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Energetics, Patterns of Interaction Strengths, 
and Stability in Real Ecosystems 

Peter C. de Ruiter,* Anje-Margriet Neutel, John C. Moore 

Ecologists have long been studying stability in ecosystems by looking at the structuring 
and the strengths of trophic interactions in community fooc webs. In a series of real 
food webs from native and agricultural soils, the strengths of the interactions were 
found to be patterned in a way that is important to ecosystem stability. The patterning 
consisted of the simultaneous occurrence of strong "top down" effects at lower trophic 
levels and strong "bottom up" effects at higher trophic levels. As the patterning 
resulted directly from the energetic organization of the food webs, the results show that 
energetics and community structure govern ecosystem stability by imposing stabilizing 
patterns of interaction strengths. 

T h e  stability of community food webs de- 
pends on properties of food web structure, 
such as the number of groups ( I ) ,  the fre- 
quency of interactions ( 1 ,  2 ) ,  and the 
length of the food chains (3, 4). The 
strength with which organisms influence 
each other's population dynamics is also 
considered an important factor in the sta- 
bility of complex communities. However, 
little is known about the way this factor is 
manifested in real ecosystems, partly be- 
cause of a shortage of empirically based 
estimates of the interaction streneths, but 

'3 

also because of a lack of congruence in the 
wav interaction strength is defined and 
treated in theoretical iodels versus exper- 
imental studies. Theoreticians have defined 
interaction strength mathematically as the 
elements of the Jacobian "community" ma- 
trix (1) and used values based on general 
assumptions with respect to the nature of 
the organisms rather than on observations " 
(1-3, 5, 6), whereas empiricists have de- 
rived interaction streneth from the ob- " 
served impacts of species manipulations on 
food web structure 17-1 1 ). Here. we link 
the two approaches by deriving values of 
the lacobian matrices from field and labo- 
ratory observations for seven food webs 
from native and agricultural soils (12) and 
by evaluating their importance to ecosys- 
tem stability. 

P. C, de Ruter and A,-M. Neutel, Research nsttute for 
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9750 AC ~ a r e n ,   etherl lands. 
J. C. Moore, Department of Biological Sciences, Univer- 
sty of Northern Colorado, Greeey, CO 80639, USA. 

'To whom correspondence should be addressed. 

We constructed material flow descrip- 
tions of the food webs; a descrintion of one 
of the webs is given in Fig. 1. Feeding rates 
were calculated from the observed ~onula-  

L L 

tion sizes, death rates, and energy conver- 
sion efficiencies (13). As expected, the 
feeding rates were relatively large at the 
lower trophic levels and small at the higher 
trophic levels (Fig. 2A). From these food 
web energetics, we could estimate the 
strengths of the tronhic interactions, fol- " 

lowing the principles of May (1) and using 
standard Lotka-Volterra eauations 1 14). In , , 

Fig. 2B, the interaction strengths in one of 
the food webs are eiven as a re~resentative " 
example (15). A distinction was made be- 
tween the per capita effects of predators (j) 
on their prey ( i )  (negative values of a,.) and 
the per capita effects of prey on their pred- 
ators (positive values of Both types of 
per capita effects were patierned along tro- 
~ h i c  position: the absolute value of the 
negative ail decreased significantly (P  < 
0.01) with trophic position, and the posi- 
tive a,, increased significantly ( P  < 0.05) 
with tronhic nosition. 

& 

This kind of interaction strength, how- 
ever, does not necessarily refer to the im- 
pact of the interaction on the functioning 
of the community. Therefore, we separately 
established the impacts of the interactions 
on food web stability by constructing Jaco- 
bian community marrices ( 1  ), including the 
estimated patterns of interaction strengths, 
and analyzed the sensitivity of the stability 
of these matrices to variation in the values 
of one nair of elements, referrine to the " 

strength of one interaction (16). In this 
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way, the iinpact of an interaction on  eco- unstable because of the variatioil in the 
system stability was expressed in terms of element values (Fig. 2C). These impacts on 
the probability that the matrices becaine stability were found to be not e q ~ ~ a l l y  large 

for all interactio~ls. Moreover, ilnpacts on 
stability were not correlated with feeding 
rates nor with iilteractioil strength: changes 
in energetically unimportant links could 
lead to a substantial decrease in stability 
(Fig. 2, A and C),  whereas changes in the 
strength of some energetically ilnportant 
links had no effect at all. We also found 
strong links with a weak irnpact and weak 
links with a strong impact (Fig. 2,  B and C). 

