁ resilience

is §ometimes’used to aenofe the decay.constant'éharacterizing how

' iapidly a perturbed'sﬁate returns to equilibrium. Our concept of
 stability is concefned with the magnitude as well as the durafibn of
the deviatiop 6f the.perturbed state f#bm equilibrium;'and is fhere-
fore nof the same as the concept ofvresilience. A quaﬁtitative measure
‘of our nbtjpn of instability caﬁ-be'obtained byvfaking the ratio of
the integrai'ovér fime of the sum of the squares of the‘deviatibns
between_the perturbed and equilibrium stafe variab1e§ to the integral

over time of the sum of the squares of the equilibrium state variables. -«
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V.l‘NUMERiCAL'RESULTS FQR'PERTURBED MQDEL SYSTEM$‘

lfhere me describe the results of.ouf computer simulatiom
work.. The non- 11near differential equat1ons wh1ch descrlbe our
vmodels for the grassland and aquatic ecosystems were solved u51ng
a computer.' Avvarlety of perturbatlons were 1ntroduced and the
subsequent evolutlon w1th t1me of the perturbed system was studled
We explored ‘a range of rate parameters in our grassland and aquatic
.systems and generated-over SOQ 51mu1at10ns. . |

We have'identified from our-theoretical work a stability

indicator. It‘is a dimensionless ratio formed from the terms in the
rate equatlon for .the decomposers (see Egs. 2,A l A- 2) ThlS ratlo is
' labeled KD and is given by | |

YDXD"

_ Kbtis thehratio of the'linear'death'rate of the.decomposefs to the .

-ouadratiC'reSOUrce scarcity loss fate.“’Note that it is defined at

' *D ='XD, the.unperturbed value of the decomposer level. It is in-

tuitively reasonable'that large'values of KD might result'in systems

mhieh areiless stable than those with small‘vaiues,.hecause the co-

effieieht yb is-a'damping term pfeventimg rapid.chahge in the‘popula—‘
P PP

KZ»= o /yzxzand yet we shall see that these ratlos are less cr1t1ca1'

. to stablllty We shall speak of systems for whlch K >> 1 as hav1ng n

-tion But the same comment could be made concernlng KP =a /vy X or

decomposefs which are "lifespan limited" (the'llnear death rate exceeds
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the quadratic carryiﬁg'capééity, or resource saturation, death rate)_’
' whilé;systems with Kj<< 1 have decomposers which we shall call
"resource limited" (the resource saturétion'loss'rate exceeds the
;linear'.déath_rate).' |

| "The'écqsystém stability properties, which are deri#ed
from our analytic work and are further explored in the folldwing
computef’simulations, can be §ummarized as:

1) Thé more an ecosystem's decomposers are lifespan limited
'(Kb>> 1), the more unstablé the ecosystem is. (éee Figs. 5, 8)

2) Perturbations in the organic litter pool can lead to more
severe disturbances of the ecosystem, than the‘sahé-sized’perfurba—
‘tions in the other compartmeﬁt;; (See Fig. 6)

3) . Low subsidy systems are more unstabie.than high subsidy
ones. (See Fig. 7)

"fhe computer simulatipn runsvinvolvéd different perturba- -
tionsvéf the»Xi‘s as well.as.élterations of the rate parameters. For
each tyﬁe of perturbation'or.altgration,.different values of KD and KP

between O.I-and 10.0, were considered. First consider the shortgrass

prairie 6: grassland ecosystem. For our computer work;_we considered
two.gréssland systéms; One is a low subsidy system withvé lbs. (NY/
abre, ygar of inqrganic nutrient being added toVSystem;vwhile the other
'ié-modgrateiy subsidized system with 10 1bs. (N)/acre; year of inorgahic
nutrient béing added. |

| In the lbw subsidy system, the anerturbed valué for the

nitrogenvcdntent of the standing crop was takenito be 25 1bs. (N) acre.
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year. Here the decomposers are taken (ét‘equilibfium) fo.producé
33 lbs;(N)/aére;year of inorgahic nutrients. The unperturbed
or eQUilibrium value for tHe nitrogén‘contént of the decompoéers
is taken to be i;Silbs.(N)/acre twhich implies that thgy ggg_.
.double about evefy 20 days). This corresponds to about 2 x‘lO18
bacteria per acre. The unperturbed»value:of the ﬂitrbgen copteﬁt
of organic litter is taken to be 1000 1b$.(N)/acfe ahd of inbrgahic
nutrient 25 ibs;(N)/aére.' | |
The second grassland system we consider is'a.more'highly-
subsidized'oné,vwith 10 lbs./acre.year of inorganic nutrient in
the form of nitrbgen béihg added to the system aﬁd ofganic littef
being wa§hed out. The decomposers arevtakenvto be.slightly less
efficient than in the first grassland system'ahd produce 25 lb;./apre.
year of inorgaﬁic nutrient. Otherwise, a1mo$t all the parameters
and the values of the nitrogen content of the four compartments are
the same as in the first.(low subsidy) grassland system. In table 1
the parameters and equilibrium values for the nitrogeﬁ content of
each éompartment in the low and high subsidy system arevgiven;
For both grassland.;ystems, the time, but not the magnitude,
of initialfresponse, and thé later time evolution of the variables
following the initial disturbance were similar. Gi&en an initial perturbation,

