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Populations and species threatened 
by extinction risk

• Loss of biodiversity
• Extinction risk analysis

– Allee effect
– Genetic deterioration
– Demographic and environmental 

stochasticity
– Population viability analysis (PVA). 
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The living Earth clock

Module 1: Loss of biodiversity and Allee effect

Evolution of life = 
diversification

BIODIVERSITY
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Hierarchies of 
biodiversity
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Two-kingdom system (Aristoteles to Linnaeus)...

Classifying organisms
Do they move? Do they eat? How do they grow?
No No Indefinitely PLANTS
Yes Yes In a finite way ANIMALS

Plantae Animalia

Vertebrata

ArtropodaSpermatophyta

Fungi

Bacteria

Algae

… and the very recent 3 domains
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Alghe rosse

The 5-kingdom system (Whittaker, 1969)
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The characteristics 
of the  5 kingdoms
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Taxonomic classes (Linnaeus)
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# classified species:
1.8 million

Estimated # species:
3-30 million

Biodiversity: How many species?
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The scale of the human impact

Projection in 2009

Actual data
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The scale of the human impact
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A few numbers
• In the past century

– Human population has increased 4fold
– Cattle population 4fold (1 cow/family)
– Urbanisation 10fold (half population in cities or megacities)
– Industrial output 40 times
– Energy use 16 times
– Water use 9fold (to 800 cubic meters per capita per year)
– Fish catch 40 times

• Almost 50% of land surface now transformed by 
human action

Module 1: Loss of biodiversity and Allee effect
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Historical extinctions and the 6th extinction

Paul J. Crutzen
(1933-2021)
Nobel Prize Chemistry 1995
Laurea ad honorem 
Environmental Engineering 
Politecnico Milano 2007 

Anthropocene
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The economist’s perspective

M Gatto: sustainability of the biosphere

Robert M. Solow
1987 Nobel Prize
for Economics
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Ecosystem services (they do because they are)

http://www.millenniumassessment.org/en/index.aspx
Module 1: Loss of biodiversity and Allee effect
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Ecosystem services in the EU
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Biodiversity and ecosystem functioning

•Productivity 

Tilman et al. (2001) Science 294:843-845
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44% of all vascular plants and
35% of all species in four vertebrate groups are hosted in 

25 hotspots that  include
1.4% of the Earth land area.

Myers et al. Nature (2000)
Biodiversity hotspots for conservation priorities

Biodiversity geographical distribution
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Extinction statistics

Global Biodiversity Outlook 2014
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Extinction rates

Average lifetime of an animal species from fossil records: 1-10 million years

From extinction rates documented in the past 2 centuries one obtains 
a reduction to 10,000 years

From current extinction rates residual lifetime for birds and mammals: 200-400 years
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H M Pereira et al. Science 2010;330:1496-1501
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Threatened species
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Mauritius 
Dodo

(extinct in 
1660)
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The passenger pigeon
(extinct in 1914)
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Extinct species in Italy

Gobbo rugginoso Aquila di mare
Anchusa littorea

Najas marina

266 threatened species in 
2006 red list of the IUCN 
(International Union for 
Conservation of Nature)
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Hawaii’s lost world...
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... and Hawaii’s landscape
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Percent importance of extinction and threat drivers for birds all over the world. 

 Extinct species Threatened species 
Habitat destruction 20% 60% 
Alien species 22% 12% 
Hunting 18% 11% 
Commerce (zoological gardens, pets) 1% 9% 
Disease 1% 1% 
Pollution 0% 1% 
Human disturbance 0% 2% 
Accidental killing 1% 1% 
Unknown cause 37% 3% 
 100% 100% 
 

Cause di minaccia delle specie in pericolo negli Stati Uniti. Per ciascuna causa è 
indicata la percentuale delle specie, sottospecie o popolazioni per cui essa costituisce 
pericolo di estinzione. Le categorie in cui sono suddivise le cause di minaccia non sono 
mutuamente esclusive e quindi la somma delle diverse percentuali può essere maggiore 
di 100. Le specie considerate costituiscono il 75% delle specie minacciate negli Stati 
Uniti. 