Even though there was no correlatioil 
between the strength of a particular inter- 
action and its impact on  food web stabil- 
ity, the observeii patterning of the inter- 
action strengths (Fig. 2B) was found to be 
an important factor in the stability of the 
webs. This was shown by a comparative 
analysis in which the stability of commu- 

Roots 
[300. 1.00, - 

Detritus 
12500, -, -, -1 

nity matrix representations of the seven 
food webs, including the estimated pat- 
terns of illteractioll strengths (14, 17) 
(lifelike matrices), was comnared with 
that of matrices with similar structures but 
without the pattem. These ~natrices in- 
clude ( i )  theoretical matrices, in which 
interactloll strength was sampled from 
proposed theoretical intervals (3,  18); (ii)  
disturbed matrices, in nrhich the lifelike 
patterns of illteraction strength were dis- 
turbed by randoin permutation of the non- 
zero pairs of elements (19);  and (iii) test 
matrices, in lvhich the values of the pa- 
rameters (poplllation sizes, specific death 
rates, and energy conr~ersion efficiencies) 
~ ~ s e d  to calculate the feeding rates and 
i~lteractioil streilgtlls lvere not based on  

mites 
[0.001. 1 84.0.50.0.351 

Fig. 1. Material flow dlagram of the food web from the conventional practlce of the Lovlnkhoeve 
Experimental Farm (12). Speces were aggregated into functional groups (28). For each group I ,  the data 
used to calculate the interacton strengths (14) are given In (square brackets) the sequence bomass (B,, 
kg ha-'), specifc death rate (d,, year-'), ass~m~lation efficency (a,), and producton efficency (p,). Feedng 
rates of group j on group i (5, kograms per hectare per year) 13) are gven near their respectve arrows 
(parentheses). 

observations hut were raildolnly chosen 
(20). This coinparisoil showed that the 
lifelike inatrices were inore likely to 'e 
stable than their theoretical. disturbed. or 

Trophic position 

Top predators Resource Consumer 
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test counterparts (Flg. 3).  The  cornparisoln 
with the theoretical aild iiistl~rhed matri- 
ces sho~ved that including the estiinated 
values of ilnteractioil strentlth e~lhanced 

predatory m les 
predatory mles 
~ reda low mtes 
predatory mtles 

nemalophagous mttes 
oredalow c~l lerntola 

u 

stability and that this e ~ l h a ~ l c e ~ n e l l t  collld 
lnot he attributed to  the occurreilce of 
particular ranges of eleille~lt values nor to  
the overall strength of the trophic inter- 
actions relative to the strelngth of intra- 
group interference (19) .  Hence, this en- 
halnce~llellt resulted from the wav in which 

predatory collembola 
nematophagous mles 
nematophagous mter 
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predatory nematodes 
predatory nematodes 
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the eleinent \ ~ ~ l l l e s  were arranged in a 
specific pattern. FurtherinAre, the coinpar- 
ison with the test nlatrices showed that  
the high likelihood of stah!li$v of the life- 
like inatrices was not an artifact of the 
(equilihriuin) as's~~mptions ~~nder ly ing  the 
e q ~ ~ a t i o i ~ s  we 11seci to calculate the feeding 
rates a i d  iilteractlon strengths. Rather, it 
was coill~ected to the fielil and lahoratorv 

Basal resources 
I d  #, ,d , , ,d , ,#d , , , , d  I ,  / 1 ,  I ,  , / , , / . I / /  , l * l ~ l  I L I ,  
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l o  

per capita effect on prey per capita effect on predator 
(mean = -7.6) (mean = 0.1) 

data that formed the empirical hasls of the 
calculations. 

