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Abstract

Mass extinctions played a crucial role in the evolution of species. They
disrupted some evolutionary lines and started or altered others. After
a short discussion of the impact of mass extinctions on the evolution
of species, a simple model of evolution with three trophic levels will be
discussed. This model was used by Solé and Montoya [1, 2] to measure the
fragility of ecological networks, and to simulate the recovery of ecosystems
after mass extinction events.

Introduction

Five big mass extinction events are known at present day. From fossil records we
understand that these events gave evolution completely new twists and turns.
The responses of surviving species range from unbroken continuity, over set-
backs, to survival without recovery, and unbridled diversification [4]. Besides
geographical effects, which will not be discussed here, it turns out that the
properties of the trophic networks in an ecosystem play an important role in
determining the fate of the single species as well as the system as a whole.

Here I will review the work of Solé and Montoya [1, 2] who analyzed trophic
networks and their stability. This provides a better understanding of the effect
of secondary extinction and the ‘insurance effect’ in species-rich ecosystems.
Also based on trophic networks a simulation of the response of an ecosystem
after a mass extinction event was developed. Finally, I will briefly discuss, how
these results were related to paleoecological data and fossil record.

A simple model for evolution

Three trophic levels

For modelling the time evolution of species diversity on an ecological time-scale,
one has to group the species in the ecosystem. A reasonable minimal model
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Biotic recoveries following mass extinctions are characterized by a process in which whole ecologies
are reconstructed from low-diversity systems often characterized by opportunistic groups. The
recovery process provides an unexpected window to ecosystem dynamics. In many aspects, recovery
is very similar to ecological sucession, but important di�erences are also apparent linked to the
innovative patterns of niche construction observed in the fossil record. In this paper we analyze
the similarities and di�erences between ecological succession and evolutionary recovery to provide
a preliminary ecological theory of recoveries. A simple evolutionary model with three trophic levels
is presented and its properties (closely resembling those observed in the fossil record) are compared
with characteristic patterns of ecological response to disturbances in continuous models of three-level
ecosystems.

I. INTRODUCTION

The dynamics of the biosphere involves temporal scales
spanning millions of years with a nested hierarchy of dif-
ferent processes taking place at di�erent temporal and
spatial scales. Ecological and evolutionary responses are
strongly correlated across scales, and ecosystems con-
strain further evolution due to a number of emergent
properties characteristic of mature communities, which
are typically resistant to the invasion of new species and
display a high degree of homeostasis (Pimm, 1991; Morin,
1999). But existing ecologies are also the result of evo-
lutionary forces that go beyond the pure ecological sce-
nario: path-dependence, innovation and the response to
strong perturbations.
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FIG. 1. Trophic structure of the evolutionary model of re-
covery. The basal level includes primary producers competing
for some underlying resources. The second and third levels
are connected to the lower layers through trophic links.

Although most models of large scale paleoecologies do
not consider real evolutionary responses it seems obvi-

ous that an important ingredient in the evolution of the
biosphere through the Phanerozoic is the presence of ir-
reversible qualitative changes in ecosystem function as-
sociated with the aftermath of mass extinctions (Erwin,
2001).

Despite the variety of causes of mass extinctions they
all share a common trait: they reflect perturbations
which stress ecosystems beyond their resilience. Ecosys-
tems reflect long-term assembly processes in which indi-
vidual species come and go, but eventually a functional
whole emerges. The �nal system is stable (in some sense,
e. g. very resistant to new invaders) but such stability is
context-dependent and has been built up under a given
set of conditions and historical constraints. New pertur-
bations, or perturbations which are greater in magnitude
or duration than the system can accomodate can disrupt
it.

