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‘Intrcduction

The main object’ of this paper is to introduce one approach to the
subject of ecosystem simulation to people who are interested in ecology
vbut who are unfamiliar with.the handling of conceptual ideas, This
paper will also s.rve as 2 review of project 300 to this date, (Project
500 is entitled "Hethiods of assessment and computation of ecological
medels?. S -

The difference betwecn physioclogy and biochemistry hos been described
by the following analogy:- PHYSTOLOGY is like attempting to find out
what happens in a leboratory by staniing outside and measuring only the .
chemicals and cther matorials that enter by the door and pipes and leave
by the chimmeys end dreins and so on. BLOCHEMISTRY, on the other hend, is
cancerned with the study of cach of the 43fforcnt processes that go on
inside the laboratory, LCOLOGY night be thought of as the study of the
behaviour of a whole rescarch institute from information on the flow in and
ocut of the main gates and cther services, ' S

In practice, ecology is not quite so restricted as this analogy implies,
It has, for example, quive often detailed but fragmentary information from
studies in biocchenmistry, rhysiclogy and traditional ccology. The problem,
therefore, is alnost literally one of trying to sce the wocl for the trees!

4n_Approach throuzh Treditional Eeology

There are several ways of asscrnbling the parts in a2 meaningful way and
for most practical purposcs they all depend on analogue or digital computers,
It is, in fact, the advent of these machines which has made it possible to
use the classiral scientific method in ecology.

o At present, thers sceon to be three main ways of tackling ecosysten
simuletion., Firstly, purely empirically with lLittle regerd for physical
reality; secondiv, by integration of known or assumed physioclogical

_ co?ponents; and thirdly, by cbserving the integrated outcoms of plant and
animal behaviour and fitiing reasonable models to the observations,

The choice is governed by the requirements of the simulation. kach of
the above methods has strong cleims in differing circumstances and in practice
@ll are used, but the lags appeals to the traditional ecologist because his
gualitative ideas about ecogyrtens are retained and developed into &
quantitavive form, It & this third epproach which will be described here.

In the introductory account, the deterministic (i.e. without ccnsideration
of uncertainty of peasurements due to experimental and other sourges of
error)-aspects of' the anprzsach will be emphasised. However, it should be
appreciated that the nain scurces of variztion can be hendled by use of
@onte Carlo techaiques, Goodall (1967 and in press) has denonstrated this
in the simulation of a sheep renge ecosystem, and it is worth digressing
to give a brief outline of this particular application to illustrate the
technigue, ' ' T




He argued that while wany fuatures of his nodel could be treated
deterninistically, without ¢ severe loss of realism, rainfall cver a
desert ecosystem rmst necessarily bc treated prebabilisticelly.

Daily rainfall wes divided intc a number of discrete classes (zero,
trace to .1 inch, 11 to .2 inch and ao forth), and an empiriecal
distribution was derived from standard weteorclogical date giving the
probability of a perticuler day falling into each of these classes, (ne
such distribution was derived for days following dry days, enother for
days following wet days. In this way he was able tc¢ sinulete a storm
pattern. Selection of the rainfell class into which 2ny given day fell
was cbteined using a rendom nurber generstor {(hence the lerivation of the
naue Monte Carlc), & seccnd selection using the same method wes made,
this time from a rectangular distributicn, to decide the actual precipitation
value within the class sclected, The procedure effectively introduced an
important source of chence veriability intc the ncdel and its results,
Goedell's simulatiin nodel is en interesting blend of interscting processes
described by deterministic cr probabilistic relaticnships, eech based on
experience and a c¢areful consideration of their proportionate importance
in the whole systen. His method is a type of compartment modelling which
- means that he divided the various components of the system into clesses or
.- groupings which could be cunsidered for the purposes in hand to be

homogeneous within themselves. The name 'compartment' is, of course, merely
a way of emphasising a procedure common throughout science, of delindating
an abstract unit which can bc conveniently handled quantitatively.

