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ABSTRACT

A central deba!6 in community ccology concrms the relationship between the complexity of
communities and their stabiiity. How do€s the richness of foorl web structures allect lheir
resrstan€ and resilienc€ to perturbation? Most mathematical models of communities have
shown thal stability dcclines as complexity incrcases but so far. modcllers have not included
the material environrnent in their calcutations- Here an orherwise conventional communirv
ecology model  j r  descr ibfd,  which inctudes feedback berwefn lhe biora and ihejr  . t r rnere.  This
"geophysiological" model is stabte in rhe sense that it resisrs perrurbation_ The mor€ comprex
the community included in the modet, tbe greater its stability in terms of borh resrstanc. ro
perturbation and rate of respons€ to pcrturbation. This is a .ealistic wav 10 model the naturat
world because organisms cannot avoid feedback to arid from rheir material environmenr

l. Introduction

Alfred Lotka (1925), one of the founders of
population biology, suggested that the dynamics
of populations cannot be considered in isolation
from tbe material environmcnt in which they are
embeddcd and with which they interact. He saw
organlsms and environment as a single evolving
system in which each influences the other in a
relationship ofmutual feedback. He suggested that
the rnathematics of the evolution of this whole
system would be morc tractable than that ofeither
population or environment taken separately.

Thus, so far most theoretical ecologists have
not heeded Lotka's advice, Instead, they have
modelled communities without considering the
feedbacks between organisms and their chemical
and physical environment. Such work has given
f ru i t l u l j ns i gh t s  i n to  rhe  d lnam ics  o f  popu la t rons
In  wn l ch  coup l i ng  w i t h  t he  ma tena l  €nv t ronmenr
can be- considered so weak as to b€ effectively
non-existent tMay. lggt: pimm, 1979a- pimm,
lvl9b1. Complextty is often defined in terms of
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the presence ofmore species, stronger intea-species
lnteractrons and grcater connectance b€tween
species (Begon et al., 1996). Using thcse dennirions
ofcomplexity, modellers have generally found that
simple model communities are more likely to be
stable thao complex ones, apart from the excep-
t ions by (De Angelis, 1975). Pimm's ( 1984) meas-
ures of stability, resilience and resistance are used
in the model described hcre. Resilience is taken to
mean the speed with which a community retums
to a former state having been displaced from it by
perturbation, whilst resistance is thought of as the
ability to avoid such displacement. Stable commu-
nities are those with high resilience and resistance.
Resilience and resistance are not necessarily posi-
tively correlated. For example, a highly resistant
system, when eventually displaced, may not be
resilient because it tequires a long time to return
to steady state. In this paper resilience is measured
by ihe ratc of returD of a community to steady
state after a perturbation.

Tbe familiar result, of complexity lcading to
instability in ecosysten models, is not ineyitable
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( Johnson  e r . a1 . . . 1 .996 ) .  Fo r  e ramp le .  comp lcx i t y
can lead to stabi l i ly in food webs where rhe food
supply is not allected by consume.s (De Angelis,
I975), or in food webs perturbed by the removal
of species in lower rrophic levels (pimm. 1979a),
or wnere non-ltnetr per capita growrh raies, non_
equll l t ,num dynamics and real istrc feeding inler_
acttons are lncorporated (polis, l99g; McCann
et al. .  I998). A quali tar ively dif ferenr class of
strongly stabi l ised models are lhos€ that include

::1.:T1t"t 
feedback (Warson and Lovelock,

1983). In these, instabi l i ty is the rare condit ion.
In this paper, experiments with a community
ecology model are described which incorporale
explicit matheinatical feedbacks between biota and
environment. In this ciass of model greater com_
plexity gives rise to greater stabjlity_

2. Daisyworld

.  ̂  
fhe 

-numericel model. d.r isyworfu |  Lovelock,
l ' r l l ] :  Wrrson lnd Lovclocl.  lgg.J: Lovelock,
1992) was used as the basis of the cxpenmenrs
(Fig. 1). The original daisyworld is a mcan f ield
model of an abstract f lat surface ..sown,, 

with
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seeds of 2 daisy types, one dark artd the other
l ight. A model sun warms the planct. Daisies
germtnate and grow betwcen 5.C 40.C with
peak rates at 22.5.C, fol lowing a Gaussran curve-
Once daisies begin to grow, they compete lor
spac€ and as the avai lable space dccreases, so
does  t he i r  g row th  ra l e .  The  i n te r r c t r , r n  be tween
solar luminosity and the planetary albedo sets
the temperature of the planet. plants with low
albedos (darker types) absorb more solar radi_
ation than would the bare surface and thus
warm both themsclves and the planet. Those
wirh high albedos t i .e..  whirer type,) ref lect solar
radri lron bacl to sprce and therefore cool both
thcmselves and their environment.