The ecological and evolutionary impacts of di�erent ex-
tinction events di�er between extinctions, and the same
happens with recovery patterns (Hallam and Wignall,
1997; Erwin, 1998). Some mass extinctions had little im-
mediate ecological e�ect, or long-term evolutionary con-
sequences (end-Ordovician, end-Triassic). Others, such
the end-Permian event, dramatically shifted the course
of evolution (Erwin, 1993; 1994). Recovery patterns pro-
vide a unique window to explore the structure and evolu-
tion of paleoecosystems. Ecological links do not fossilize,
but the underlying structure of ancient food webs can be
inferred from the fossil record.

Several examples illustrate this claim. Estimations of
carbon fluxes (particularly carbon isotopic (� 13C) dif-
ferences) have shown that the ecological recovery in
oceans after the Cretaceous-Terciary (K-T) event in-
volved the rebuilding of higher trophic levels (D’Hont
et al., 1998). By tracking the time evolution of car-
bon isotopes through time, D’Hont and his colleagues
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Figure 1: The three trophic levels of the evolutionary model. The labels L1,
L2, and L3 refer to primary producers, herbivores, and predators, respectively.
From: Solé and Montoya [1]

consists of only three layers (see Fig. 1), the three trophic levels: primary
producers, herbivores, and predators. For the sake of simplicity let us not
consider omnivores. Each species is connected to species in the other layers as
either predator or pray. This is called a food network. In order to understand,
why the three level approximation makes sense, we must take a closer look at
the properties of these networks.

Food networks

It is known that complex networks can have a ‘small world’ (SW) behavior.
In some of the networks the links are also distributed scale-free (SF), which
means that the frequency of nodes, Pk, with k connections follows a power-
law distribution, Pk ≈ k−γ . Most of the nodes are connected to only a few
other nodes, whereas only a minority of nodes have a high connectivity. Net-
works with SW behavior and SF distributions exhibit a characteristic response
to successive removal of their nodes. If the nodes are removed randomly, the
SW network responds quickly and shows homeostasis. On the other hand, if
the most-connected nodes are successively removed, network fragmentation will
take place. In a study of the three best-documented food networks Solé and
Montoya [2] found that the networks show either a SF or other fat-tail dis-
tribution of the Pk’s, see Fig. 2. In their simulations they saw that there was
little secondary extinction or network fragmentation, when species were removed
randomly. Highly connected, or keystone species were found in all three layers
that correspond to the minimal model. The extinction of a highly connected
predator species can have as big an impact on the ecosystems as the removal of
a highly connected primary producer. This reflects the phenomenon that the
prey species population can now grow unhindered eating up a too large a share
of the resources available in the ecosystem.
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decreaseinthefraction ofspeciescontained inthelargest
cluster.With random removal,the graph cannotbefrag-
mented until extremely high species deletion has been
introduced.This can be seen inthe values ofs, which
remain at0 (no species clusters di¡erent from S) or1
(very few isolated species) (¢gure 3). Wha t ismore
revealing isthatextinction ratesremain low even forhigh
f, sosecondary extinctions are almost non-existent. In
fact,we can theoretically estimatethefraction ofremoved
species,pc, required for food-web fragmentation from
random removal(Cohen et al.2001):

pc ˆ 1¡
1

µ0 ¡ 1
, (3.1)

whereµ0 isestimated from:

µ0 ˆ
hk2i

hki
ˆ

k

kˆ 1

Pkk
2

k

kˆ 1

Pkk

, (3.2)

whereK isthe maximum connectivity. This value is
shown intable 1 (non-directed case),where we can see

thatfood-web breaking only occursattotally unrealistic
valuesoffc.
However, what happens when the most-connected

speciesare successively removed isclearly di¡erent,both
forthenon-directed graph and fortheprey-directed one.
The webs are extremely vulnerable to this sort of
removal.Theirfragility can beseen from:¢rst,thequick
decayofS up toa criticalfraction ofremoved species,fc
(see table 1);second,the high fragmentation ofthe food
websinto disconnected speciesclusters,giving maximum
localvaluesofs atcriticalpoints,fc;and,third,thelarge
fraction ofspecies thatbecome extinct atlow values of
species deletion, which reveals how fast secondary
extinctionsoccur(thisisespecially dramaticforourbest-
de¢ned web (Silwood Park);¢gure4b).A measureofthis
phenomenon isgiven by ºc, the fraction of removed
speciesthatleadstoanextinction rateofonehalf.W ecan
seethatecosystem collapsetakesplaceclosetoºc.
W e can classify the trophic natures ofthe species for

