
ESSENTIALS OF

ConsGrvation Biolociv
Sixth Edition

r

Richard B. Primack
Boston University

PW Sinauer Associates, Inc., Publishers 

Sunderland, Massachusetts U.S.A.



6SSENTIAIS OF
Conservation Bioloav

About the Cover

Kenya pSmhe'annuarmJgra^Hors"of ro

nocimtes taurinus), along with zebras and S|p d (Co«-
southern Serengeti to the grasslands and short-grass plains in the
f le entne migration occurs witWn tlie protpIS"^ ° Virtually
don in Africa that is completely protected. ’ ^ the only mainniai migra-

Essentials of Conservation Bioloav Sixth Friif 
c wjghl © 2014 by Sinauer Alaiucmtes, ta. ^ “

pemiLion from'^e^ubSr.™'^ reproduced in whole or in part without

For information, address:
Fax: 413-5SiiT^' Sunderland, MA 01375-0407

library of Congreaa C.taloging.to.poMi,,^,^ Data

1 rimack, Richard B 1950-
“era ^ =■ WraacC - Sbtth ediHon

1- Conservation bioiogy. l HHe 
QH75.P752 2014 
333.95'16~dc23

2014006853

Printed in U.S.A.

54321



Brief Contents

PART I Major Issues That Define the Discipline 1
1 What Is Consewation Biology? 3

2 What Is Biodiversity? 23

3 Where Is the World's Biodiversity Found? 53

PAiT II ¥aliiii| liodiwersity 73
4 Ecological Economics 75

5 Indirect Use Value 95 

§ Ethical Values 117

PAiTIII Threats to iiodiVersity 133
7 Extinction 135 

i Vulnerability to Extinction 157

i Habitat Destruction, Fragmentation. Degradation, and Global Climate Change 175

I i Overexploitation, Invasive Species, and Disease 217

PAiT l¥ Conservation at the Population and Species Levels 247
II Problems of Small Populations 249

12 Applied Population Biology 275

13 Establishing New Populations 297

14 Ex Situ Conservation Strategies 315

PAiT ¥ Practical Applications 341
15 Establishing Protected Areas 343 

Designing Networks of Protected Areas 369 

Managing Protected Areas 391 

Conservation Outeide Protected Areas 419 

Restoration Ecology 441

PART ¥1 Conservation and Human Societies 4S3
20 Conservation and Sustainable Development at the Local and National Levels 465

21 An International Approach to Consewation and Sustainable Development 495

22 An Agenda for the Future 523

16

17

18 

19



Chapter
g Vulnerability to Extinction

Generally speaking, a species is considered rare if it; ^■

1. Lives in a narrow geographical range

2. Occupies only one or a few specialized habitats

3. Is found only in small populations

flvtrao Qeographical area, is the most obvious: The Venus

different habitats Th a.T ? Tr

ope. -r -- ---
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Figure 8.1 The Iberian lynx is a critically endangered species. 
Though they were once found over the entire Iberian Peninsula, 
they are now believed to number only around 200 in a few scat­
tered areas in Spain. Fragmentation of their habitat and decline of 
their prey populations have contributed to the lynx's decline.

Species that occupy a narrow range, such as 
many island species, are particularly vulnerable 
to extinction.

Finally, a species may be considered rare if it is 
fotmd only in small populations. The Iberian lyri >, 
(Lynx pardinus) formerly occurred across Spain ano 
Portugal, but their populations are now always smaJ 
and isolated (Figure 8.1). A common species would 
have large populations at least in some locations.

The three criteria of rarity discussed above car 
be applied to the entire geographical range of a spe­
cies or to the distribution and abundance of species 
in a particular place. Such an approach can hi^ght 
priorities for conservation. A species with a narrow 
geographical range and specific habitat require­
ments that is always found in small populations 
requires immediate habitat protection and, possibly. 
habitat management to maintain its few, fragile 
populations. This also applies, to a somewhat lesser 
degree, to species with larger populations. How­
ever, where species have a narrow geographical 
distribution but a broad habitat specificity, experi- | 
ments in which individuals are transported to unoc­
cupied but apparently suitable localities to create 
new populations may be a strategy worth consider­
ing (see Chapter 13). These species may have been 
unable to disperse outside of their narrow geo- : 

graphical areas because of factors such as geographic barriers or 
inherent inability to disperse. This suggestion is supported by ob­
servations showing that plant species with poor dispersal abilities^ 
(no adaptation for long-distance dispersal) tend to have more ag­
gregated populatioirs than do species with good dispersal ability 