Feedina rate Interaction strenath lmoact on stabilitv 
(kg ha-' year-') 

A These res~llts delnollstrate that the sta- 
bility in ecosystems inay depend strongly on 
the patterning of the iilteraction strengths 
and therefore reillforce the corollary of May 

Fig. 2. Feeding rates (A), lnteractlon strengths (B), and impacts of the nteractons on food web stabity 
(C) arranged accordng to trophc postion in the food web of the conventional practce at the Lovinkhoeve 
Experimental Farm (12). 
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(1 ) and the assertions of Moore and Hunt  
(21 ) that interaction strengths within eco- 
systems are patterned in ways that are 
important to stability. Our results are from 
a limited set of soil food webs, but the 
structure of these wehs in terms of diver- 
sity and connectance (frequency of inter- 
actions) corresponded to many other food 
wehs from different kinds of ecosystems 
(22). The  stabilizing patterning of the in- 
teraction strengths consisted of strong 
"top down" effects at the lower trophic 
positions and strong "bottom up" effects 
at the higher trophic positions, which sup- 
ports the idea that top down and bottom 
up forces act on  comtnunities simulta- 
nkouslv 123. 24). ~t is not vet clear how . , 

p-ecisejy the patterning relat'es to  stability. 
Possibly, the patterning reduces the effects 
of potentially destabilizing configurations 
in the structure of the webs. For example, 
the fact that short loons are concentrated 
at the lolver trophic positions, and that 
the strongest negative effects are restricted 
to  these loops, might suggest that the de- 
stabilizing properties of longer loops (2.5) 
are reduced this \Yay. A correlation anal- 
ysis between the interaction strengths (a,, 
and a,,) and some energetic parameters 
[ohtained by combining the equations in 
(1 3) and (14) ]  indicated which energetic 
regularities in the food webs might have 
heen important to  the patterning of the 
interaction strengths. The  decrease of the 
absolute value of the negative a,, with 
trophic position went along with a de- 
crease in the proportion of prey i in the 
diet of predator j and, to a lesser extent, 
with a decrease in the energy requirements 
of the predator [d,/(aJ p,)] (13). This de- 

Fig. 3. Probability of the local stability of 
seven food webs from native and agricultural 
sols (72). Abbrevations are as in (72). The 
black fraction in the bars denotes the per- 
centage of stable matrces based on 1000 
runs. In the lifelike matrices (A), element val- 
ues were sampled randomly from the uni- 
form distribut~on with intervals [O, 2 4  In 
which a, is the value as derived from the 
observations (74). The d~agonal matrix ele- 
ments referring to intragroup interferences 
were set at three levels of magnitude (s, = 1, 
0.1, and 0.01) ( 7 7 ) .  In the theoretical matri- 
ces (B), interaction strengths were sampled 
from proposed theoretical ranges-that IS, 

[-lo, 01 for the per capita effect of a preda- 
tor on ~ t s  prey and 10, 0.11 for the per capita 
effect of a prey on a predator (3, 78). In the 
disturbed matrices (C), the lifelike patterns 
were disturbed by random permutation of 
the non-zero pairs of elements (79). In the 
test matrices (D), values of the parameters 
used to calculate the feeding rates and inter- 
action strengths were not based on obser- 
vations but were randomly chosen from the 
theoretical interval [O, 11 (20). 

crease of energy requirements with trophic 
position is in  accordance with the obser- 
vation that body size and maintenance 
cost are negatively correlated (26)  as body 
size increased with trophic position. T h e  
increase in the positive a,, with trophic 
position went along with an increase in 

' 

the ratio of the population size of predator 
j to that of prey i. 

Comparison of our results with those 
ohtained in manipulation experiments (7- 
11 ) shows how the different approaches in 
analyzing interaction strength may relate 
to each other. In our study, interaction 
strength was used in the way May defined 
it mathematically ( I ) ,  whereas in experi- 
ments interaction strength was defined as 
the impact of species manipulations on  
food web structure and function. Howev- 
er, when the results of the manipulation 
experiments are compared with our theo- 
retically constructed estimates of impacts 
on  stability, \ve see two similarities. First, 
the occurrence of interactions with negli- 
gible impact on  stahility agrees lvith ex- 
perimental findings that only a fraction of 
the species manipulations had strong ef- 
fects on  food web structure (7, 8 ) .  Second, 
the ahsence of a correlation between the 
impacts on stahility and the feeding rates 
agrees with the experimental findings that 
interactions representing a relatively small 
rate of material flow can have a large impact 
on stahility and interactions representing a 
large rate of material flow can have a small 
impact (8,  1 1 ). This ahsence of a correlation 
between energy flow and impact on stability, 
however, does not negate the importance of 
energetics to food web stahility, as our re- 
sults demonstrate that energetics determine 
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Central 
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the patterns in interaction strengths within 
communities, which form the hasis of eco- 
system stahility. 
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d15, + MI F, = ------ 
a! P, 