the systems respond fairly dramatically over a 2-4 year period and
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fheﬁ éyolvé'very slowly, if at all, over the nexf;16 years'(see
figs. 4, 5;-6);'0f coursé;‘there were some exceptions to this
general behavior."For'example,'fdr perturbatibns'which involved
only the increasé 6r decrease of the decomposérs and'ndtﬁing elsé,
both grasslénd Systems were quite reSilient,fretufning’to their original
equiiibrium states.Within'a few years. This 6cc§rs because as
lldng-ds thére'is sufficient organic litter for ﬁhé bacteria to feed
“upon, their répid doubliﬁg rate provides a mechanism fof rapid recovery
of the syétem. | |
| Ve how list several specific results OBfained fromvcompdter.

calcuiationélfor our érasslénds ecosystems. o

1) _Sysfems'whosé decompbsers afe lifespan 1imiféd (K, large)
undergo far greater change wheh perturbed thaﬁ.do‘systemé whose de— 
coﬁpbséfs.areresoufcelimited (KD small).' Stability"of the.syétem |
is far 1e$s>$énsitive to'the value of Kp (see Fig. S)ﬂ o

| 2) Small (10%) decreaées in organic litter'cén lead to major
 a1terati§ns in the‘$YStem (see Fig.ks), if KD is.large and the system
-Hasia heafly ciosgd (low eXternal subsidy) nitrogen cycle, In this case, plant
qbver diminishes by 50% and the‘decomposers decrease until they are
:nearlyygxtindg;f_Tdtal.extinction, while a mathehatical possibility for
larger ré&uctions in the litter, is not usually a bio1ogica1 6ne, except
in extremély pathological situations. Nonetheless} greatly reduced
decdmposer lévels‘could occur in ;ystemg in-whicﬁ“the-organic litter
is only moderately’reduéed; The sysfeﬁ does not Show a similaf sensi-

tivity to an initial disturbance of any of the other compartments.
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- 3) A highly'subsidized’system is more stabie than a low-

subsidy system subjected fo the sameiperturbafioﬁ. _(see_Fig;'y)
4) After a large decrease or increase in decomposers-the

system returns to équilibrium within a feQ mgﬁths. (see"Fig. 6)‘

'5) Folldwing>g decrease in orgaﬁié litter, and allowing
20 years to-elapse during which‘time the system‘exists in a state
of pafﬁiéi bdilapée, new organi; litter is added. The additional
1itter, instantaneouély applied, raises fhe litter lével ub to
1100 lbs./acré”or 10% above thr original unperﬁurbed level. 'Thé'
plant cover then rebounds and after 5 yéar$ ieaéhes a value 30%
above its original unperturbed level. This could;be‘considered.a
healthy 'inst:ability.. -

- In_seferal’of the éomputer simﬁlafiohs, the full Michaelis-
Menteﬁ form (cij, ald #0 in Eq. 3) of the uptake terms_waé incliuded.
This inclusion madelno subs;antive differences in our computer
niesulfs, even in the cases of decreases in orgénic litter where thé
decompOseré weré life-spéh_limited.l

We nowvconsider our‘computer résults for-our mddgl of
a shallow freshwater ,meéotropﬁicléke. For this_sevén compartment
V modei,bwe take the niﬁrégen cohtent_df the zooplankton as .08 mg
_(N)/litef'or .25 x 164 ;ooplankton/iiter. Their tbtal grazing ?até
on all three types of phytoplankton is téken to bé .01 mg (N)/liter.day.‘
The total.nitrogen»contént of tge phytopianktoh'(equally divided'between
. the three typgs Pl, Pi’ Pf;) iS}.Zl mgi(N)/liter of ~.4'x 106 cells/liter 
and_their tofal nitfogeniuptaké was .014.mg (N)/1liter.day. The nitfdgen