(light, wind-dispersed seeds, or seeds dispersed by mammals and birds), which 
tend to have more widely dispersed populations (Quiim et al. 1994). Species with 
broad geographical ranges are less susceptible to extinction and less likely to need 
rescue efforts, since they tend to have more extant (living) populations and more 
opportunities to coloirize potentially suitable sites.

Endemic Species and Extinction
A species found naturally in a single geographical area and no other place is en­
demic to that location. Endemism is an extremely important factor in a species' 
risk of extinction. If the populations of an endemic species on Madagascar, or any 
isolated island, go extinct, the species will be globally extinct. In contrast, mainland 
species often have many populations distributed over wide areas, so the loss of 
one population is not catastrophic for a species. Even though 98% of the forests of 
eastern North America were logged or cleared for farming, for instance, no bird 
species went extinct because of habitat loss: presumably the remaining forest frag­
ments provided sufficient habitat to allow these widespread species to survive until 
the forest grew back following the abandorunent of farming.

The concept of endemism may seem similar to the properties of those rare spe­
cies that live in a narrow geographical range. But a species may be endemic to a 
large area and abundant throughout it. In contrast, a rare species such as the Venus 
flytrap is typically foxmd only in a limited area (and could be considered a nar­
rowly distributed endemic). Or a rare species may be considered rare in only part 
of its range. For example, the sweetbay magnolia (Magnolia virginiana) is reason­
ably common throughout the southeastern United States, but in the New England



Problems of Small Populations

No population lasts forever. Changing climate, succession, disease 

of unusual events ultimately lead every population to the same 
The real questions to consider are whether a population goes extinct sooner 
mther than later, what factors cause the extinction, and whet er other por ­
tions of the same species will continue elsewhere. Will a population of Afrira 

lions last for more than 1000 years and go extinct only after a change in 
mate or will the population go extinct after 10 years because of 
ease and hunting by humans? Will individual lions from the original popu at 
Tt new populations in currently unoccupied habitat, or has all potential lion 

habitat disappeared because of new human settlements?
AS we discussed in Chapter 7, the extinction of species as a result of huma 

activities is now occurring more than 100 times faster than the natural rate of 
extinction-far more rapidly than new species can evolve. Because an endan­
gered species may consist of just a few populations, or even a single population, 
p^LIg populations lis the hey to preserving species; it is often the few re­

maining populations of a rare species that are targeted for “nserration efforts^ 

In order to successfully maintain species under the restricted conditions impose 

by human activities, conservation biologists must determine the 
populations under different circumstances. Will a population of an endangered 

species persist or even increase in a nature reserve? Is the species in rapid de­

cline and does it require special attention to prevent it from going extinct.
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Plans for protecting a species must determine the 
number of individuals—the minimum viable popula­
tion—necessary to maintain the species in both aver­
age and harsh years. Protected habitats of adequate 
size to maintain the MVP can then be established.

Many national parks and wildlife sanctuaries have been created to protect 
ismatic megafauna" such as lions, tigers, rhinos, bison, and bears, which are impc 
tant national symbols and attractions for the tourist industry. However, designa- 
the habitats in which these species live as protected areas may not be enough to stc 
their decline and extinction, even when they are legally protected. Sanctuaries gi 
ally are created after most populations of the threatened species have been sever' 
reduced by habitat loss, degradation, and fragmentation or by overharvesting. Ui 
such circumstances, a species tends to dwindle rapidly toward extinction. Also, inc 
viduals outside park boundaries remain unprotected and at risk. What, then, is 
best strategy for protecting the few remaining populations of an endangered specie; 
Are there special requirements for protecting small populations?