 Tutte le specie Vertebrati Invertebrati Piante 
Degradazione e distruzione 
dell’habitat* 

85% 92% 87% 81% 

Introduzione specie esotiche 49% 47% 27% 57% 
Inquinamento 24% 46% 45% 7% 
Sovrasfruttamento 17% 27% 23% 10% 
Malattie 3% 11% 0% 1% 
* il disturbo antropico associato alle attività ricreative, sportive e militari è incluso 
nella degradazione dell’habitat 
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Habitat destruction and fragmentation

Forests in Costarica

Forests in England

Brazil
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17 June 1975 (Landsat 2)10 July 1992 (Landsat 4)1 August 2000 (Landsat 7)

http://landsat.usgs.gov/gallery/detail/381/

Habitat destruction and fragmentation

Santa Cruz de la Sierra, Bolivia
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Habitat destruction and fragmentation
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The alien species impact

Marine ctenophore 
Mnemiopsis leidyi
introduced in the 
Black Sea

Nile perch
Lates niloticus
introduced to Lake 
Victoria 

Alien species in 
the Mediterranean
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The impact of global warming and diseases

• 67% of the 110 species of harlequin frog (Atelopus; Fig. 1) endemic 
to the region have died out in the past 20 years. 

• A pathogenic chytrid fungus, Batrachochytrium dendrobatidis, is 
implicated as the primary cause 

• Pounds et al. 2006 Nature 439: 161-167 have shown that large-
scale warming is a key factor in the disappearances, because 
temperatures at many highland localities are shifting towards the 
growth optimum of Batrachochytrium, thus encouraging outbreaks. 

Gozlan R. E., S. St-Hilaire, S.W. Feist, P. Martin, M.L. 
Kent, 2005, Nature 435, 1046-1046 
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Coral bleaching

Declared extinct because of 
global warming

Bramble Cay Melomys (Australia)
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Corals can survive in warm water, though not too warm (typically between 23° 
and 29°C); in too warm water corals bleach and die.

Coral bleaching
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Coral bleaching

Module 1: Loss of biodiversity and Allee effect
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H M Pereira et al. Science 2010;330:1496-1501

Scenarios of 
future 
biodiversity

Major drivers of change year 2100
O. Sala et al., Science 2000; 287: 1770-1774.
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Extinction definitions: global/local/in the wild

Vermivora 
bachmanii

Bachman’s warbler
Globally extinct 

because of 
deforestation

Franklinia altamaha
Only in botanical 
gardens

Nicrophorus 
americanus

American burying beetle: once 
present in western and central 
USA
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The “living dead”

Moringa pygmaea 
One of two 
specimens 
spotted in 

Somaliland 
during 2001

Moringa sp.
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The “gap” species

Rodrigues et al. (2004) Nature 428: 640-643

The planet’s protected areas cover 11.5% 
of our land, however a few threatened 

species are not included in any protected 
area
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What to do?
Preserving habitats and biomes

Hoekstra, J. M. et al. Ecol. Lett. 8, 23–29 (2005)

Global Biodiversity Outlook https://www.cbd.int/gbo5 

https://www.cbd.int/gbo5
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What to do?
Preserving habitats and biomes

650 
Gt C

2400 
Gt C

Aboveground

Belowground
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Summary of single-population models

1. Malthusian demography
1. Discrete reproduction
2. Continuous reproduction

2. Density-dependent demography
1. Beverton-Holt and Ricker models
2. Logistic model
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The balance equation and the Malthusian model

Population 
sizebirth

immigration

emigration

death

Example: the grasshopper dynamics...
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stage I

stage II

stage III
stage IV

adult

pods and eggs

Chorthippus 
curtipennis

C. brunneus
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The life cycle of the grasshopper
(Chorthippus brunneus)