éontent‘of_ﬁhe decomposers is takenras .002 mg. (N)/liter or about’
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.6 x lbs béc/liter. Their growth rate due tb ubtéke of organic nutrient
.was'.QO2 mg (N)/liter day, which'implies ;hat they ggg_doublé about
once a day. The equilibrium value of the qrganic>lit§er pool is taken
. as..S mg'(N)/lifer and of:iﬁofggnic nubiient as .15 mg (N) liter. Much
uncertainty exists concerning the roles of'd15501ved and particulate
brganiq iitter.és'a food sﬁpply'for the decomposers. Inlour computer
;iﬁulations, the numbers used represent an amalgam of experihentai
data on this‘point as well as a crude luhping of these two étates of
organic 1ittér'into one compartment.
"Iﬁ table 2, a complete tabUlatién of farameters and
equilibrium values of the nitrogen COntenf'of thevséven compartments
is given.vv ,. | |
6&? computer simulatioﬂ Tuns for’the-aquatiq sy#fem evaluafed
the effécf'of perfufbéd nitrogen content yalﬁes and rate parameters.
vfof each_run:différent values of the ratios of the linear death rate
 to-the quaarétic.reséurée scarcity reduction rate were considered
fdr'decdmposérs (KD), bhyto-l (Kz),»and phyto-£f (Kf){ In most éasgs,
the initial and most dramatic response of the aquétic-eﬁosfstem to
an inifiai perturbation, oécurred_over a 10 day period. This wés
.folléwed oﬁer the next 50 days by. gradual or ﬁnnqticeable changes
invthe state of the systems. | | |
-Belbﬁ,_we describe some computer‘resulfs which are specific
to this_sYstem;. (Our.genéral.comments such- as fhé fact-that-iafée
Qalues féf Kb lead to instability,-that the systém is most vulnerable
to chénges in the organic litter pool, and that'low subsidy'systems

are more vulnerable than high subsidy systems; apply here as they
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drd 1n the grassland system )

1) A decrease in organlc 11tter generally leads to a decrease
in phyto 2 and phyto i and an increase in phyto-f.

2) An increase in organic 11tter leads to a small phyto - bloom
small phyto-i;oscillations,'and a decrease in phytq-f over a .

2 day period;

"3) A decrease in zooplankton gives a.sma11<three;way bloom
of phyto-%, i, and f with an eventual return to‘equilibriﬁm condi-
rions.’ The system:is quite resilient ‘to this pertﬁrbation.

'4) . After a decrease in deconmposers, the~sy$tem rapidiY
retgrﬁs to}eeuilibrium due to the short doubling time ef rhe decom-
posers.

':5) | A;paremeter cﬁénge where the external organic litter
input (QL) rate is increased, leads to-an increaee:of organie litter,'
inorganic nﬁtrient and phyto-% while phyto-f deCreases,' |

| 6) -An’ 1ncrease in growth rates with no 1n1t1a1 changes in

the Xi, leads to a 51zab1e algal bloom if K  is 1arge;

D .
Of.ceurse, Some of these Specific results (e.g. the

phyto-f decrease following organic litter redﬁction)‘are likeiy

folbe Simply features of this model and will not be‘generélly

true in ﬁature, ‘We re—emphasize_thét a detailed predictive capability

is nefva-goal of these studies. |

| Next we performed computer 51mu1at10ns us1ng the comblned

‘ﬁitrogen-oxygen aquatic model. The stab111ty results were similar .

to. those of the previous nitrogen models._ For example, the importance
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of KD as a stability indicator is illustraﬁed in Fig. 8. The
following additional conclusions were also drawn from the combined
nitrogen-oxygen model.

i) Systems in which the physical rate of oxygen flow
(corresponding to external subsi&y of oxygen from Qind mixing and
stream flow) is large compared to the biological production rate of
oxygen (frOm:phytoplanktoﬁ photosyntﬁesis) are more resilient to
perturbation than systems with little subsidized input. This is
consistent with the results of the previous two models concerning
sﬁbsidizgtion and stability.

ii) If the litter or inorganic nutrient levels are increased
sufficiently above equilibrium, or if oxygen uptake rates by zooplankton
are modeiately increased (corresponding to spring conditions), then
snoxic conditions result along with a declinevin herbivore numbers
and an algal bloom.