Essential Concepts for Small Populations
An ideal conservation plan for an endangered species would protect as many ii 
dividuals as possible within the greatest possible area of high-quality, protect; 
habitat (Wilhere 2008). In practical terms, planners, land managers, politicians, 
wildlife biologists often must attempt to achieve realistic goals, guided by gener. 
principles. For example, they need to know how much longleaf pine habitat 
red-cockaded woodpecker {Picoides borealis) population requires to persist. Is 
necessary to protect habitat containing 50,500,5000,50,000, or more individuals i 
ensure the survival of the species? Furthermore, planners must reconcile conflicti. 
demands on finite resources—somehow a compromise must be found that allov, 
the economic development required by society while at the same time providi 
reasonable protection for biodiversity. This problem is vividly demonstrated 
the current debate in the United States over the need to protect caribou and oth' 
wildlife in the vast Arctic National Wildlife Refuge and the equally compelling 
to utilize the considerable oil resources of the area (see Box 17.3).

IVliiniimufin wiable population (MW)
In a groundbreaking paper, Shaffer (1981) defined the number of individuals nece: 
sary to ensure the long-term survival of a species as the minimum viable popylatioi 

(MVP): "A minimum viable population for any given species to 
any given habitat is the smallest isolated population having 
99% chance of remaining extant for 1000 years despite the fore­
seeable effects of demographic, environmental, and genetif 
stochasticity, and natural catastrophes." In other words, 
MVP is the smallest population size that can be predicted ta 
have a very high chance of persisting for the foreseeable future 
Shaffer emphasized the tentative nature of this definition, say­

ing that the survival probabilities could be set at 95%, 99%, or any other percentage 
and that the time frame might similarly be adjusted, for example, to 100 or 5i 
years. The key point is that the MVP size allows a quantitative estimate to be mai 
of how large a population must be to ensure long-term survival.

Shaffer (1981) compares MVP protection efforts to flood control. It is not suf­
ficient to use average annual rainfall as a guideline when planning flood contre; 
systems and developing regulations for building on wetlands; instead, we mus: 
plan for extreme situations of high rainfall and severe flooding, which may occu: 
only once every 50 or 100 years. In protecting natural systems, we understand tha* 
certain catastrophic events, such as hurricanes, earthquakes, forest fires, epidem­
ics, and die-offs of food items, may occur at even greater intervals. To plan for the 
long-term protection of endangered species, we must provide for their survival, not 
only in average years, but also in exceptionally harsh years. An accurate estimate 
of the MVP size for a species often requires a detailed demographic study of th«
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i 100,000 -

r 10,000 -

1000 -

----50% survival
---->90% survival

Goal: 90% chance of population 
surviving 1000 years 

Requirement: 100,000 individuals-

Goal: 90% chance of population 
surviving 100 years 

Requirement: 3000 individuals

Goal: 50% chance of population surviving 10 years
Requirement: 100 individuals

10 100
Persistence (years)

1000

Figure 11.1 (A) If the goal is persistence for a
greater number of years, then a larger minimum via­
ble population (MVP) size is needed. A greater MVP is 
needed to ensure a higher probability of persistence, 
as illustrated in this case by a 50% probability of sur­
vival and a greater than 90% probability of survival. 
Both axes are on log scales. The values were derived 
from changes in population size and persistence of 
1198 species. (B) The relationship between initial 
population size (A/) of bighorn sheep and the percent­
age of populations that persist over time. Almost all 
populations with more than 100 sheep persisted be­
yond 50 years, while populations with fewer than 50 
individuals died out within 50 years. Not included are 
small populations that were actively managed and 
augmented by the release of additional animals. (A, 
after Traill et al. 2010; B, after Berger 1990.)

population and an analysis of its environment. This can be expensive and require 
ronths, or even years, of research. Analyses of over 200 species for which adequate 
pjta were available, mainly vertebrates, indicated that most MVP values for long 

periods fall in the range of 3000-5000 individuals with a median of 4000 (Traill 
e? al. 2010; Flather et al. 2011). In general, protecting a larger population increases 
*-tc chance of the population persisting for a longer period of time (Figure 11.1 A).

' species with extremely variable population sizes, such as certain invertebrates 
ard aimual plants, protecting a population of about 10,000 individuals might be 
te ideal strategy.