Compartment Models T

Growth enalysis technigues have been used extensively by plant
physioclogists and ceologists to cbtain quantitative characteristics of
species of plants growing in natural and semi-naturel environments. One
sinple modcl frequently uscd in those techniques is:-

aydt = K - (15)

or, in words, the growth rate of a plent or animal is proportionzl to its
weight 2t any given time, (Blackman, V.H. (1919), Briggs, Kidd and wWest
(1920 4 and B), Pisher {1920),)

The value of k is readily obtained from the slope of logl ageinst time,
i.e. .
logcwz - 1030 W1
k = g - (18)
2 1
-'This equation is limited in its application, howcver, becausc it does not
take account of long pOFlCLS of growth in which death and ldecay beconme
important, :

Possible alternative nodels which do make allowance in this way are:-
AW/dt = I - kW . {(2)

where the growth rete egusls the difference betwe.n income and lossj in this
cage the loss is considewcd proportional to the weight at any given time.
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This type of equation is particularly sppropriate for applicaticn to the
" change in weight of litter cn a forest floor, for examplé Jerney, Gessel
and Bingham (1949) and Olson (1963), assuming 2s it ‘does = constant input
- Te wsimilar model, known as the chrl - Verhulst Law of Population
'-growth is:i~

- awfar = kW - Kéw‘z (34)

fnother way of expressing this equation is:-
ad/at = ZE1 - (x/K) W/ W (3B)

where k /K is k, of the previcus equation, In this latter form it will

Em this is a modification cof equation {1.) in which k is
 made variable instead of constent and is dependent on W, In some
‘cireumstances K con bo rigarded as a particular valus of W cquivelent to
“the ca“rv1ng capacity or-sarurntion level of the envlronment (olcbodkln,
1993) . 0

EQuatiqn (34) nay also be solved analytically:-

I
~C{t - D}

W=

1 + Be

_whcre 4=k /ky, C=k, D=t,and B = ﬂk1/k2,fo) 4/ and %, and Wy are

-the initiel tifie and weight velues. In this c8sé it may be necessary to
find the values of k1 and k by successive approximations,

-, Bguaticns (2 ) and (34) moke specific allowance for limitatiins of the
environment by including a loss term dependent on the size of the crganism
 {or.population) itself. EHech produces & steady state in which gains in
. weight are balanced by losses, They still only represent physiological
facets of ecosystems, however, in the sense I referred to esrlier, They
- might. be thought of as describing gne compartment of an ECOSystem such as
one-. Specles of plant. or animal.

s L0 ecosystem, howcver, is an assemblaéu of different speciss of plants,
unlmals_and microbes 1ntaract1ng with each other and their environment.

_4x posgible first abstraotlcn is to pool the vrganisms with common.
. functiocnal charucterlstlcs. This has been donc in the hypothetical case

- (Patten, 1966) illustrated in Figure 1, where all the green plants are
represented by box B1, all herbivores by box B2, all carnivores by box B3
and all decomposers by box B The arrows ronresent flow pathways along
whieh it is known thet such %xterlals as carbon and/or mineral nutrients
Ppass. . Such prrows in-ly a ccu:llng precess which cen be achleved
mathematically by thu system of equatlcns (4)

aB,/dt = T Bo ~ %z By ‘Pm By - P10 By
; _ .
dB/dt = Ty o B,[ + FUL,.Z 'Bb- iale 2 5 = Pog By [.124 )
_ (4)
dBa/di; = Tyg By = p3g B 5. - pﬁ 3 o

?_Ba/ flt =

“w By gy, B %2, + “34 5 T2 By T Ao By




._.‘i+...

_ This set of equaticns may be solved by analogue or by digital .
“computer after suitehly chosen values have been inserted for the starting
or initial conditions of the nasses within the 'bexes' and for the
parameters 17 ¥ p end Y. In 2n enalogue simulaticn, the messcs are
represented by voltages =nl yuers of resl time by seconds or pultiples

of seconds of computing time. The parameters are fractions of the hasses
transferred to and from different compartments at esch time step dt.
Solution by anelogue compuber has the aavantage of giving rether direct
acquaintance with the cherccteristics of the model because of the ease with
which initial conditions and parameter values can be modified. This
facility, now considerably en. .nced by the availability of oscilliscope
displays, gives a ready approciastion of the consequence of cheanges.
snslogue computers de have linmitations of scaling and accuracy, however.
Neel and Olson (1962) heve explored many of the theoretical and practical
problems associated with the application of analogue methods to ecosysten
 studies, and have pointed ouf that the limitetions are not insupsrable.