In the models treated above, thevprocess of decomposition
is oversimplified. The decomposing agenté were assumed to be
bacteria (or fungi) which eat organic litter and convert it into
organic nutrient. In reality a variety of insects and other animals
chew up raw organic litter and process portions of it before
bacterial decomposition takes place. Moreover, bacterial processing
of chewed litter is multifaceted. ‘Bacteria can feed directly on
chewed littcr, making it digestible for worms and other animals in- -
habitating the soil. 1In addition, the feces of fhese animals constitute the
-humﬁs particles upon which decomposing-bacteria also feast. It is
at this latter stage that most inorganic nutrienfé are finally made

available.
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In order to partially take intd account  this complexify,
we have examined a six-level grassland system which includéd the
original four levels plus a compartment of litter chewers and a
compartmentvof chewed litter processed for subsequehf bacterial
de;omposition. This pathway and compartment structure is included
in the bottom éf Fig. 2. The mathematical‘desqription of the
litter chewing proceés is taken to be analOgoué fo the description
of the decompésition process; only the rate parametérs and the sizes
of the fwo cémpartments were choSen to distinguish the tWo staggs of
the procéss‘of'con?erting»organic litter to inorgahié nutrient. We
then sought to determine whether the quantity KD ié still the_most;,.
appropriate stability indicator or whether the corresponding K for
the littgr chewers is a better indicator. Using values for thg litter
process rates and the sizes of the litter comparfments which are
within the broad ranges of existing crude field data,19 we found
that the‘most_réliable stability indicator for effects persisting
over the first half-dozen years following a disturbance was again

K although K for the litter chewers was a more significant indicator

D’
than thé énalogbus factor for plants (KP) and was increasingly important
for predicting long term effects.

The confinued importance of.KD as a stability indicator
appears to dépend upon two factors. One is the rapid turnover
of nitrogeﬁ in the‘decomposer compartment, ahd'thevsecond is
the large ratio of the nitrogen content in the food supply of .

the decomposers (processed litter) to the nitrogen content of the

inorganic nutrient pool. We also found that the system was most
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sensitive to perturbations in the processed litter pool and second-
most sensitive to perturbations in the raw litter pool. By varying
the size of the raw and processed litter pools, relative to the
size of the plant compartment, we were able to gain some insight
into the conditions under which organic litter of either form is
the sensitive, or weak, link in the sysiems. For example, we
simulated a "jungle" biome in which the standing crop of plant
material was considerably'greafer than the standing crop of raw

or processed litter and found that in this case the system was
most sensitive to fixed-percentage perturbations in the plant
_variable. It is evident that experimental studies, both under
céntrolled laboréiéff caﬁdifions’gith'mitfbéé&msrénd'ih the field,

~are needed to further explore the-issues. we have raised.
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CONCLUSION

We have cxamined the stability properties of a“variety of
models for cyclic nutrient flow in ecosystems. The models differed
considerably in mathematical form, in their numerical values of
rate parameters, and in their trbphic complexity, but all contained,
in common, a decomposer-detritus nutrient recycle mechanism. Three
stability properties were found to be shared byféll models considered
These stability.results are: i) A quantity, KD'(EQ. 4), is a reliable
stability indicator-this quantity is determined from the rate para-
meters describing the population dynamics of the decomposers in the
ecosystem;'ii) The systems are more vulnerable to perturbations in

the organic litter than to perturbations in their other compartments;

~1ii) Low sUbsidy systems are more fragile than high subsidy systems.

These results were obtained originally for a simple model
by using analytic Liapunov techniques to analyze stability. They
aré confirmed here in a variety of models by computer simulation.
If these results are verified in field and in controlled laboratory
experiments, we believe that they can be of practical use in bﬁilding

a capability for identifying fragile ecosystems and for anticipating

ecologically deleterious impacts of human activity.



APPENDIX A

Aquatic Ecosystem Nutrient Cycle Models

Here we give the equations for the seven level aquatic
nitrogen cycle and the seven level aquatic nitrogen-oxygen cycle
in a shallow freshwater mesotrophic lake. The nitrogen cycle
model described qualitatively in Section 3 containéd seven compart-

ments: zoéplankton (xz), phyto-2 (xp),phyto-i (xP ), phyto-f (xP ),
' 2 ' - i f

inorganic nutrient (XI), decomposers (XD),_and organic litter (XL).

The equations for this model are:

dx., | 2 |
d: = X, Y X+ szlxzxpz * 8:zpixzxpi * szfxzxgﬁj
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The numbered terms are:
(1) Zooplankton death rate including resource scarcity term
2

(v;X-) - |
(2) Zooplankton growth rate as a result of grazing on all

three types of phytoplankton.
(3) Phyto-£ death rate iﬁcluding resource scarcity term

2
(vp X5 ).
Pz PK | |

(4) Phyto-£ reduction rate due to zooplankton grazing.
(5) Phyto-£ growth rate due to uptake of organic litter.

(6) Phyto-i death rate including resource scarcity term
2
p Xp )-
_ ii

(7) Phyto-i rcduction rate due to zooplankton grazing.
(8) Phyto-i growth rate due to uptake of inorganic nutrient.