Unfortunately, many species, particularly endangered species, have population 
p smaller than these recommended minimums. For instance, half of 23 isolated 

phant populations remaining in West Africa have fewer than 200 individuals, 
iber considered to be inadequate for long-term survival of the population 

ch^ et al. 2011). The wolf population on Isle Royale, Michigan, has been fluc- 
rg around 20 individuals, but currently has only 8 adults of breeding age and 
ips(Mlot2013).

Field studies confirm that small populatior\s are most likely to dedine and go 
t (Grouios and Manne 2009). One of the best-documented studies of MVP size 

[ the persistence of 120 bighorn sheep (Ovis canadensis) populations (some of
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Small populations are more likely to go extinct than 
large populations.

Xw

which have been followed for 70 years) in the deserts of the southwestern UnitrJ 
States (Berger 1990,1999). The striking observation is that 100% of the uninanagc-i 
populations with fewer than 50 individuals went extinct within 50 years, while virtu­
ally aU of the populations with more than 100 individuals persisted within the salt*-, 
time period (Figure 11.1B). No single cause was evident for most of the populahc.'-- 
that died out; rather, a wide variety of factors appears responsible for the extinctions. 
For bighorn sheep, the minimum population size is at least 100 individuals. Unman­
aged populations below 50 could not maintain their numbers, even in the short tenn. 
Additional research on bighorn sheep populations suggests that populations have s 
greater chance of persisting when they occupy large habitats (which allow popula­
tions to increase in size) that are more than 23 km from domestic sheep, a source 
disease (Singer et al. 2001). However, despite the factors hindering the survival of smal 
populations of bighorn sheep, habitat management by government agencies and the 
release of additional animals have allowed some other small populations to persist thar 
irvight otherwise have gone extinct. Other long-lived species, such as turtles and trees 
can often persist for extended periods in small populations (Shoemaker et al. 20131.

Field evidence from long-term studies of birds on the Channel Islands off the 
California coast supports the fact that large populations are needed to ensure popu- 

lation persistence; only bird populations with more than 10.’ 
breeding pairs had a greater than 90% chance of surviving for 
80 years (Figure 11.2). In spite of most evidence to the contraiy 
however, small populations sometimes do prevail: many popu­
lations of birds have survived for 80 years with 10 or fewer 

breeding pairs. Of course, birds are especially mobile and can readily recolonize 
areas following local extinction. Less mobile species do not have this ability.

Once an MVP size has been established for a species, the minimum dynamic 
area (MDA)—the area of suitable habitat necessary for maintaining the minimuir

viable population—can be estimated by studying 
the home range size of individuals and colonies 
of endangered species (Thiollay 1989; Pe'er et al. 
2014). It has been estimated that reserves in Af­
rica of 100-1000 km^ are needed to maintain many 
small mammal populations (see Figure 16.2). To 
preserve populations of large carnivores, such as 
lions, reserves of 10,000 km^ are needed.

Exceptions notwithstanding, large popula­
tions are needed to protect most species, and spe­
cies with small populations are in real danger of 
going extinct. Small populations are subject to 
rapid decline in numbers and local extinction for 
three main reasons:
1. Loss of genetic variability and related prob­

lems of inbreeding depression and genetic 
drift10,000

Population size (no. pairs)

Figure 11.2 Extinction rates of bird species on the Channel Islands, 
with a loggerhead shrike (Lanius ludovicianus anthonyi) as an example 
of one of the species. Each dot represents the extinction percentage 
of all the species in that population size class; extinction rate decreases 
as the size of the population increases. Populations with fewer than 
10 breeding pairs had an overall 39% probability of extinction over 80 
years, populations of between 10 and 100 pairs averaged about 10% 
probability of extinction, and populations of over 100 pairs had a very 
low probability of extinction. (After Jones and Diamond 1976.)

2. Demographic fluctuations due to random 
variations in birth and death rates

3. Envirorunental fluctuations due to variation 
in predation, competition, disease, and food 
supply and due to natural catastrophes that 
occur at irregular intervals, such as fires, 
floods, storms, or droughts

We'll now examine in detail each of these causes 
for decline in small populations.
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ss of genetic variability
was described in Chapter 2, a population's ability to adapt to a changing en- 

:ironment depends on genetic variability, which occurs as a result of individuals' 
ving different alleles—different forms of the same gene. Individuals with certain 

.es or combinations of alleles may have just the characteristics needed to survive 
reproduce under new conditions (Frankham 2005; AUendorf and Luikart 2007). 