This simple model system re<pondr ro changcs
rn sotar lumrnoslty and kecps plenetary rqrnpel_
ature well within tbe limits tolerable by life evcn
when solar lurninosity varies over a wide.anpe.
The model is unusually srable to changes in init iel
condit ions and to perturbation. Temperalure regu_
lat,on vta lhe biota's albedo in dalsyworld rs a
particular cxample of the general btota-envtron_
ment feedbacks of the .eal world. I'hc mathemat_
icdl foundations of daisyrvorld are irlcreasinslv
being used In other Farth-\v\tem mo,l. l . ,  ruch es

oo 50
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those of Lovelock and Kump ( 1994) an<t Lcntoa
(1998). A frequent criticism of daisyworld is that
it is a toy model and does not apply to the real
world. Howevcr, a similar vegetation albedo feed-
back on climate in the boreai forests has been
modelled in a manner inspired by daisyworld
(Betts and Cox, 1997). Daisyworld is useful and
practical because its stability and self,regulating
properties do not depend on a particular math€m-
atical formulation. DaisFvorld's growth equation
was taken from a deterministic plant population
dynamics modcl (Carte. and prince, lggl).
Furthermo.e, Maddock (1991) hos shown that
self-regulatior around a steady state anses ln a
variety of well known population ecology models
where there is tight coupling between biota and
their environment-

3. Methods

23 different daisy types were added to the
original daisyworld model, each with a unique
albedo ranging between O.2 (dark) and 0.775
(light). Daisy-eating herbivores were also included,
each type preying on daisies according to one of
thrce classic functiotal responses, depicted in
Fig.2. (Holl ing, 1959). Previous studies have
looked at the impact of these th.ee herbivore
fceding styles acting separately (Harding and
I-ovelock, 1996), but in this model they were
introduced together and competed for food and
space. A carnivore, which consumed the herbivores
according to a type 3 functional response could
also be introduced. Neither herbivorcs nor carni-
vores could change their coiours, i_e., thcir albedos,
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and so they had no direct fccdback effects on
cl imate. However, l ike the daisies, their growth
rate was temperatuae dependent.

Th€ equations used in this model were based
on those of the original model (Lovelock, 1992):

7): (.SJ (r - A\lo)o 25 - 273,

A :  xAE +  (a \A1 +  a2A2 +  . . .  +  a rAL\ ,

T , :q {A A)  +  7 . ,

vores) and C (carnivores) fefer to populations of
each trophic level, and (x, y, z) to the space unoccu-
pied by these populations. The modified growth
equation for daisy types was:

dalldt: a,ff ,x - y, - (B\(pr7i\ + B2b2i7i,
(l) 

+ B3(p3,,1')1, (10) f
(2) where ,lr is determincd by ole of the eqs. ( I I ), ( 12)
(3) or (13), and p is a coul ing matrix defined as: t

pt:t -o.c[326(22.s, r),\, @) 
": I::: ... : l : : ld,a ' ld , t=a t (xB, -y ,1 ,  151 P= lPr . t  Pz .z r1

x = 1 - { a 1 + a 2 +  . . .  +  a ) ,  ( 6 )  [ p .  '  -  p . . r . J

where ?: : the effective temperature of rhe ptanet 
-fi,.:f 

;,t:;ll; , was not eaten by herbivore i,and ,4 is its average albedo. aod J represenrs 
lh. *1"."1, lf p,, : f, if," daisy was eaten.

solar luminosity relative to the actu3l lumrnosity. Here l, .#r;; the lurctional response for a
takcn as 1.0. The stellar constant is,S,.and o is rhc grren f,".t i" i.", ,rt,_." , lr modified the impact of
stcfan-Boltzmann constant. The totul-3rea o_[ the i,, ti," t".siuo." poputation, according to theplanet is taken as unity, the fraction of rhe plen"t F dlo*rng cquatjon; in which F determilcd the
:l]:1 !i1.,*",* 

r: r;.r-!9-lhe irb.€d: ol rhr" ,i.; ;ih.-il;",,;ner re:,pn,sc. up ro r ptaref,,,
oare ground ar:3 '^s .1s 