(9) Phyto-f death rate including resource scarcity term
2
v pfxpf) -

{10) Phyto-f reduction rate due to zooplankton grazing.
(11) Phyto-f growth rate from nitrogen fixation.

(12) External input to inorganic nutrient pool.
(13) Washout of inorganic nutrient.
(14) Decrease of inorganic nutrient by uptake of phyto-i.

(15) Production rate of inorganic nutrient by decomposer action

on organic litter.
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Decomposér loss rate including resource scarcity term
(YDXS)-

Decomposer growth rate due to uptake of organic litter.
External input rate to organic litter pool.

Washout of organic litter.

Reduction rate of organic litter due to uptake by phyto-£.
Reduction rate of‘organic litter due to decomposer action.
Gainfrate of organic litter pool from cércasses,

Gain rate of organic litter pool froﬁ excrement (I is an
efficiency factor).

Here the interaction terms (Bij, ODL)

have the general Michaelis-Menten form-

. 7
Bij = U
1 + cl?xi +d

By,
j

Equilibrium values for the nitrogen content quantities (ii) and the

rate paramcters are givenin table 2.
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The model for the nitrogen-oxygen cycle is a modification
of the nitrogén cycle model. The number of nitrogen content compart-
ments is reduced by one with the removal of the phyto-& while a com-
partment fof the concentratidn of dissolved oxygen (Y) in the water
is added. In addition, the uptake, death, growth, and production
rate terms in the equations for the nitrogen content quantities are
modified by factors which depend on the concentration of dissolved
oxygen.

The gain and loss rate terms in the equation for the time
rate of change of the concentration of diésolved'oxygen are of two
types. vTheté are terms describing oxygen transfer resuiting from
biological activity and a term describing the physical transfer of
oxygen between the atmosphere and the water. The size of this last
term is st;ongly effected by wind conditions. Incorporating the

above features, our equations for the nitrogen-oxygen cycle become,

dX x2

X
z . -%z Y,
—_— = B, XX, + B X, X, } A
T x_ zP."27p; A B P
5 .
dxpi 2
—— = ~a; X, _ v, X - By ,Xp XoAp + Bp {X X,
dt 0 S 2 N p.27P 2R, P.I°P,
dxpf , | |
_ 2 B . . (A-2)
e = - % X, - v, X pXo XA, + X
dt PP T YPTP, f; P 2Py Pe
dx

1 2 '
dt = O - oeXy - BIPixIXPi * o %X
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dx 2 1
D —an Xy - v X ‘
b - -k -7y
*b
dx ‘
— = % oLk - BpXpXip
2
a X, + v. X 2
%2 Y Y2
AR S v toep Xp ot Yp Xp
Z 1 i1
vap X, + v, xP2 . ax s 'Xz}
| £f £ “f°f “p"p * Yp'p’
+T-{(Bp zhp - Bzp Az Xp Xy + (Bp Jhp _ Bzp A7) Xp Xz}
i“ Py i i g P Pe £
& ' ¥ -Y) oCc X. X, A
e ey - .
dt _ SO DD
1 2

- 20( 8)( ﬂPizXPi+,é’ p2Xp,~ BzrXP7 B ZP.fof) %z Az

v—_\_/( e —n. — )
3
+ 20 Bp IXP.XI +20 rXPf
G
4

Y(Y + M) _ _
where A, = ———3J—, j =2, %, P, P, D, D

Y(Yem,)

All the X's dcnote the nitrogen conéen;ration of

their respective compartments and Y denotes the concentration

of dissolved oxygen in the water. The Aj'S depend on the concentra-
tion of dissdlved oxygen and modify the uptake, death, metabolic,

and grazing rates in the time rate of change.cquations for the nitrogen
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content in the six nitrogen compartments. For example, Az modifies
the zooplankton grazing réte iﬁ éuch a way.that a decreasé (iﬁcrease)
iﬁ the concentration of dissolved oxygen decreases (increases) the
grazing rate of zooplankton. The Mi arevéimply constants in the

Ai peculiar to each organism. In the case of bacteria, XD modifies
the bacterial growth term énd metabolic production rate of inorganic
nutrient such. that an increase(decrease) in the concentration of
dissolved oxygen increases (decreases) both these rates.

In thg equation for the time rate of change of the csnceﬁ—
tration of disSolved oxygen, the number 20 in the equation is a°
crude conversion factor which is necessary to relate the amount of
oxygen to the amount of nitrogen needed in the various growth, death,
metabolic, and production processes. It is obtainéd:by muIﬁiplying
the C/N ratio’in typical aquatic organic material by a factor of

32 which is the 0/C ratio in CO,. Although oversimplified, this
12

is accurate enough for our purposes. The numbered terms in the
equation for oxygen transfer are:

1) A transfer rate of oxygen to/from the 1ake.20’21

This
transfer could be a result of inflow/outflow of water into the system,
or a result of wind conditions, with a high wind increasing the
oxygen transfer rate between the atmosphere and the water. Here

Y is the saturation concentration of oxygen in the water which is
also taken to be the equilibrium concentration.