Ithin a population, the frequency of a given allele can range from common to very 
are. New alleles arise in a population either by random mutations or through the 
migration of individuals from other populations.

In small populations, allele frequencies may change significantly from one gen- 
ation to the next simply because of chance—based on which individuals survive 
sexual maturity, mate, and leave offspring. This random pro- 
•s of allele frequency change is known as genetic drift, and it 

is a separate process from changes in allele frequency caused by 
natural selection (Hedrick 2005). V¥hen an allele occurs at a low 
frequency in a small population, it has a significant probabiEty 

being lost in each generation. For example, if a rare allele occurs 
ri 5% of all the genes present (the "gene pool") in a population 
it 1000 individuals, then 100 copies of the allele are present (1000 
s*,dividuals x 2 copies per individual x 0.05 allele frequency), and the 
allele will probably remain in the population for many generations.

'ever, in a population of 10 individuals, only 1 copy of the allele 
■present (10'individuals >€■ 2 copies per individual 'M 0.05 allele fre- 

% and it is possible that the rare aDele'wiB be lost by chance 
the population in the next generation.

Because of genetic drift, small populations 
lose genetic variation more rapidly than large 
populations. Some small populations may lack any 
genetic variation.

; are 2 alleles of each gene in the gene pool, Wright (1931) pro- 
l a formula to express the proportion of original heterozygosity 

: proportion of individuals with 2 different allele forms of the 
e) remaining after each generation (H). The formula includes the 

popylation size (NJ—the size of the population as esti- 
3 ted by the number of its breeding individuals:*

H = 1-1/[2NJ

ng to this equation, a population of 50 breeding individuals 
nuM retain 99% of its original heterozygosity after 1 generation:

H = 1 --1/100 = 1.00 - 0.01 = 0.99

i proportion of heterozygosity remaining after t generations (H,) 
I over time;

‘ our population of 50 animals, then, the remaining heterozy- 
■ would be 98% after 2 generations (0.99 x 0.99), 97% after 
erations, and 90% after 10 generations. A population of 10 
duals would retain 95% of its original heterozygosity after 1 
ation, 90% after 2 generations, 86% after 3 generations, and 

' after 10 generations (Figure 11.3).
This formula demonstrates that significant losses of genetic 

' can occur in isolated small populations. Such small pop- 
s often occur on islands and fragmented landscapes (Vranckx 

2012). However, the amount of genetic variability within a

I that affect the effective population size, are discussed in detail begin-
ip.260.

Figure 11.3 Genetic variability is lost randomly 
over time through genetic dri-ft. This graph shows 
the average percentage of genetic variability re­
maining after ten generations in theoretical popu­
lations of various effective population sizes (A/J. 
After 10 generations, there is a loss of genetic 
variability of approximately 40% with a popula­
tion size of 10, 65% with a population size of 5, 
and 95% with a population size of 2. Blue lines 
indicate minimal loss of genetic variability in large 
populations; red lines indicate rapid loss of genetic 
variability in small populations. (After Meffe and 
Carroll 1997.)
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small population will increase over time through two means: regular mutation '' 
genes and migration of even a few individuals from distant populations. Mur- - 
tion rates found in nature are between 1 in 10,000 and 1 in 1 million per gene pt* 
generation; mutations therefore may make up for the random loss of allples in larcr 
populations and, to a lesser extent, contribute to greater genetic diversity in smr _ 
populations. However, mutations alone are not sufficient to coimter genetic drift r 
populations of 100 individuals or fewer. Fortunately, even a low frequency of mor e 
ment of individuals between populations minimizes the loss of genetic variabihr. 
associated with small population size (Weiser et al. 2013) (Figure 11.4). If even 1 or 1 
immigrants arrive each generation in an isolated population of about 100 Individ ^ ■ 
als, the impact of genetic drift will be greatly reduced. With 4-10 migrants arrivjri