each community into three groups: top predators (no
outward links),intermediatespecies(outward and inward
links) and basalspecies (no inward links) (Pimm et al.
1991). For the non-directed graph, we ¢nd di¡erences
between the analysed food webs interms ofthe group
thatcontainsmorehighly connected species,focusing the

Fragility infood webs R.V.Solëand J.M. Montoya 2041

Proc. R. Soc. Lond. B (2001)
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Figure2.Histogramsshowing thedistribution ofthetotalnumberoflinks(inward plusoutward)(k)pernumberofspecies(Pk)
(black bars)for(a)Ythan Estuary,(b)Silwood Park and (c)LittleRock Lake.TheYthan Estuary and Silwood Park websare
shown togetherwith theirbestpower-law ¢t(whitebars,seetable1 fordetails).TheLittleRock Lakeweb displaysseveral
bumps(two ofthem indicated),probably duetolow-leveltaxonomicresolution (Montoya & Solë2001).BumpsontheYthan
Estuary food web arenotenough todiscount¢ttoa power-law distribution (seetable1).

Figure 2: Histogram of the distribution of the total number of links k per number
of species, Pk (black bars), for the Ythan Estuary food network (ref in [2]). The
white bars show the best power-law fit. From: Solé and Montoya [2]

A second property of a food network has to be looked at when dealing with
extinction: the insurance effect. One single large food network is favorable over
many small sub-networks under variable environmental conditions and pertur-
bations, because different species will react differently and a higher functional
redundancy in the species results in a higher probability that one species can
step in for another that becomes extinct. There is a species pool.

Ecological succession vs. recovery

It has been argued that mass extinction is qualitatively different from ‘back-
ground’ extinction, Jablonski (1986), reference in [1]. See also [3]. Here a
spectrum of different scales of species extinction is considered and the effect on
the time-scale of recovery is observed. The difference between these two effects
will be manifest only in such a way that ‘background’ extinctions will cause
other species from the regional species pool to fill the empty ecospace, but in
case of mass extinction there is much more free ecospace, which will result in a
two phase recovery process:

1. productivity rebound (quick return in richness and abundance of primary
producers by successional dynamics), followed by

2. whole ecological rebound (delayed increase in abundance, speciation, evo-
lutionary innovation).

Algorithmic realization of the model

For the simulation a very simple realization of the ecological model was chosen.
A species is represented by a binary bit. At a very large time-scale the state of
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the i-th species at the k-th layer at time t will be described by Sk
i (t). The layers

interact by virtue of the matrix elements C1

ij and C2

ij . The producers at the
lower level also compete among each other. This is modelled by a competition
matrix β. The evolution equations then become

S1

i (t+ 1) = Θ



1−
∑

j∈L1

βijS
1

j −
∑

j∈L2

C1

ijS
2

j



 ,

S2

i (t+ 1) = Θ





∑

j∈L1

C1

ijS
1

j −
∑

j∈L3

C2

ijS
3

j



 ,

S3

i (t+ 1) = Θ





∑

j∈L2

C2

ijS
2

j



 ,

Θ(z) =

{

0, z ≤ 0,

1, otherwise;
and i = 0, . . . , N .

The model has the basic structure of a Lotka-Volterra model, although there is
no population size defined. Also notice that the model includes a response of the
lower levels for the case that a predator becomes extinct (secondary extinction)
in a straight forward way.