2)  Uptake rate of oxygen from the water due to decomposer

metabolism.
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3) Uptake rate of oxygen from the water due to zooplankton
growth and grazing.
4) Oxygen input to the water due to phytoplankton photo-

synthesis.
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APPENDIX B

An Analytié Rationale

The results of our numerical aﬁalysis of ecosystem models
might appear to the reader to be.specific to the models and to the
detailed nﬁmbers used in the models chosen for numerical analysis.
The reader might also be somewhat puzzled as to how we arrived at
the choices of parameters we varied froﬁvamong the myriad of quan-
tities that could potentially Be of relevance to the stability of
systems. To provide an analytic rationale,we describe here the
results of a Liapunov stabiliiy analysisz%f ecosystem models. The
use of Liapuﬁéﬁ techniques allows us to demonstrate the generaliz-
-ability of the results of Section 1V; chronologically it is the
first approach we used to study ecosystem stability and lednus
to the choi;es made of quantities to vary in the numerical analysis.
The details of our method of application of the Liapunov technique
for stability analysis have begn published elsewhere.1 What'follows
-is a brief description of this technique and of our results.

The Liapunov direct method has the advantage that it can
be used to investigate stability properties of theAsolqtions of
:complex sets of equations, even ihough the explicit. solut?ons are
not known. In addition, it allows us to handle finite (realistic)
perturbétions as opposed to infinitesimal ones. Application of
;;he,methqd pfoceedS;as.follows, The first step is to construct

a function (called a Liapunov function) of the variables Axi =X, - X,
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which areithe deviafions of the system variables from their un-
perturbed values. This function must vanish when the AXi all vanish
and it must increase frém zero as any or all of the Axi become non-
zero. That is, the function must be cup-shaped in some domain about -
AXi = 0. This first step is easy; many functions, the simplest of

2 2

which is L = AXl + sz + ...+ Axg,

The next step is to evaluate the time rate of change of the function, or

will satisfy the conditions.

dL/dt. This is to be done using the equations of motion for the

dxi/dt (=dAxi/dt if the unperturbed state is static), and the rule:

Aoz g_%xigzéii (B-1)
The last step is to examine the sign of dL/dt. If dL/dt is zero,
the solutioné are neutrally stable- i.e., if displaced from equilibrium,
the system will neither return to its unperturbed value, nor will
it wander far from it; it will simply remain in.a displaced orbit.
If dL/dt is negative in someidomain about AXi = 0, then displacements
of the system which are initially confined to within that domain
will damp out and the system will return to its unperturbed value.
Such a system is called "asymptotically.stable" and the range of
perturbations which damp out is called the '"domain of asymptotic
stability'". If dL/dt is positive, then the pefturbations will grow
in time and the system is unstable.

This deceptively simple analytic method has one difficulty.

Often a trial Liapunov function does not have a time derivative, %%—,



with a single sign in some domain about AXi = 0 rather it will
be positive in some directions and negative in others. In this
case, no conclusions can be reached and a new Liapunov function
is needed. Nonetheless, there is a theorem which guarantess
that for a'systém with well defined stability propert}es, a
Laipunov function, L, must exist. Unfortunately, for general
systems, no algorithm exists for finding it. For conservative
or dissipative mechanical systems, the Hamiltonian with the damping
term neglected is often the appropriate stability‘indicator; for
the equations of chemical kinetics, the Gibbs free energy often
works; and in - ecology, the Liapunov function described below appears
to be of practical use.

For any ecosystem model of the general form of Eq.1,

(Sec. II) the function

- - X.
= . g - - X g‘n ‘,—E— -
L f Cl (xl,..." XN, wl.v--‘, \hm) [ xl xl ‘i ()? ). ] (B-2)

1
is a Liapunov function provided the functions Ci are positive definite.