where 5 is the feeding rate, d the specific death rate, 
6, the average annual popuLtion size, M, the death 
rate due to predation, a the ass~milaton efficency, 
and p, the production ifficiency. For polyphagous 
predators, the feeding rate per prey type (FJ was 
based on the relative abundances of the prey types 
and on prey preference: 

w,,B, 
F,, = - 6 

2 w ,  6, 
I = '  

where w is the preference of predatorj for prey i over 
its othe;Iprey types and k IS the numerator of the 
summation over all (n) trophic groups. Calculat~ons of 
feedng rates began wlth the top predators (which 
suffer only from natural death) and proceeded back- 
ward to the lowest trophic levels. 
The dynam~cs of the trophic groups were descrbed 
n terms of Lotka-Volterra-type equations, such that 

n 

X , = X [ b  + xc ,X , ]  
, = 1  

where X, and X, represent the populat~on slze of 
groups i and j respectvely, b, IS the specific rate of 
Increase or decrease of group i, and c, IS the coeffi- 
c~ent of nteract~on between group i and group j. The 
dot indcates a dervative by tme. Detrtus was mod- 
eled w~th a modification of the Lotka-Volterra equa- 
t~on (4).  lnteract~on strengths (a,J were def~ned as the 
entrles of the Jacoban community matrlx (1) being 
the partal der~vatves, a,, = (8XX/dv,  where the as- 
tersk indcates that the part~al dervatives are evalu- 
ated near equ~libr~um. Values for the Interaction 
strengths were der~ved from the energet~cs (Fg. 1) by 
equatng the death rate of group i due to predat~on by 
group] in equllbr~um, c,X,*X,', to the average annual 
feedlng rate, -F, (73), and equatlng the production 
rate of group j due to feeding on group i, ci, X,*X,*, to 
a,p,F, (73). W~th equ~l~br~um populaton sizes (X", X,3 
assumed to be equal to the observed annual average 
populat~on sizes (B,, 6,) (731, the per capita effect of 
predatorj on prey i was calculated as 
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F 
a,, = c,X* = - ' 

BI 
and the per capita effect of prey i on predator j as 

aIPlF1 a = c x * = - - -  
I l l  B 

15. The results given for this particular food web are 
representative for the other food webs, as in all 
seven webs the negative a ,  decreased slgniflcantly 
with trophic posltion at least at the P < 0.01 level, 
whereas the positive a,, Increased significantly with 
trophic level at the P < 0.05 level, except for the 
websfrom Horseshoe Bend (12) and Central Plains 
(12), for whlch a showed no correlat~on. The im- 
pacts as shown f n  Fig. 2C are also representative 
for the other food webs, in that for all webs impacts 
on stabllity were correlated neither with feedlng 
rates nor with interaction strengths. 

16. The values of one pair of the matrlx elements, referring 
to one interaction, were varied wlthin the range of [O, 
2a,], where a,, IS the estimated interaction strength (141, 
keeplng all other elements fixed at their calculated val- 
ues. The sensitivity analysis was done with matrices in 
which the mean values of the diagonal terms were close 
to (1% below) the critical value for stability and were 
based on 100 runs. We assessed the stabllity of the 
matrices by testlng whether all eigenvalues of the com- 
munity matrices had negative real parts (1) 

17. The diagonal matrix elements referring to intragroup in- 
terferences could not be derived from the empirical data 
and therefore were set at various levels of magnitudes 
(s,, with 0 5 s, 5 I )  proportional to the specific death 
rates (d), with s, = 1,0.1, and 0.01 and hence a, = -d, 
-O.ld, and -0.01d for all groups equally, lntragroup 
Interference was modeled this way, as the values pub- 
llshed by Hunt eta/. (27) for the specific natural death 
rates (d) Include all nonpredatory losses that can be 

' 

expected in populations with population size (B,) In their 
natural environment. In terms of the Lotka-Volterra 
equations, thls way of modellng intragroup interference 
implied that b, = (1 - sJ d, and c, = s,d/B,; hence, 

a, = (aic,/aX,)* = - s,d, 

Elements referring to the feedbacks to detrltus were 
derived ~n the same way as the trophic interactions 
with the modification of the Lotka-Volterra equation 
for detrltus (4). 

18. Diagonal terms and feedbacks to detritus ~n the the- 
oretlcal matrices were chosen from ranges simllar to 
those in the lifelike matrices relative to the strength of 
the trophic interactions. 