(A) Immigration 

100

Number of 
immigrants 
per generation

High immigra; 
rate

Low immigrar. 
rate

(B) Mutation 

100

40 50 60
Generation

o00>.
NO

90

80

70

None

Mutation rate
-— - 0.1

i 60 -nj XI
:§

50

Realistic 
mutation ra:-

0.001 
■ 0.0

10 20 30 40 50 60
Generation

70 80 90 100

Figure 11.4 The effects of immigration and mutation on genetic variability in 25 Simula:*; 
populations of size A/^ = 120 individuals over 100 generations. (A) In an isolated population 
of 120 individuals, even low rates of immigration from a larger source population prevent 
loss of heterozygosity from genetic drift. In the model, an immigration rate as low as 0.1 (1 
immigrant per 10 generations) increases the level of heterozygosity, while genetic drift is nec 
ligible with an immigration rate of 1 individual per generation. (B) It is more difficult for m.'* 
tion to counteract genetic drift. In the model, the mutation rate must be 1 % (0.01) per ge--^ 
per generation or greater to affect the level of heterozygosity. Because this mutation rate is 
far higher than what is observed in natural populations, mutation appears to play a minimi 
role in maintaining genetic variability in small populations. (After Lacy 1987.)
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i
r Pigure 11.5 For 89 species of birds, the level of heterozygosity is lower with smaller popu- 

otion sizes. The Madagascar fish eagle (Haliaeetus vodferoides) represents one extreme with 
fewer than 40 breeding pairs and very low heterozygosity; at the other extreme, the willow 
youse (Lagopus lagopus), the state bird of Alaska, has a population size of more than 10 mil- 
icn and high heterozygosity. (After Evans and Sheldon 2008; grouse photograph courtesy of 
Save Menke/U.S. Fish and Wildlife Service.)

per generation from nearby populations, the effects of genetic drift are negligible, 
flow from neighboring populations appears to be the major factor prevent-

the loss of genetic variability in small populations of Galapagos finches (Grant 
and Grant 2008). In addition, genetic variation that increases fitness will tend to be 
retained longer in a population, even when there is genetic drift.

Field data also show that lower effective population size leads to a more rapid 
lass of alleles from the population (Evans and Sheldon 2008). For example, in a 
rroad survey of 89 bird species, there was a strong tendency for abundant birds 
'. have more heterozygosity than species with small populations (Figure 11.5). 
A.imost all species with populations over 10 million have over 60% heterozygosity, 
m contrast to less than 60% heterozygosity in most species with fewer than 100,000 
r.dividuals.

Unfortunately, rare and endangered species often have small, isolated popula­
tions, leading to a rapid loss of genetic variation. In 170 paired comparisons, threat­
ened taxa with narrow ranges had an average of 35% lower genetic diversity than 
taxonomically related nonthreatened species of wide distribution (Spielman et al. 
M)4). In some cases, entire species lacked genetic variation. In the evolutionarily 
s-?Iated Wollemi pine {Wolletnici nobilis) in Australia, only 40 plants occur in two 
-earby populations. As might be predicted, an extensive investigation failed to 
-nd any genetic variation in this species (Peakall et al. 2003).

It seems safe to assume that to maintain genetic variability, conservation biolo- 
:^ts should strive to preserve populations that are as large as possible. But how big 
should a given population be? How many individuals are needed to maintain ge- 
-etic variability? Franklin (1980) suggested that 50 reproductive individuals might 
>-• the minimxun number necessary to avoid short-term inbreeding depression, the 

■.ver fitness that results from matings between closely related individuals. This 
- zure is based on the practical experience of animal breeders, and it indicates that 
i- .imal stocks can be maintained with a loss of 2%—3% of their heterozygosity per 
generation. Using data on mutation rates in Drosophila fruit flies, Franklin further
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Mating among closely related individuals, which 
occurs in small populations, often results in lower 
reproductive success and weak offspring.

that in populations of 500 reproductive individuals, the rate of new ge­
netic variability arising through mutation might balance the variability being lo<5 

because of genetic drift in small population size. This range of values {at least 54 
individuals to prevent inbreeding depression and at least 500 for mutation rates | 
balance genetic drift) has been referred to as the 50/500 ruler isolated populatieri*(l| 
need to have at least 50 individuals, and preferably 500 individuals, to maintaLr, 
genetic variability. This rule is now considered mainly appropriate for urgen:, 
short-term conservation efforts. For conservation efforts targeted for longer time 
periods and multiple generations, some leading conservation geneticists argue tbia: 
at least several thousand reproductive individuals must be protected to maintair 
the genetic variability and long-term survival of a population (Frankham et a I 
2009, 2014). This emphasis on protecting large numbers of individuals is due 
evidence that inbreeding depression can affect even wild populations with effec­
tive sizes of more than 50 individuals and that beneficial mutation rates are lower 
than previously thought. While this work on genetic variation and MVPs gives u.- 
some practical guidelines, the ideal is still to protect as many individuals of rare- 
and endangered species as possible, to maximize their chances of survival.