Adults
(year t +1)
♀ + ♂

PodsEggsStage I

Stage II Stage III Stage IV

Adults 
(year t)
♀ + ♂

7.311.08

.72

.76 .76 .89

0Nt+1=Nt*0.5*7.3*11*0.08*0.72*0.762*0.89+0*Nt=𝞴*Nt
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The life cycle of the great tit
(Parus major)

Nestlings
(1 month)

.84

.71

Adults 
(year t)
♀ + ♂

Eggs

Fledgelings
(3 months)

Adults 
(year t+1)
♀ + ♂

10

.1

0.5
Nt+1=Nt*0.5*10*0.84*0.71*0.1+0.5Nt= 𝞴*Nt
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Finite rate of increase
In both cases we obtain

Nt+1 = λ Nt    

Finite rate of increase

N

0
1
2
3
4
5
6

0 2 4 6 8 10

Time (year t)

t

grasshopper: λ = 1.174
0
1
2
3
4
5
6

0 2 4 6 8 10

Time (year t)

N
t

great tit: λ = 0.798

λ > 1  population increases
λ < 1  population decreases and becomes extinct

λ = 1  population is stationary
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How to estimate l from subsequent censuses

N1 = λ N0 N2 = λ N1 = λ (lN0) = λ2N0

N3 = λ N2 = λ (λ2 N0) = λ3 N0

Nt =λt N0

Taking logarithms

log(Nt) = log(λt) + log(N0) =
            = t log(λ) + log(N0) 

y = b t + a
0

3

6

9

0 20 40 60

Time (t)

lo
g(
N

)
Regression line 
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Year    # seals
1962 302
1963 403
1964 549
1966 671
1967 587
1968 741
1969 784
1970 887
1971 1135
1972 978
1973 1228
1974 1269
1976 1935
1977 2106
1978 2609
1979 2892
1980 3666
1981 3083
1982 4367

Halichoerus 
grypus 

Years
1960 1965 1970 1975 1980 1985

Nu
m

be
r o

f s
ea

ls

200

300
400
500
600
800

2000

3000
4000
5000

100

1000

The grey 
seal
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The Malthusian model with continuous reproduction

 
dN
dt

= ν − µ( )N = rN

Estimating the intrinsic 
instantaneous growth rate 
from data

0,00

2,00

4,00

6,00

8,00

10,00

0 20 40 60 80

Giorni

ln
(N
)

Doubling time?

0.126t + 0.95

𝞶 = birth rate (time-1)
𝝻 =  death rate (time-1)
r = growth rate (time-1)

N(t) = N(0) exp(r t)

N(tD)=2*N(0)=N(0)*exp(r*tD)     2=exp(r*tD)
ln(2)=r*tD       tD=ln(2)/r   

Days
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Are there truly Malthusian populations ?

Nixon, Texas (Leverich e Levin, 1979)

λ=2.4177  Nt+1 = λNt

Phlox drummondii

Starting with a population of 996 individuals, we would 
have, in 32 years, ca. 80 million di individuals, i.e. a 
density of about 80 individuals per square meter 
from Southern Mexico to Alaska
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Two conditions:
• resources per capita are constant (though not necessarily abundant)
• no direct intraspecific interaction

Requirements for a population to be Malthusian

Black grouse (Tetrao tetrix)

Social mechanisms (attack and defense)
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Many demographic 
parameters depend upon 
density

(White and Harper 1970)

3/2 self-thinning law
  w ∝ N − 3

2

Medicago sativa

Song sparrow

Melospiza melodia
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Cannibalism

Competition for space

Interference 
competition

Territory defense
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Sorghastrum nutans

(Tilman and Cowan 1989)

Exploitative competition 
(common resources)
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Tasmanian sheep (Ovis aries)

Continuous reproduction: 
A very general pattern
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• Assumptions:

•Without competition (low density) per capita 
growth rate = r

•Probability of encounter between two 
individuals ÷ N2

•Mortality rate ÷ prob. encounter

• Model equation?