19. This kind of disturbance preserved the placing of the 
positive, zero, and negative elements, the logical pair- 
ing of element values referring to the same trophlc 
Interaction, and the overall strength of the trophlc in- 
teractions relative to the strength of lntragroup inter- 
ference (5). 

Complex Cooperative Strategies in 
Group-Territorial African Lions 

Robert Heinsohn and Craig Packer 

Female lions (Panthera leo) showed persistent individual differences in the extent to which 
they participated in group-territorial conflict. When intergroup encounters were simulated 
by playback of aggressive vocalizations, some individuals consistently led the approach 
to the recorded intruder, whereas others lagged behind and avoided the risks of fighting. 
The lead females recognized that certain companions were laggards but failed to punish 
them, which suggests that cooperation is not maintained by reciprocity. Modification of 
the "odds" in these encounters revealed that some females joined the group response 
when they were most needed, whereas other lagged even farther behind. The complexity 
of these responses emphasizes the great diversity of individual behavior in this species 
and the inadequacy of current theory to explain cooperation in large groups. 

African lions engage in a wide variety of 
group-level activities, including group 
hunting, communal cub rearing, and group 
territorialitv (1. 2). However, recent re- , ~ ,  , 

search has revealed lions to be less cooper- 
ative than previously supposed. Although 
lions will hunt cooperatively when their 
prey is difficult to capture (3-5), coopera- 
tion often breaks down when the prey is 
relativelv easv to catch (3. 4). Female lions , , . . 
nurse each others' cubs, but nonoffspring 
nursing is secondary to the females' joint 
defense of young against infanticidal males 
(2,  6). Indeed, the threat of attack by con- 
specifics appears to be the driving force in 
lion sociality (2). Large prides dominate 
smaller ones, and solitary animals are fre- 
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quently killed or injured in attacks by like- 
sexed strangers (1 ,  2). Territorial incursions 
can be simulated by the playback of record- 
ed roars, and these routinely elicit cooper- 
ative defense (7 ,  8) .  Groups of lions will 
readily approach a hidden loudspeaker and 
will even attack a taxidermically mounted 
lion concealed behind the speaker (8). 
These experimental studies indicate that 
lions can distinguish pride mates from 
strangers (9) and can assess the ratio of 
companions to intruders (the "odds"), ap- 
proaching the speaker more readily when 
they outnumber their recorded opponents 
(7, 8) .  However, by performing a series of 
playbacks to the same groups of females 
over a 2-year period, we have discovered 
that certain individuals consistently lag be- 
hind their companions during the group 
response. We  show here that these females 
are recognized as laggards by their compan- 
ions and that many of these laggards vary 
their behavior according to the odds. 
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Female lions live in fission-fusion social 
groups (prides) that typically contain 3 to 6 
related adults (numbers can range from 1 to 
18), their dependent offspring, and a coali- 
tion of immigrant males (10, 11 ). The males 
defend the pride against incursions by other 
males (8, 10), and the females defend their 
young against infanticidal males and their 
territory against incursions by other females. 
The territory is essential for successful breed- 
ine and can onlv be held bv two or more 
fekales (2) that advertise owiership by roar- 
ine (1. 7). Here we consider the territorial " ~ ,  , 

responses of females to other females, pre- 
sentine data collected on eight nrides in the - " .  
Serengeti National Park and Ngorongoro 
Crater. Tanzania. Each nride was cornnosed 
of two to seven adult females of known age 
and kinship (10, 11). To  simulate varying 
levels of territorial threat, we followed Mc- 
Comb et al. (7) in broadcasting the roars of 
either one or three females (12). Most indi- 
viduals responded by looking toward the 
speaker and approaching directly at a walk- 
ing pace. Females that led the response typ- 
ically adopted a tense posture with head held 
low, and their approach was often punctuat- 
ed by pauses and glances back at lagging 
companions [also see (8)j. Each animal's re- 
sponse was measured in four ways: its latency 
to the midpoint (100 m) between the pride's 
original position and the speaker, the differ- 
ence between its own latency and that of the 
leader ("lag time"), the order within the 
group when each animal reached the mid- 
point, and the number of backward glances 
to lagging companions. The order in which 
individuals approached the speaker usually 
remained the same throuehout the nlavback. - . , 
and these ranks were standardized to a value 
between - 1 (last) and 1 (first) to control for 
group size. 
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