Newer versions of analogue computers certainly have considerably Ynereased
flexibility.

Digital computers now exist which have nonc of the disadvantapes of
analogue computers, having been equipped with programs which are baged on
analogue circuit concepts, C.g. the L.B.M./C.S.M.P. (Continuous Systems
Modelling Package ). However, many digital computers take longer to learn
to use in this respect and an introduection to the concepts via the more
reedily understood anslogue computer can be very valusblo, spart fron
thig tezching and iatroductcry role of analogue coaputers, they can provide
a very useful first-approximetion tool in the initial study of a system for
which equaticns have been preposed. The two types of computer are
complementary and the increasing popularity of hybrid computers which
incorporate both analogue and digital features can be appreciated.,

Figure 2 illustrates the type of output which is obtained from an
analogue computer solution cor simulation of the set of equaticns (4) given
above for the five comperiment molel of Petten {lce, cit.) shown.in
Figure 1. The initizl masses have be n made to colncide, fur purposes of
clear illustration, at & pcint squivalent to five volts. The scaling
factors (10B,), (100B,) otec, were made to correspond with the expected
relations of biomassed of the different compartments, <vhe plants being the
largest, the carnivores boing 1/100 part of the plant mass, with the
herbivores and decoumposers in an “ntermcdiste position. In this hypo-
theticel case the sharting point might be visuelised as corresponding to a
sudden inerease of heirbivorcs and possibly carnivores, which led to the
cbserved disturbance and subsequen’; esteblishment of new equilibrie,

Thus, analogue computcrs solve (integrate) differential equations
e¢fficiently provided the physicel limitaticms of the electronic anplifiers
are not exceeded. It 1s this physical limitation which renders it
necessary to pay parbicular regand to matiors of scaling.

"Solution" of the Systom of Equations

In the context of the aporoach described here initial conditions and of
parameter values are of primezy consideration. The initiel conditions are
usually known but the parsmcier values are being sought in much the sane
way as the relative growth constant k is sought for the reletionship given
in equaticn (14).
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Use of an analogue computcr freilitates rapid nodificaticn of paramcter
values until 2 satisfactory £it is cbtained, Iterative least . sguare
‘techniques are now btelng developed, however, to do tho sane. bask using

‘& digitzl copputer. is far as error is cuoncerned, systocmatic varintion
of 'parameter valucs obteined in the above ways can provide en estinste of
the range of variati.n in paramcter valuus which produces errcrs in the
varinblcs of similar order 4o thosc observed. '

Cenpartment Models I

In the abeove example, end in the work reported by Gore and Olsun (1967),
there was a striet apilicetion of the concept of flowa, transfers of =

single material were considered and these transfers depended solely on the
amounts of material in compariments from which the meterial coriginated,

This concept of a rete of change of & compartment being proportional
tc the size of the compartment itself is toc restricting for much realistie
simulation and Bledsoc and Van Dyne (1969) have used similer methods to
inelude indirect effects on rates of chenge. These workers have simulated
the qualitative resulis of Billings {1958) on the mechanisms of change from
o grass-forb stage through a short leaf pine stage anl Tinally to a
deciduous forest,

In order tc illustratc the idea of indirect effects, 2 sipplified
proliminery stege is shown in Figurc 3. The solid airows represent a
direct transfer of the corpartaent contents as iuplied above, the lotted
arrows indicate an indircct ¢ffect of one compartment by mcdification of
scme parameter of ancther counartacnt,

In words, Figur % cepresents the pioncer growth of indropogon virginicus
(1) which 1s succcedud Ly Viburnue, ister and Plantago (2), These two
compartments both contributel to the accumulation of crganic metter in the
soil (3) and one of them {2) forms "shado® (4) which affects the Andropogon
compartment. The relevant aguations:-

dav,/di = -
| / TR
which describes the growth rate of A, virginious, f 4 end G, being
enpirically defined in the sense already nentioned lcf. equa%icn (34)).
Compartment 2 has = similar equaticn describing the growth of Plantago, cte,

Ihe change of shading cffect with time is given by:-

iV /S = v v
| d #/ t f24 ot fLL L
where

= +1.0 and = ~1.0, The inclusion of thisz sha&ing effect on
: compart%%nt v

=
4 Was echt¥ved by replacing f31 by f11*'wﬁeye:-
. f110 - Y |

117 =

D1 B o
where D, is sone empiriezlly defined positive constant, this will foree V
down as 'V, increases; when V, is near zero with f. .+ negative, the gquedratic
term.may'ﬁe ignored an’ V, will tend tc zero; this Agrees with Billings!
data which shows that neny woody shrubs persist much longer than broomsedge

(4. virginicus).