From the study of fossils we know that communities from similar environ-
ments have similar ecomorphological structures. Thus we might find functional
patterns to be replicated after the recovery from a mass extinction event, quite
like in the succession scenario, when a different species steps into the ecological
niche that was left vacant after another species died out. These two observa-
tions can be used to add speciation events to simulation by simply adopting a
new rule: After updating the system, vacant species sites can be filled with new
species at a certain rate α. The newly created species inherits the connections
from its ancestor, which is chosen at random from the same trophic level. The
connection parameters Cij for the new site i are then altered by adding a small
amount of noise, e.g. Cα

ij = Cα
kj + ξαi , or establishing and deleting connections

completely.

Simulation parameters and procedure

Solé and Montoya [1] used a N = 500 species system in their simulations. The
simulation parameters were chosen to allow the ecological system to come to an
equilibrium state. After T = 3000 simulation steps, when the equilibrium had
been established, a pulse perturbation was applied removing a fraction E of the
species from the system. The parameter E is called extinction size. The system
was then allowed to come into equilibrium again and the equilibration time was
measured as the amount of time that the system needed to regain 75% of its
initial diversity.
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dX 1

dt
= X 1(b1 − a 11X 1 − a 12X 2) (1)

dX 2

dt
= X 2(−b2 − a 1X 1 − a 23X 3) (2)

dX 3

dt
= X 3(−b3 + a 32X 2) (3)

where X 1, X 2 and X 3 indicate the population abun-
dances of primary producers, herbivores and predators,
respectively. Each equation contains a growth or death
term in the absence of other species (b i) and interation
terms for every interspeci�c interaction. These terms
are of the form a ijX iX j , that derives from the assump-
tion that species collide with each other randomly like
molecules in a gas.
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FIG. 3. Recovery times of predators (a) and herbivores (b)
after di�erent perturbation intensities on the primary pro-
ducer equilibrium population for the ecological model. Re-
covery times reflect the time since the end of the perturba-
tion until recovery of 75% of the pre-extinction population.
Insets show the survival population (i.e.,the minimum value
it reaches) in relation to the percentage of primary produc-
ers extinct. A quick change in the response of predators to
perturbation is observed for a 65 − 70% of primary producers
extinct.

The set of parameters b i, a ij and a ji has been chosen
in order to have a �xed point as the system attractor (see

Figure 2 for parameters values). We let the population
densities arrive at equilibrium, and then we disturb pri-
mary producers by removing a percentage of their equi-
librium density. Here our plots start from the species
densities at equilibrium (after a transient of 2 � 103 steps
has been discarded) and then the system is perturbed.

Disturbances a�ecting primary producers cascade into
other trophic levels, often with some time-delay (see �g.
3) on both herbivore and predator populations. Under-
standing the population dynamics of the species just after
an extinction event would help us to discern why some
species survive whereas others go extinct. For instance,
if ecosystem dynamics kept some species or clades below
some critical population values over a long time, these or-
ganism would be more prone to extinction. Other ecosys-
tem functions, like primary production, are closely re-
lated to population densities (Tilman, 1999). Although
there is insu�cient time resolution in the fossil record to
observe population dynamics (Behrensmeyer et al., 2000)
recent studies on biodiversity recoveries based on carbon
isotopic (� 13C) analysis are opening a feasible test for
such theoretical observations.

IV. EVOLUTIONARY MODEL OF RECOVERY

The problem of modelling complex ecological sys-
tems including trophic interactions of di�erent types
(such as competition and predation) is far from triv-
ial. Adding evolutionary changes simply increases the
di�culty. Some previous models have explored this is-
sue with variable success (see Sol�e et al., 1999 and refer-
ences therein). Models of interacting or non-interacting
species were used in the analysis of extinction patterns
through the interplay of biotic and abiotic causes (Kau�-
man and Johnsen, 1991; Plotnick and McKinney, 1993;
Raup, 1993, 1996; Sol�e et al., 1996; Sol�e et al. 1999; New-
man, 1996, 1997). These models are very simple but their
dynamical outcomes can sometimes give unexpected re-
sults and provided a quantitative test to di�erent scenar-
ios of macroevolutionary dynamics.