• How do we derive the growth rate?

• Model solutions 

Interference competition model

Damselfish
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Logistic model (Verhulst 1838) 

K

r

1/
N

 d
N

/d
t

r-bN
K = r/ b= Carrying capacity 
(of the environment)

r = intrinsic instantaneous 
growth rate

  

dN
dt =N

•
=rN−bN2=rN(1−br N)=rN(1−N

K )

  

1
N

dN
dt =

Per capita growth rate

N
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Solutions of the logistic equation

  

N t( ) = N0K exp(rt) 
K − N0+ N0exp(rt) =

N0exp(rt)

1+ exp(rt)−1
K N0

K

dN
/d

t

(r-bN)N

K/2

 

dN
dt =

Population rate of 
increase

N
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Great tit (Parus major)

Discrete reproduction
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Beverton-Holt model

f
fertility

sE
egg survival

sY
juveniles’ 
survival

Adults

Nt

Adults

Nt+1

Eggs

Et

Juven.

Yt

Eggs E

su
rv

ivo
rs

hi
p 
s E

  
σ E =

σ 0

1+ ρEt

Density dependent
  
Nt+1 =σ YYt =σ Yσ E Et =

σ Yσ 0 fNt

1+ ρ fNt

  
Nt+1 =

λNt

1+αNt

all adults die
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...and its behavior

t-th generation (Nt )

λ
α

(t+
1)
-th

 g
en

er
at

io
n(

N
t+

1)

λ-1
α

K =
with increasing fertility

In extremely fertile species,
recruitment is independent

of the parental stock

Nt+1

Nt

45° line

Nt+1=Nt=N
N=lambda*N/(1+alfa*N)
1=lambda/(1+alfa*N)
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Water flea
(Daphnia magna)

Oscillatory 
dynamics
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Sockeye salmon

Coho salmon

Pacific salmon
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Ricker model (1954)

f
fertility

σE
egg survival

σY
juveniles’ 
survival

Adults

Nt

Adults

Nt+1

Eggs

Et

Juven.

Yt

Adults Nt

su
rv

ivo
rs

hi
p 
s E

  σ E = σ 0e
−βNt

Dependence from 
parental density

  Nt+1 = σYσ E fNt = NtσYσ 0 fe−βNt

  Nt+1 = λNte
−βNt

all adults die
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K = 1

β
log λ( )

Nt 

Nt+1 ...and its behavior

K
Nt+1

NtK

Overcompensation

For very fertile species...
... dynamics becomes unstable

CHAOS
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Phenomena contributing  to extinction risk and 
vulnerability of populations

1. Inverse density dependence(Allee effect)
– Sociality
– Defense against predators

2. Loss of genetic diversity
– Random genetic drift
– Inbreeding and outbreeding depression
– Bottleneck and founder effects

3. Demographic and environmental stochasticity
4. Extinction vortices and PVA

• Program Populus 5.5: freely available at http://www.cbs.umn.edu/populus
• Professor Steve Stearns lectures at Yale 
      http://oyc.yale.edu/ecology-and-evolutionary-biology/eeb-122#sessions

http://www.cbs.umn.edu/populus
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Allee effect (depensation)

• Sociality
• Defense against predators
• Pollination
• Perimeter/area or 

surface/volume ratio
• Finding a mate

Tribolium confusum
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Sociality mechanisms

Lycaon pictus

A group of wild dogs
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Defense against predators
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Positive influence of density on fraction of reproducing 
individuals in common guillemot

Uria aalge
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Pollination

Reproductive success
as a function of density

in American ginseng
(Panax quinquefolium L.) 
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in Fig. 2.6(A). Sometimes '(#) might even be negative for small #: in this case
depensation is termed critical depensation (see again Fig. 2.6(A)), because at low
density the mortality rate is larger than the birth rate .