Consequences of reduced genetic variability
Small populations subjected to genetic drift have greater susceptibility to a number 

of deleterious genetic effects sudr as inbreeding depression, out-
breeding depression, and loss of evolutionaiy flexibility, Thesr 
factors may contribute to a decline in population size, leading t: 
an even greater loss of genetic variability, a loss of fitness, and ; 
greater probability of extinction (Frankham et al. 2009).

INBREEDING DEPRESSION A variety of mechanisms prevents inbreeding, matinc: 
among close relatives, in most natural populations. In large populations of most 
animal species, individuals do not normally mate with close relatives; this tendencv 
to mate with unrelated individuals of the same species is termed outbreeding 
Individuals often disperse from their place of birth or are restrained from matin c 
with relatives by behavioral inhibitions, unique individual odors, or other sensor, 
cues. In many plants, numerous morphological and physiological mechanisms en­
courage cross-pollination and prevent self-pollination. In some cases, particularlv 
when population size is small and no other mates are available, these mechanisms 
fail to prevent inbreeding. Mating among parents and their offspring, siblings, ane 
cousins, and seif-fertLlization in hermaphroditic species, may result in inbreeding 
depression, a condition that occurs when an individual receives two identical copies 
of a defective allele from each of its parents. Inbreeding depression is character­
ized by higher mortality of offspring, fewer offspring, or offspring that are weai.. 
or sterile or have low mating success (Frankham et al. 2009) (Figure 11.6). These 
factors result in even fewer individuals in the next generation, leading to more 
pronounced inbreeding depression.

Evidence for the existence of inbreeding depression comes from studies cr 
human populations (in which there are records of marriages between close rela­
tives for many generations), captive and wild arumal populations, and cultivatec 
plants (Franldiam et al. 2014). In a wide range of captive mammal populations 
matings among close relatives, such as parent-offspring matings and sibling-sibliuc 
matings, resulted on average in offspring with a 33% higher mortality rate than 
in non-inbred animals (Figure 11,7), This lower fitness resulting from inbreeding 
is sometimes referred to as a "cost of inbreeding." Inbreeding depression can be 
a severe problem in small captive populations in zoos and in domestic livestock 
breeding programs. Deleterious effects of inbreeding in the wild have also beer 
demonstrated (Cmokrak and Roff 1999): of over 150 valid data sets, 90% showed
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Figure 11.6 For 51 species of birds, the percent hatching failure is highest with the small- 
is: population sizes (as expressed by the bottleneck size—the lowest size recorded for the 
copulation).The x-axis is on a log scale. The Japanese crested Ibis (Nipponia nippon) (top 
cr^otograph) represents one extreme, with fewer than 10 individuals in one year and hatch- 
rg failure of about 45%; at the other extreme is the golden-cheeked warbler {Dendroica 
z^’ysoparia) (bottom photograph), with a population size always over 10,000 individuals and 
'arching failure of about 5%. (After Heber and Briskie 2010.)

inbreeding to be detrimental. The scarlet gilia (Ipomop- 
fzs aggregata) provides an example. Plants that come 
from populations with fewer than 100 individuals 
produce smaller seeds with a lower rate of seed ger­
mination and exhibit greater susceptibility to environ­
mental stress than do plants from larger populations 
iHeschel and Paige 1995). In a second study, Bouzat 
et al. (2008) examined isolated small populations of 
greater prairie chickens {Tympanuchus cupido pinnatus) 
in Illinois. These populations were showing the effects 

r declining genetic variation cind inbreeding depres- 
including lowered fertility and lowered rates of 

egg hatching. However, when individuals from large, 
genetically diverse populations were released among 

small populations, egg viability was restored and 
-T populations began to increase in numbers. This 

aesult demonstrates the importance of maintaining ge­
netic variation in existing populations and of restoring 
ienetic variation in genetically impoverished popula- 
Stons as a conservation strategy.