.! lA 
tr:r ,ctron ol the pl3nea of0 5.

covered by-eac-h ol. thc I daisy type js o,,  i r  d the For a typc I response:
conslant albeJo o[ eaLb darsy typc rs ,4,.  The
tempera tu re  o f  each  da i sy  t yp€  i ;  

- r i ' ] ,  
an t l q$a  ) i =a t r ,  up to ip l a teauo f  , t r : 0 .5 .  ( I l )  (

constant, 20, representing the re-distribution of For a type 2 respons€:
s o l a r e n e r g y ' F i n a l l y . e a c h d a i s y t y p e h a s a c o n -
s tan t  dea rh  ra r c ,7 , ( se t  

" t  
o . r s l " . i ,  t " - p " r " i " . .  

) ' : ( l  - exp (  a tF \ \ / 2 '  ( 12 \  |

dependent, helmet shaped growth rate, tj, For a type 3 respoose:
optimum at 22.5"C.

The quadraric grow(h equation (4) was replaced 
)r 

,: 

( | - expla:-- F )v2 ( 13 ) J'

with a more biologically reilistic Gaussian ,".p.r- .fhl 
uu,lues of F used in the exp€riments are given

ature dependert growth curve according to the ln lhe legend of Fig- 2

following cquation: 
- 

The equation used to model the growth of the

p,:exp(-(225.r)2oot). r r', lll?f,iiJffiXffiT',TJ.$::J,::::;:':::l
The equations for including higher trophic 1sr.1, sitV dependln( Predation from the carnivore. when
followed eqs. (8) to (10) in Lovelock 1iOeZ1, Uut present' and Gi. a growth increment, itself a func-
with two modifications. Filstly, herbivore and tion ot E,'. the- total amount of daisy biomass
carnivore Srowth rates (/, and 8", respectively, co.ntum:1. by the herbivore The new equation
depended oniy on, the ?: overall temperature ;i t* u-: follows' where i varies from I to 3, corre-
thc system, acco.ding to ihe following equarions: sponding to the thrce herbivores' and where

Bb:exp( (22.5-l:),0.01), a (r) ;:_il:10'""res-death 
rate was held constant at

p. -- exp{- {22.5 - t?)10.01 I. ) Q) at,Nt = t,(ApJ + Gt- yt- Ctrtl,

The second modification was to introduce the where:
three classical functional responses (Holl ing,.1959) 6, : I _ exp(_ L02Er),to model density-dependent impacts of herbivores
on Jaisy populatlons and of the camivore on and:
herbivore populations, where I (plants), A (herbi- , ir : I - exp(-20A1).

(t4) 'l

(rs) lo

(tq lt
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/ 2 t  \
dEtd t=  B, \L :h l " )d t ,

Thc total amount ofdaisy biomass for each herbi_
vore was calculated as follows:

due to natural sclcct ion amongst daisies for anti-
herbivore responses such as distasteful secondary
compounds which are known to inl luence plant-

I  |  7 l l  { he rb i \ o r c  dynamrcs  i n  r he  ne ld  I  l l un r l y .  t 99 l  )'fhe 
stabilising effect of environmcntal feedback

makes possible large models involving many evol-
ving nonJinear differential equations. The price
for this advantage is tbe nccd to eiplore the

connectance patterns_ There .lvere 300 possible
ways to l ink the 23 daisy typ€s with thc three
herbivores, depending on the numbcr of daisy
typcs eaten by each herbivore. This was in the
abscnce of carnivores and for all food webs where
each herbivore was allocatcd the same type 2
functional response, with slope I:2_2, and a
plaleau of 0.5. The connectance c was set as either
c: I  o. c:2. Each of these 300 "food rveb

Ei:k+ BtJ(I0,, . , . ta,,

where i refers to herbivores and n refers to daisy
types, and:

where k was a constant set at t :0.0001, used to
initialise the herbivore population.

Similarly, Lovelock's ( 1992)eq. (10) for describ_
ing the growth of the carnivore population was
modificd to incorporate G, th€ carnivore's g.owth
incrcment, a function of E, the total herbivore
biomass eaten by the carnivore, with its dcath rate
held constant at ), : 0 05

dc ld t :c (BPz+G y) ,

where:

where:

, t r : ( l  -  exp ( -3B j ) ) / 2 .