In the case of non-critical depensation there exists only one non vanishing equilib-
rium population indicated with the label  in the figure. It is easy to understand that
this equilibrium population is also stable (3#/3C > 0 if # <  , while 3#/3C < 0 if
# >  ) and coincides with the carrying capacity. Therefore the e�ect of depensa-
tion operates only during the transient phase of population growth: if the population
were reduced to small numbers, the demographic recovery would be very slow at
the beginning and therefore this will increase the probability that the population is
drawn into an extinction vortex due to the phenomena we are going to study later (de-
mographic, environmental, genetic stochasticity, etc.), however, if these phenomena
did not occur, the population could slowly recover and reach the carrying capacity.

Fig. 2.6 Behaviour of the per capita growth rate (' (# ) , panel A) and the rate of population growth
(#' (# ) , panel B) as a function of density # in the case of non-critical depensation (dashed curve)
and critical depensation (solid curve).

If depensation is critical there exist two non-null equilibrium values, indicated
in the figure with the labels  and  0. Because in this case '(#)# has the shape
shown as a solid curve in Fig. 2.6(B), it turns out that:

3#

3C

< 0 if # <  
0 or # >  

3#

3C

> 0 if  0
< # <  .

Therefore  0 is an unstable equilibrium, while  and the null population (extinction)
are stable. The important result is thus that the Allee e�ect can produce a population
threshold  0 below which extinction is certain.

We already mentioned that one of the causes of the e�ect can be the increased
risk of predation to which small populations are exposed (like in the common

Depensation models

critical

stable

unstable
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Fig. 2.4 Ginseng plants (Panax quinquefolium L.) and ginseng root.

Fig. 2.5 Reproductive success of American ginseng as a function of density (Hackney and McGraw,
2001).

2.3 Simple dynamic models of the Allee e�ect

It is interesting to explore the consequences of depensation on population dynamics.
First, consider a continuous model of density dependence

§# = '(#)# .

The presence of an Allee e�ect implies that the per capita growth rate '(#) is not
steadily decreasing with # , rather, for low # values, it is an increasing function
of density. For high values of # , it is logical to assume that the phenomenon of
intraspecific competition is anyway operating so that '(#)is decreasing with density
(see Fig. 2.1 which is a revised version of the original Allee figure). As a result, the
per capita rate of demographic increase is a unimodal function of density, as shown

Population 
growth rate

Per capita 
growth rate

R(N) = birth rate - death 
rate
Critical: death rate > birth 
rate at low density
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Allee effect due to nonselective predators

Module 1: Loss of biodiversity and Allee effect

Type II functional response of ladybirds, Cheilomenes 
sexmaculata (Cs), Coccinella transversalis (Ct), and Propylea 
dissecta (Pd) at different densities of the aphid Myzus persicae

30 2 The risk of extinction: Allee e�ect and genetic deterioration

guillemot example previously mentioned ). It is easy to use the theory of the predator’s
functional response (see section ??) to obtain this intuitive result. Suppose that the
population under study does not display inverse density dependence when predators
are absent. We can assume for example that the population has logistic demography.
Consider then the case in which predators are present and assume that these predators
have a considerable variety of available prey, so their density (which we denote by. )
does not depend on the density of the organisms we are considering. If predators are
generalists, such as seagulls that prey on guillemots, we can assume that . , at least
in the area we are studying, is practically constant. Indicate the predator’s functional
response (see section ??) by ?(#) and the per capita growth rate with no predators
by '⇤

(#); then the dynamics of # is given by the equation

§# = #'⇤
(#) � . ?(#).

If the demography is logistic and the functional response is of the second type
(section ??), the equation becomes

§# = A#
✓
1 �

#

 

◆
� .

U#

# + V
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