However, the time derivative, dL/dt, is not always of positive sign
only or of negative sign only in some neighborhood of X, = Xi'

What we have shown is that if the C. (il,..., X .»w ) are care-

NG W
.fully chosen, then in a large class of models fof which nutrient
cycling via decomposer-detritus feedback loops is included, there
is a range of parameters in the model (e.g. carrying capacities,
.rate coefficients, Michaelis-Menten factors, etc.) for which

dL/dt is negative and thus the system is stable in a finite domain

about X, = X ..
1 1
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To see how the Liapunov Direct Method works in practice,
consider the simple grassland model (Eq. 2, Sec. II). Here, we de-

termined the Ci's by trying to maximize the size of the domain of

stability where gi < 0. In doing this, we derived a number of
algebraic constraints on our variables (Xi and the rate parameters).
One such constraint is
2
o XL
16 vy (QI +

- .2
R + XL) XI

<1 (B-3)

pL¥p* X1

where R is a numerical factor of order unity. .From this inequality

we can learn that if QI is small and the perturbation of the

organic litter, A X, (=% - iL), is sufficiently big, then the in-
equality will no longer be satisfied and the stability of the system
is no longer guarnateed. Furthermore, the significance of the parém~
eter KD = aD/YDxD is apparent from this equation because if KD becomes
too large then the inequality is again no longer satisfied.

The complete evaluation of dL/dt leads to a number of
constraints of which Eq. B-3 is simply one. Detéiled analysis of
these constraints leads to our prediction of the three stability
ériteria: i. KD is a stability indicator, ii. Systems are most
sensitive to litter perturbations, and iii. Low subsidy systems are
especially vulnerable to perturbétions. We believe it is the decomposer-
litter link in the flow cycle of our systems which is responsible for

the significance of these criteria. This belief is enhanced by the

fact that these results follow from examination of a variety of models,
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analyzed by both Liapunov and numerical techniques, which contain
this critical link.

.It should be pointed out, however, that for ecological
systems the Liapunov function we discuss here may not be the
optimal one. For open systems with nutrient cycling, our function
indicates asymptotic stability only if the magnitude of the initial
perturbation is not too large. A better function might indicate
stability in a large domain. We urge interested‘readers to search
for Liapunov functions for their favorite models. Trial and error
techniques will be required at first, but we suspect that intuition

and insight will be acquired in the process.
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FIGURE: AND TABLE CAPTIONS

Figure 1 Nutrient flow in a simple~fourr}evel-system. The wiggly lines
correspond ‘to external inputs and .outputs of nutrient.

Figure 2. Nutrient flow in~a more Tealistic ecosystem.

Figure 3. Nitrogen flow in a simple aquatic ecosystem. The phyto-i are
phytoplankton which uptake nitrogen from inorganic litter; the
phyto-2& are phytoplankton which uptakenitrogen from organic
litter; the phyto-f are phytoplankton which uptake nitrogen
from the atmosphere by nitrogen fixation.

Figure 4. Nitrogen and oxygen flow in a simple aquatic ecosystem. The
‘ dashed lines correspond to oxygen flow and the solid lines
correspond to nitrogen flow. ‘

Figure 5. Computer simulation of the effect of an initial disturbance
to the four-level grasslands ecosystem. The perturbation was
chosen to be a 10% reduction in the organic litter. The three
cases shown here correspond to a high subsidy system with
three combinations of values for Kp and K (see Table 1). Note
that instability is correlated witg large values of Kp and is
relatively insensitive to Kp.

Figure 6. Computer simulation of the effect of three different initial
disturbances to the four-level grasslands ecosystem. The
three cases shown all.correspond to a low subsidy system with
Kp = 0.1 and Kp = 10.0 (see Table 1). Note that the litter
perturbation has more effect on the system than the other
perturbations do.

Figure 7. Computer simulation of the effect of an initial 10% decrease
' in organic litter in two systems - one with high subsidy and
one with low subsidy. The two systems each have Kp = 0.1 and
Kp = 10.0 (see Table 1). Note that the low subsidy system is
more sensitive to perturbations than is the high subsidy system.

Figure 8. Computer simulation of the effect of an initial 50% increase

' in the organic litter in a combined nitrogen-oxygen model of a
shallow freshwater mesotrophic lake. The two cases correspond
to Kp = 0.1 and 10.0. Note that a large value of Ky again
indicates instability.

Table 1. Equilibrium nitrogen levels and rate parameters for four-level
nitrogen cycle model of low and high subsidy grasslands ecosystem.

Table 2. Equilibrium nitrogen levels and rate parameters for seven-level
aquatic nitrogen cycle model.