(1g) ,_.xt"nded space occupied by the model variables,'  / /  and i t  was decided to explore the ef l ]cts ofvarying

c: , - exp(-,.028), (,) , ,$:#il:::i'$:g"L$iJt1Ti'"i'?:f ilt
whcre E is the total amount ofherbivore biomass 

'conhgur:rr ion. 
Ihis space was explored systemati-

eaten by the carnivore, calculated as follows: cally bt d compuler Program that stepped through

aryor:c/ir,. lar.,,,,,, i.,;1t;i l ' i i iJ,": ':#":t"r,Ti::" ' l?:;. '1tr'- i i
\  ;1t /  

' -" ' l  chosen di isy types made connectanc,e palterns.

( 19 ) / ?configurations" specified the numbers of daisy'types 
eaten by each hdrtrivore in a given food web.

The program produced three of these patterns for
each food rveb configuration. For all 3 patterns

(22) i  al l  variables were held constant whilst solar lumin-
'' osity, J, was increased in 20 cqual increments,

from J = 0.61 to "/ = 0.93. The time taken for the

- divcrsity index to return to its steady state was
(23) l/uscd to measure the food web's resilicnce. This

Final ly:

r : r+cf { I , l , )ar .

where r was a consrant, ser at r=0.00r,,."d,. ;T"::::fft n:":LJT:HitJ."'.::ffir:l:
initiaiise the carnivore population. appropriate, after the subs€quent introduction of

. 
A cri t ical parameter in the experiments reported the carnivore. Resistance, the abi l i ty of the system

hcre wrs lood web connectance, c, which was to resist change, was measured by the amplitude
varied from the maximum of c:3, where each of the tenrper:ature devjat ion from the optimum
daisy was eaten by cach of the three herbivores, growth temperature of 22.5"C after the experi
to the minimum of c: i ,  where each daisy was mental perturbations. To calculate the stabi l i iy of
eaten by only one randomry serected herbivore. the moiel the means or the 20 resilience and

]he 
connectarce paramcter. c, specined the values resistaDce measurements ol each pattern w€re

::,of 
,1. '" . the.coupling matrix, f .  lntermediate taken and then the grand means of the three

values ofc, that is, ". : I or 2" and ,?:2', 
denoted replicates were calculated as the final measures ofthal erch daisy was eaten by one or two randomly .ei i l ience and resistancc.

selccted herbivorcs. or by two randomly selected The effects ofvariatrons ln herbivore functionalIr€rorvores respectively. These low (c<3) food response type and slope on the b€haviour oftheweb connectances can be thought as having arisen model were explored by asslgning the three herbi_

Tellus 5lB {1999).4
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Numb€r ofdais) rlpes eaten by Herbivore 2 or Herbrvorcs | & 3

Fra. J. (a) fhe parameter spac€ of all possible food web configurations for c: I and c : 2 food webs, in tbe absence
of€arnivores, and with each herbivor€ allocated th€ sam€ functional response, To obtain data for the entire parameter
sPace it was sufiicient to samPle the top teft sLrb-triangl€ (in heayy line.), and rhen to cxtrapolate the results to rhe
.emaining space This is b€cause tbc food web configuralions within each sub rriangle arc s!)f-similar in terms of
herbivore impacts on daisy types.

vores in a given food web either idefltical or
dillerent functional responses, of high or Iow slopc,
and then measuring resilience. As before, three
rcplicate connectance patterns were generated for
r:: I and c : I or 2 webs, with food web config-
uration held constant (see legend of Fig.7 for
details).

In addition, the effects of perturbing the model
with a 5 o/" step increase in solar luminosity were
explored, As bcfore, the functional responsc curves
of Fig. 2b were uscd to generare rhese experimenls.

Five c: I webs and five c : 2 webs. each with a
diflerent randomised connectance pattern, were
constructed, each with constant food web con6g-
uration (se€ legend to Fig. 9 for details). Each web
was allowed to rcach stcady state under a low
initial solar iuminosity and was then perturbed.
The time taken to return to a steady state daisy
diversity index was thcn tneasured; a rapid retu.n
meant high resilience. These resilience measure-
ments were repeated for each of 20 equal incre-
ments in solar luminosity. For each web, the mean