Most of these models lack a multitrophic, layered struc-
ture (see for example Sepkoski, 1978; 1979; 1984) and
thus cannot be properly used to compare the responses
of di�erent parts of the ecology, such as primary produc-
ers or top predators. An exception is the work of Amaral
and Meyer, who developed a model of large scale evo-
lution with layered structure (Amaral and Meyer, 1999;
Drossel, 1998; Camacho and Sol�e, 2000). The model is
able to reproduce some interesting patterns displayed by
the fossil record (such as some long-range correlations in
the fluctuations of species numbers) but all the influences
and cascade e�ects are bottom-up: species at higher lay-
ers depend on the presence of other species in their im-
mediate lower level and become extinct if all their prey
at the lower layer disappear.
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Figure 3: Recovery times of predators and herbivores for different extinction
intensities on the level of primary producers. Observe the jump in the response
of predator recovery time when 65 to 70% of the primary producers extinct.
From: Solé and Montoya [1]

Results of the simulations

The simulations show that there is a threshold value of 20% for species removal
from which the system can recover quickly. In the range 0.2 < E < 0.4 the
top predators recover faster than herbivores. See Fig. 3. This is because
of the emergence of generalists. These are predators that have many weak
connections, which prevents them from secondary extinction and favors further
diversification. However, this advantage does not persist once a critical value
Ec ≈ 0.5 of the extinction size is surpassed.

The inset of Fig. 4 also shows the same regimes by comparing the number
of surviving species of each layer immediately after the mass extinction event.
The response of primary producers is linear with the perturbation size, whereas
the other layers show non-linear behavior. At E ≈ Ec the number of survivors
in the intermediate level drops almost to zero.
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As expected, for the bottom layer we �nd a linear rela-
tion between input and response (further e�ects involv-
ing competition are not shown here). But the response
of herbivores and predators is far from linear. Actually
we can see that Γ(E) drops to nearly zero for E � Ec at
the intermediate level, and a corresponding drop in the
top layer is also observable around this value. Variations
to the previous model gave very similar results.
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FIG. 7. Patterns of recovery against the intensity of the
mass extinction level on primary producers (see text). Here
we used Pd = 0 :005 ; � = 0 :004 and � = 0 :002. Inset: fraction
of surviving species right after the mass extinction event is
introduced at the bottom layer.

V. DISCUSSION

The evolutionary trophic model presented here has
some clear implications for studies of real biotic recov-
eries. For pulse extinctions, we predict a progressively
greater lag in recovery as one moves from primary pro-
ducers through herbivores to predators. This can be
tested by comparing carbon isotopic analyses with de-
tailed paleoecological studies, and available evidence, al-
though sketchy, is consistent with this prediction. For
extinctions below about 20% of diversity, recovery pro-
ceeds very quickly, reproducing a pattern similar to the
episodic turnover in community structure commonly doc-
umented by paleontologists. For more severe extinctions,
the model shows di�erences in the recovery time between
herbivores and predators. We suggest that the faster re-
covery of predators for extinctions between 20% and 40%
may reflect their numerous, weak connections. This pre-
diction is amenable to test by comparing (across numer-
ous clades) the recovery rates of specialist and generalist
predators.

Is there a correlation between the magnitude of ex-
tinction and the pace of recovery? That is, is the dura-
tion of the recovery lag proportional to the magnitude of

the diversity drop? As Erwin (2001) notes, this relation-
ship has been proposed, but there is no good evidence of
such a proportional lag from the fossil record. This may
simply reflect a lack of su�ciently precise geochronologic
dating and paleontological analysis.