Table 3. Equilibrium nitrogen and oxygen levels and rate parameters for
seven-level aquatic nitrogen-oxygen cycle model.
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Table 1

DESCRIPTION

VALUE {(units)
(1bs N acre-l)

Low High
Subsidy} Subsidy
a
Organic Litter 1000 1000
Plants 2 25 25
Inorganic Nutrient 2 25 25
Decomposer 2,b 1.5 1.5
-1 -1
(1bs. N acre year )
Low High
/
~ Plant death rate? 35 35
Plant increase due to
uptake of inorganic
nutrients 35 35
Inorganic nutrient. loss
due to plant uptake 2 35 35
Decomposer death rate@,b 33 25
Decomposer growth due to b
uptake of organic litter?’ 33 25
Loss of organic litter
due to decomposer action ’~ 66 50
Inorganic nutrient produced
‘be decomposer metabolism2,b 33 25
Inorganic nutrient washout O 0
Inorganic nutrient subsidy 2 10
Organic‘litter washout 2 2
Organic litter subsidy 0 2
Low High
Cycling Efficiency 1 .83
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Table 2
DESCRIPTION VALUE (units)
(mg N‘liter'l)
Zooplanktona’b’c .08
Phyto-g D»€»€ - .007
Phyto-i P»€»€ - .007
Phyto-f_b’c’d’e .007
. Inorganic Nutrientb’c’e. .15
Decomposerb .002
Organic Litter €-€ .5

(mg N liter ! day-l)

Zooplankton death rate 2P .005

Zooplankton gain from

grazing on Phyto- g a,b .002

Phyto- % death rate 2sP .004

Zooplankton gain from

grazing on Phyto-1i a,b .0015
Phyto-i death rate?:? .003

Phyto-i loss from grazinga’b .003

Zooplankton gain from

grazing on Phyto-f 2P A .0015
Phyto-f death rate 2P .003

Phyto-f loss from grazing 2:P  .003

Consumption of litter by

~ Phyto-g a,b o .008

Loss of litter due to
Phyto- £ uptake 2P .008

Phyto-i growth due to uptake
of inorganic nutrient @,b - .006

Decomposer decath rate b,c -002



000049202940

-47-

BIP Xp % ~ Phyto-i uptake of
i i " inorganic nutrient 2,P .006
BpL fb YL Decomposer growth due to
uptake of organic litter PsC .002
BLD Yb YL Loss of organic litter due
. to decomposer uptake P»€ .004
%L, X YL Inorganic nutrient produced
by decomposer metabolism D€ .002
r X, N fixation by Phyto-f .006
f
o Y& Inorganic nutrient washout 0
91 ' Inorganic nutrient subsidy .004
@ YL Organic litter washout .01
QL | Organic litter subsidy 0
Dimensionless Parameter
r Cycling efficiency 1

a) See Ref. 14

b) See Ref. 15
c) See Ref. 16 ,
dj See Ref. 11
e) See Réf._21
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Table 3"

DESCRIPTION

Zooplankton
Phytoplankton-i
Phytoplankton-f
Decomposer
Organic litter

Inorganic nutient

Zooplankton death rate

Zooplankton gain from grazing on

- Phyto-i

Phyto-i death rate
Phyto-i loss from grazing

Zooplankton gain from grazing on
Phyto-f

Phyto-f death rate
Phyto-f loss from grazing
Phyto-1 uptake of inorganic nutrient

Loss of inorganic nutrient due to
Phyto-i uptake

N2 fixation by phyto-f
Decomposer death rate
Decomposer increase from organic litter

Inorganic nutrient produced by
decomposer metabolism

Loss of organic litter from
decomposer metabolism

Inorganic nutrient subsidy

Organic litter subsidy

VALUE (Units)
(mg N liter—l)

.080
.014
.007
.002
.500
.150

(mg N liter ! day-l)

.00.5

.0035
.007

.007

.014

.014
.006
.005

.005
.010

.015
.004

0.0
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%1 XI Inorganic nutrient washout

% iL Organic litter washout

Dimensionless.Parameter:

r Cycling éfficiency

Oxygen Level and Parameters: (mg O

Y . Equilibrium oxygen level

MZ Zooplankton uptéke Michaelis coefficient P

MZ ' Zooplankton death Michaelis coefficient b

MPf Phyto-f grazing Michaelis coefficient b

MPi . Phyto-i grazing Michaelis coefficient b

My , Decomposer uptake Michaelis coefficient P

Mﬁ v becomposer death Michaelis coefficient P
Oxygen Flow Rate: - (mg O

ao7 ' Wind mixing of oxygen into lake ¢

CXpXy, 0 1loss from decomposer activity

0.0

.010

1.0
liter—S
9.0

3.5

2.0
2.0

2.0
0.1
liter-lday-*)

0.9, 1.8

.016

a) Where not : otherwise noted, references are same as in Table 2

b) See Ref. 23

c) See Ref. 20, 21
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
- States Energy Research and Development Administration, nor any of
. their employees, nor any of their contractors, subcontractors, or

their employees, makes any warranty, express or implied, or assumes

any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately

owned rights.
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