Fi8 4. Population dynamics and temperature regulation in food webs wilh dillercnt values of c, the connectance
parameter, amongst 23 daisy typ€s,3 bcrbivores and one carnivore- Herbivores were introduced after 40 time steps
and a carnivore after 120 trme sleps. The herbivores' funclional response connguration was that of Fig. 2b, in wbi;h
herttrvore I was allocated the type I response, herbivore 2 the typc 2 response aod herbivore 3 the type 3 response-
(aJ Dynamics of a fully connecred food web (c = 3). Soiar luminosity wai held constant ar J :0.744. (b) Dynamics
of a morc loosely connected food web (c:1 or 2), with the food w;b configuration: herbivores 1,2 and 3 at€ n:
14. n- 12 and r: 14 randomly assigned daisy typ€s respectively. Solar luminosiry was hetd constant al J =0.,144.
lc, Dyn3mrcs ot a food web wilh the low€st connectance (c = 1), herbivores l ,  2 ^n.t 3 ate rt :8, ' ' :8 and n = ?
randomly assigncd dajsy types resp€ctively. Sotar tuminosity was hetd consrant at./=0.826.

Teuus 5 l  B  (1q99r ,4



L

FOOD WEB COMPLEXI l 'Y  IN A GEO PI IY  S IOLOG ICAL MODEL 821

1m

e
g
t
E

e
E
€

Tt?. t hdttwo Type 2 i.rtivd.

Telius 5lB ( 1999),4



822

of these 20 measurements was taken as an index
of its resilience.

4. Results

Fig. 4a shows a typical example of the popula_
tion dynamics and temperature regulation for a
fully connected (c = 3) lood web, with solar lumin-
osity held constant at a level comfortable for the
biota- The figure illustrates the stability of models
incorporating environmental feedback- L,ess stable
behaviour was found with models where tbe food
webs were more loosely connected over a aange
of solar luminosities, from 0.7 to 1.2 times the
present solar output. Model stabi l i ty was not
much altercd by changes in herbivore functional
responses but was sensitive to dillerent food web
confi gurations and connectance patteIns, although
temperature regulation was still well within the
bounds tolerable by l j fe. At the extremes of solar
luminosity just before the system failed it became
unstablc. There were rapid oscillations in daisy
and herbivore populat ions and in temperature.
This was particularly noticeable with stcep type I
and 2 functional responses, but no attempt was
maCe to analyse these odd effects.

As the system in Fig. 4a cvolved, it was domin_
ated by 2 daisy types whose albedos best matched
the given solar luminosity. The population
dynamics were stable and temperature regulation
was at the optimum. Upon adding the three
herbivores their grazing reduc€d the abundance
of the few dominant daisics, and allowed the less
well matched rarer types to flourish. Daisy divers-
ity increased with a smooth gradation of daisy
type abundances, with no single type overly dom-
inant. Competit ion between the herbivores led to
the dominance of a single type. Upon introducing
the carnivore the dominant herbivore became its
prey and so the other two herbivores increased
until all (hrce reached equal abundance. These
changes in herbivore abundance had only a small
effect on the daisies although a few types became
extrnct. The model system kept its temperature
close to optimal for the biota throughorrt (hese
perturbahons_ Herbivores and lhe carnivore had
little ellect on daisyworld,s capacity to regulate
cl imate

When the food web connectanc€ was decreased
from c : 3 to c: I or 2, the system w:rs less stable

S.  P .  HARDIN( ]

(Fig.4b). Although the herbivore dynamics were
similar to those in the firlly connected web, the
daisy dynamics were markedly different- After the
introduction of the herbivores, 4 daisy types
reached high abundance, with a roughly even
gradation in the abundance of less common typ€s.
Thc appearance ol lhe herbivores led to a temper-
ature increase to a steady state about 1.0'C higher
than the model optimum for plant growth of
22.5'C.

In this experimen! one of the herbivores again
b€came dominant- This in turn decreased the
grazir]g of daisy t]?es eaten by its competitors
and tbesc increased. Among the now more abund-
ant daisy typ€s we.e those less well matched to
the solar luminosity and therefore, temperature
rcgulation was impaired. Adding the carnivorc
improved the model performancr- It reduced the
abundance of the dominant herbivore, allowing
the others to increase until the 3 types were equally
abundant. The abondant daisy types that had
prcviously f lounshed due lo competit ive suppr(s-
sion of thcir herbivores now decl ined_ There was
agarn an cven gradatiol ofdarsy type abundances,
and those with best matched albedos predomrn-
ated, thereby improving temperature regulation.