In our evolutionary trophic model there is a threshold
of about 75% removal of primary producers before the
appearance of a lag in recovery proportional to the mag-
nitude of extinction. In ecological models with non-linear
dynamics, the pace of the response to long-term pertur-
bations in terms of population recoveries is far from being
known. At short-term scales, where perturbations of low
intensity take place, linear relationships between magni-
tude of perturbation and magnitude of response are ex-
ceptional. Nonmonotonic responses, critical transitions
and even discontinous responses are thought to be more
realistic (Yodzis, 1997).

Our ecological model tries to explore these responses
under a wide range of magnitudes of extinction, incor-
porating both short-term and long-term perturbations.
A linear response is followed by an exponential increase
after a critical perturbation intensity threshold. This
threshold is also observed in the evolutionary model,
now in terms of species diversity. Some ecologists ad-
vocate focusing on short-term perturbation experiments
with small disturbances because it is easier to interpret
the response of the system. This has led to a paucity
of long-term perturbation experiments in ecological sys-
tems. But, in order to construct a valuable theoretical
framework of biodiversity recovery in evolution under an
ecological perspective, we need to improve our under-
standing in large perturbations that disrupt ecological
systems on long-time scales. In doing so, new approxi-
mations, such as those presented here, need to be devel-
oped. In this context, future models should also consider
the di�erences in the patterns of recovery in several dif-
ferent biogeographic provinces (Jablonski, 1998; Erwin,
1998b).

Are long-term responses lack of regularities?. A few
studies concerning long-term perturbations have shown
that food web structure plays a fundamental role in the
way ecosystems react. For instance, it has been shown
that the removal of the most-connected species (trophi-
cally) triggers many coextinctions of other species from
the community (Pimm, 1980; Sol�e and Montoya, 2001).
In this manner, it could be predicted (up to some extent,
at least) the long-term responses of ecosystems to large
perturbations, as those a�ecting under mass-extinction
events through evolutionary history.

Some of the great mass-extinctions (e.g. K/T bound-
ary) and other events where biodiversity dropped in a
substantial manner (e.g. late Cenomanian event), in-
volved a reduction in primary production (Arthur et al.,
1987; Sheehan and Hansen, 1986; Rhodes and Thayer,
1991). Disturbing the basal species layer a�ect the whole
ecosystem through trophic interactions between species,
resulting in characteristic extinction and recovery pat-
terns.
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Figure 4: Recovery pattern as a function of the intensity of the mass extinction
on the level of primary producers. The labels L1, L2, and L3 refer to primary
producers, herbivores, and predators, respectively. From: Solé and Montoya [1]

Discussion

The results obtained by simulation can be compared with carbon isotopic anal-
yses in paleoecological studies. The quick recovery after extinctions of size
smaller than 20% can be identified with the episodic turnovers in community
structure that were documented by paleontologists. There are also hints for the
lags of recovery in herbivores and predators that were observed in the simula-
tions. A correlation of magnitude between recovery lag and magnitude of the
diversity drop has not been found in the fossil record, but this can also be due
to insufficient resolution of geochronologic dating methods.

In primary producers the three layer model has a threshold of 75% removal
of species before it shows a lag in recovery. However, in ecological models we do
not expect a strict linear behavior. Non-linear or even discontinuous responses
seem to be more realistic.

Future simulations could include differences in pattern recovery for different
biogeographic provinces (Jablonski, 1998, ref. in [1]). Other issues are different
feeding strategies on primary producers and the dynamics of nutrient cycling,
e.g. feeding on living plants vs. dead plants will play an important role in
surviving when there is a drop of photosynthesis for several months.

It is of great importance to further investigate the dynamics of (mass) ex-
tinctions and recovery in ecosystems since the exploitation of the resources of
the planet Earth by the species man lead us to the brink of a biotic crisis [4].
It is expected that a large loss in species diversity will occur on a scale that is
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surpassed only by the five big mass extinctions. We will have to adopt strict
conservation policies based on this research to protect the global bio-diversity
and ourselves from the fate of extinction.
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