Figure 4 illustrates the full successionzl model with all the
direct and indirect effects considered, Une of these latier of particular
interest, is the build-up of soil organic matter and its beneficial
effect, et first, on the sermination and establishment of pine secdlings
and then its later deleterious cffeet on them zs they f2il to compate
with the older troes for watcer, '

F../ dd = =y —_ v
dﬂb/ T f55 5 055 5
- T i I D
rr = /P55 X TR 5=y
. Oo Oth eI“r‘.-'iSC' _ -

will ellow for this, cvea if in & somewhat abrupt way, D, and D3 being
lower and upper throeshold valucs raspoetively.

Finally, the oak scodlings bocomc cstoblished as soon os sufficlend
littor heas developed to provent dohydrotion of the acorns end the soil
compzction hos bin ruduecd by cccuwmlotion of orgonic mowior, The root
morphology of thi osks 1s such thot the scedlings cre cblc to sxtrnet
wrtcr from bencath the zono of intonsc root compctition,-i.c. the top &v
leyer of the aoil. : '

Blcdsoc and Ven Dync, uhercfore, 1oo V6 be the ook-hickory variable

bl 2

1.0/ (D . V,) 3£ V5> D) end LiX (VY5 VgV ) Vg

whore //
C :g

" = \\066 if 1K (Vp, Vg, Vo) = Vg ’
0. otherwisc |

where D is tho approprictc orgenlc mattor thrcshoid, D. is cmpirienily
“dufincedTond 06 also, ‘Tho AR function cnsurcs thot ?g is sheded by @ll
specices gbher éhan by itscif.

A similnr nodel form wos umploycd for the mople camportacns cllowlng
for the known highor growsh rote {ia open, unrcstiricted growth} fo- of thc
speeics, and 2llowing C_, > C & Tigure 5 illustrotes the simuletion of
compartments 5, 6, ond ?70f tgc model,

4 computer modcl experiment, Figurc 6, to romove the pince at cn enrly

stoge illustratus Billings' cxpeetetions that the maple nasumcd dominnanec

before the ock had hrd time €0 goin che ascendoney. A pine rosurgtaced wes -
notcd duc presumcbly to the littor comprriment statce ot the timc of cutting.
¥rilure of onk 0 rogrin ~ belrted dominonec in the "experimont™ wos
attributed to the nced for closer adjustment of the capiricnlly defincd
perometers.  Refoeronee to further ficld cbscrvation or cxporinone would
provide o clearcr ides of twhe mechonisms invelved nd hunce o bobser model
roprosontation. Othor improveoonts in this preliminory modcl rc suggrated,
" for cxample, failure to roproducc on the port of the pino su ;08€s that
provision of o roct density compoivinont in the top si inchos w.uld provide

Y]
ruech closcr ccatrel of root intorncticons.




Conclusions

The last examplc has heen selocted because it is particularly
relevant to woodland stuliics but nmore importontly illustrat.s the
technique and its flexibility., I aw inlebted tc Drs, Bledsocs and Ven
Dyne for permitting me to usc it in its foruative stage.

It can be seen thot the nethol is essentinlly similcr to approach
in so caelled "growth anzlysis®™ stulies but iusteal of confining attention
tc single parameter valavs like the rulative growth rate {k of equaticn (14))
a whole set of empirically lcfinel parameters is sought from coupled
equations representing ecclogioal processes. Of course, the more paraneters
that are capable of assossment independently of the coupled medel the better,

The process has the aldvantage of initial recognisability in terms of
classiesl ecology, tecgether with the capacity for constent improvement on
a polular basis to the point of satisfoction for the purpesss in hand,
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