Modeis with the most loosely connected (c : l)
webs were markedly less stable. At certain solar
luminosities and in the abscnce of the caroivore
they sustaioed high amplitude periodic dynamics.
When this happened (Fig. 4c), the populations of
two herbivores regularly oscillated out of phase
with each other, while the third herbivore's num-
bers gently osci l lated in step wilh one of the other
herbivores. Tlre oscillations of thc model system
also affected the tcmperature, which was lightly
modulated at the same frequency and over a range
of 0.8'C. The mean temperature temaincd con-
stant. These periodic fluctuations emerged unex-
pectedly in c: I webs. There appeared to be no
relationship between the emergence of pe odicity
and solar luminosity (Fig. 5). This form ofinstabi l-
ity seemed to reflect the randomness in the under-
lying connectance patterns. Sustained periodic
dynamics were not seen in the more fully con-
nected food webs, where c > l. Adding the carni-
vore to c: l  food webs obl i terated periodic
dynamics where they had been present (Fig.4c).
fhe presence of the carnivore brought thc systern
to a steady state. The three herbivore types then
bccame equally abundant, there was an evcn

Te l l us  5 lB  (  l qee ) , . 1
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However there werc minor exceptions. !-irstly, in
food webs where the three berbivores followed
type 3 functional responses (Fig.7b), c: I webs
were approximately equally resilient to c = I or 2
webs, irrespective of the stope of the functional
response. This was due to the fact that type 3
functional responses had very little impact on rare
daisy types, amoogst which were types whose
albedos matched a given luminosity well enough
to engender good temperature rcgulation, thereby
improving resilience.

Secondly, food webs varied in their resilience
depcnding on their "herbivore connectance diver-
sity". This quantiry was highest in food webs in
which each herbivore was linked to the same
number of daisy types. For cxample, high her-
bivore connectance diversity would occur rn a
c : I food web if two of the herbivores ate 8 daisy
types each and the third herbivore ate the
remaining 7 daisy types. Low herbivore con-
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occuffence of his] amplitude cycles (as in Fis 3c), low amphrudc cycres and no cycles innre raDdomly assembred c: l tood webs. Tbere was no relationship tretween sotar luminosity and the presence highamplitude cycles, which appear in roughiy 25% of solar luminosity steps.

gradation in the abundances of daisy types and
smooth temperature regulation. The model djs-
played stability once more, as it did wirh the more
connected food webs. Even with the least stabte,
loosely connected daisyworlds the departure of
the temperalure from optimum was seltiom more
than 2.0"C over a wide range ofsola. luminosit jes.

Fig.6 shows that dcspite some scaner rn c: I
webs, resilience and rcsistance showed a statistic-
ally sigoillcant, positive correlation throughout
the parameter space of c : 1 and c: 2 food webs.
Thus, in what follows, changes in resilience can
be understood to imply similar changes rn resrst_
ance, and hence in the overal l  stabi l i ty of the
model.

Despite wide variat ions in cri t ical inrtral condi_
tions of the model (i_e., in food web configuration,
connectance pattern and slope and type of the
herbivore functional a".pon."a;, low connecrance
gcoerally gave rise to low resilience (Figs.1$, g).

Te l l us  5 lB  (1999 ) ,4



nectance diversity would occur in c: t  webs i f
herbivore I ate all 23 daisy types, with the other
two herbivores eating Do daisies. Fig. g reveals
tbat c: I webs were markedly less resilient than
c: 2 webs over a \raide range of herbivore con-
nectance divercities. Furth€rmore, in c = I webs,
dospite some scatter in the data, it was clear that
resilience continually increased as herbivore con-
nectance dive$ity dcclined_ Thus, for c= I food
webs. relum t ime to steady state decreased as
nerbtvote I became more prominent in a food
web. By contrast, c: 2 webs displayed an exten_
srve regon of roughly constant high resilience,
corcnng almost al l  of the parameler space, with
rar tess vanabil i ty jn the dara.

In the real world climate, change is a frequent
perlurbation. Increasing rhe solar luminosity by
)"6 sjmulared a change of roughly equlvatent
magnttude lo that between glacial and interglacial
clrmates. Fully connected food webs showed high
resi l icnce. reaching steady state almosl Insrantly
alter.the pcnurbation l t ig. gl c|.  The prcsenc€ o[
carDrvores made no difference to resilience. but at
some solar luminosit ics did sl ightty impror,e tem-
perature regulation (Fie. 9d f)_

In the absence of the carnivore and in food

S .  P .  H A R D I N G

1.25 1.50

webs with the lowest connectance (c = I ), resilience
lell to low lcvels. In these webs, at some luminosit-
ies, the climate perturbation set off a long term
periodic oscillatjon in population and in temper-
ature. The oscillations did decay but only after
many  t ime  s l eps  {F ig .9g  i ) .  Add ing  a  ca rn i vo re
improved rcsilience, although the return time to
equilibrium was Ionger than in more highly con_
necled food webs with a carnivore present
(Fig.9j l ) .  At other luminosit ies, the perturbation
did not give rise to p€riodic behavlour In c: I
webs, although both population and temperatute
changed and then took a relatively long time to
return to steady state. Adding the carnivore again
rmproved resilience. Resilience was least for c = 1
food webs with carnivores absent, and increased
when the carnivore was present, or when con_
necrance was rncreased (Fig. l0).

5. Discussion

So far, almost all model experinents in com_
munrty ecology have becn mede with contmunit ies
where the only selection pressures were internal,
that is where the environment was rlelined by the
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organisms themselves. In those exp€nm€nts, com-
plexity and instability appeared to go harld in
hand. In the model presentcd herc the environment
includes the physicalworld. In addit ion, the organ_
isms have the capacity to change their material
envuonment, as well as adapt to it. The p.imary
producers experience selection pressure mainly
from environmental feedback, which acrs .extern-

al ly" as a strong stabi i ising force (Letrton, 1998).
Internal selection was present at two l€vels, from
herbivores grazing daisy types and from compeu-
t ion for spxqs 6mongst the daisy tyDes themselves.

In lhe f ir j , t  levcl of internat .elect lon, herbivores
selccted daisies according to theii abundance and

Tellus 5tB ( 1999),4

c
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Cornectance

rr'& 7 R€turn time lo steady state of the daisy diversity index after the introduction of three herbivores allocated
wjth varying steepness and type offunctionat responscs. ite food wcb configurations were those d€tailed in Fig.4a c
respect ively.  Values of  the r  axis designate tbe fo l lowing conn€ctances:  l :  c : l :2:  c=l  or  2;  3:  c=3.  The hgures
display the effect of increasing conn€ctanc€ when: (a) each herbivore was alrmated the same tlpe l functional
response, from shallow 10 stcep; (b) when each herbivore was alocated the same type 2 functiona! responsc, from
shailow to st€eP; (c) when €a€h herbivore was allocited rbe same type I functional ;esponse, tiom shallow to steep;(d) when each herbivore was allocaled a diferent functional response, borh in ryp€ and stope, as shown in Fig. 2a d,
ranked as "steep" to 'shaljow" 

r€spectively_

as a consequence daisies "evolved" immunity to
certain herbivores as a result of "past" grazing
pressure. This internal selection pressure was
independent of the rnJterial environment.
Consequently some effects on system stability and
the quelity of tempetature regulation were
expected and noticed. For example, the plescnce
of daisies equipped with anti-herbivore defences
did somelimes lead to instabi l i t ies in both popula-
tion dynamics and climate due to the loosening
of food web connectance. Sometimes internal
selection pressure from herbivores improved
system stability. It did so by opening niche space
for daisy types otherwise dcnicd an inlluence on
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was a reduction in comp€tition between the daisies
of the separated fragments. Increasingly, ecological
niches arose in which daisy types with destabilising
climatic effects could flourish, As f.agmentation
proceeded, a sharply defined threshold appeared
which marked a destabilised climate. Thus, the
most diverse systems were the least stable cli-
matically- As Von Bloh et. al. point out, the price
to be paid for very high biodiversity in their
2-dimensional daisyworld was a loss of self-regu-
latory capaclty.

Unlikc the traditional community ecology models
with no environmental feedback, where instability is
almost always a cons€quence of diversity, daisy-
worlds arc only rarely unstable. The pres€nce of a
diversity of daisy albedos is beneficial Ior effective
regulatiorl as lorlg as therc is some intemal selection
pressure amongst the daisy types. On subjectiflg the
model to a gradually increasing solar luminosity,
the high diversity of daisy tlpes ensured that there
were always a few types whose albedos matched the
curent solar luminosity well enough to provide
effective temp€rature regulation. This is akin to the
observation that plant species diversity can stabilise
ecosystems in the field because previously rarc

! t :
1 . . '

. :

E F I 8 B

no_ or daisy types eareo by hertivo.e t (c= 1 tood webs) or by h€rtivores 1 ,\d Z {c=2 ,ood webs)

fqf 
Th" return time to st6dy state of the d.isy diversiry index in . = I a'd c:2 food ivebs as a functioo of

h€rbivore conneclance diversity. The portion of the parameter space sampled \rar that encrosed by rhe top left-hand
trun^gle in Fig.l. Each herbivore was giyen lhe same t,n€ 2 functional iesponse, rn whrch the stof,c factor, F, was
F:22(seeeq ( l2))  Each data point  represents the grand mean of the three rcpl icare random connectance palerns,
gcnerated for each food web configuralion, as described in rhe text. The retum time to st€ady stale (the inverse of
resilienc€) was markcdly higber in c= I webs lhan io .=2 webs, particularly when lhe herbivore connectan€e
diversity was high, towards rh€ teft of the eraoh_

tbe system's temperature by previously abundant,
well-matched typcs. Low inte.nal selection pres_
sure amongst daisy typ€s was also potentiallv
destabi l ising since some daisy lypes which had
Iess than optimai albedos could flourish and hence
upset tempenture regulation. In most ofthe model
expenments, envlronmental feedback was strons
enough to drive lhe selection of daisy rypes besi
ablc to regulate climate and this led to reasonablv
good cLmatic regul:rr ion and popularion srabi l i ty.

Funhermore. in al l  lhe above cxperimcnts.
increasing complexiry by adding a rbi id rrophic
lerel.  the carnivore. improvcd stabi l i ty. pimm and
Lawton ( 1980) described models that differed from
those just described only by the absence of biota_
climate feedback. Adding trophic levels to rheir
models made them unstable.

In rare cases freedom from low internal selection
pressures amongst the daisy types can overturn
the stabilising influence of extemal selection.
thereby plungirrg darsyworlds into severe insrabi l_
rty. Von Bloh et al.  (1997) modelled daisyworlds
usrng a 2-dimensjonal ccllular automaton in which
they were able to create varying degrees ofhabilat
lra8mentation. As the habitat fragmented, there

8  9  1 0  1 1  1 2  1 3  1 1  1 5  1 6  1 7  1 8  1 9  2 0  2 1  2 2  2 3
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species can replace dominants which have declined
due to disturbances such as drought (f ilman, 1996).
Thus, in daisy\ro.ld as in the field, spclies are indi-
vidually vulnerable, but fugh diversity eosures that
the community as a whole is more likely to pe.sist.
Furthermore, the modei's stability do€s oot depend
on a finicky choice of initial conditions,

Community ecologists have debated the imDor_
tance of rhe coupling between biota and the
material environment. Although biota-environ_
ment feedbacks at individual and even ecosystem
levels are recognised (JoDes et al., 1994), large
scale physical aspects of the enyironment, such as
tempemture and atmospheric composition con-
tinue to be viewed as "givens', to which organisms
must adapt, but which they cannot inf luence to
any significant extent_ Geophysiologists recognise
that fcedback between the biota and their material
envrronment rs not always obvious but assert that
rt can in certarn cases be signilicant.

Could it be that systems with loose biota_
en!'lronmcnt coupling persist ooly because tightly
corrplcd, fully geophysiological systems are acr_
ively regulating the material cnvironment in the
"background"? Therc are scveral good candidatcs
for such "keystone geophysiological fcedbncks',,
such as the sccding of cooling clouds by DMS
emrtt ing marine algae (Ch:rr lson et al. ,  1987), the

regulation of atmospheric oxygen levels by the
bacterial community in thc sca bcd sediments
(Van Cappellen et al. ,  1996), the regulat ion of
planetary temperature through the biotic enhance-
ment of rock weathe.ing ([,ovelock and Whitfield,
1982 Schwartzman and Volk, 1989), and the more
speculative linkage betwcen marine and peatland
ecosystems (Kl inger and Erickson, 1997). Other
possibi l i t ies for t ight couRljng exrsr tr  loccl lrvels
amongsr soi l  micl o-organ i ims. Here the impacts
of the biota on tbe material environment rcmain
localiscd enough to exert sclection pressures,
which in turn might lead to the regulat ion of soi l
condit ions at a state conducive to plant growlh.
Since plant growth is essential for ecosystem func-
tioning, such local feedback processes may tre
fundamental to the health of all terrestrial eco-
systcms. A predictioo stemming from this work is
that a positive relationship should exist bctween
complexity and stability in real ecosystems when
therc is feedback tir and from thc growth of the
biotx and the state of the material environrDent
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