: jTBREEDING DEPRESSION Individuals of different 
-recies rarely mate in the wild; there are strong eco- 
■..gical, behavioral, physiological, and morphological 

iating mechanisms that ensure mating occurs only
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Average cost of inbreeding: a 33% increase in mortality
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Figure 11.7 A high degree of inbreeding (such as matings be­
tween mother and son, father and daughter, brother and sister) 
results in an average "cost of inbreeding." The data shown in 
the graph, based on a survey of 40 inbred mammal populations, 
express the cost as a percentage increase in juvenile mortality 
above the juvenile mortality rate of outbreeding animals of the 
same species. (After Ralls et al. 1988.)
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Figure 11.8 Mating between unrelated 
individuals of the same species often 
results in offspring with a high fitness 
(or heterosis) as measured by survival or 
high reproduction (number of offspring 
produced). Mating among close relatives 
(sibling-sibling or parent-offspring mat­
ings) or self-fertilization in hermaphroditic 
species leads to low fitness or inbreeding 
depression. Mating between individu­
als from widely different populations or 
even different species sometimes, but 
not always, results in lowered fitness or 
outbreeding depression. (After Groom et 
al. 2006.)

between individuals of the same species. However, when a species is rare or its habi­
tat is damaged, outbreeding—mating between individuals of different populations 
or species—may occur (Figure 11.8). Individuals unable to find mates within thci. 
own species may mate with individuals of related species. The resulting offspring 
sometimes exhibit outbreeding depression, a condition that results in weakness 
sterility, or lack of adaptability to the environment (Frankham et al. 2011). Outbreec- 
ing depression may be caused by incompatibility of the chromosomes and enzyme 
systems that are inherited from the different parents. To use an example frorr 
artificial selection, domestic horses and donkeys are commonly bred to produce 
mules. Although mules are not physically weak (on the contrary, they are quite 
strong, which is why humans find them useful), they are almost always sterile.

Outbreeding depression can also result from matings between different sub­
species, or even matings between divergent populations of the same species. Suci 
matings might occur in a captive breeding program or when individuals from dif­
ferent populations are kept together in captivity. In such cases, the offspring of suer 
different genotypes are unlikely to have the precise mixture of genes that allows 
individuals to survive and reproduce successfully in a particular set of local condi­
tions (Frankham et al. 2009). For example, when the ibex (Capra ibex) population c: 
Slovakia went extinct, ibex from Austria, Turkey, and the Sinai were brought in to 
start a new population. These different subspecies mated and produced hybrids 
that bore their young in the harsh conditions of winter rather than in the spring, anc; 
consequently they had a low survival rate. Outbreeding depression caused by the 
pairing of individuals from the extremes of the species' geographical range mean: 
failure for the experiment. However, many other studies of animals have failed tc 
demonstrate outbreeding depression or have even shown that some hybrids arc 
more vigorous than their parent species (McClelland and Naish 2007), a condition 
known as hybrid vigor. Thus, outbreeding depression may be considered of less 
concern for animals than inbreeding depression, the negative effects of which are 
well documented.

Outbreeding depression may be considerably more significant in plants, where 
the arrival of pollen onto the receptive stigma of the flower is to some degree e 
matter of the chance movement of pollen by wind, insects, or another pollen vec­
tor. A rare plant species growing near a closely related common species may be
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verwhelmed by the pollen of the common species and fail to produce seeds (Willi 
•t al. 2007). Even when hybrids are produced by matings between a common and 
i rare species, the genetic identity of the rare species becomes lost as its small gene 

ol is mixed into the much larger gene pool of the common species. The serious- 
less of this threat is illustrated by the fact that more than 90% of California's threat- 
ned and endangered plants occur in close proximity to other species in the same 
:enus, with which the rare plants could possibly hybridize. Such a loss of identity 
:an also take place in gardens when individuals from different parts of a species' 

;e are grown next to each other and are cross-pollinated, producing hybrid seed.

OSS OF EVOLUTIONARY FLEXIBILITY Genetic variation is extremely important to 
species' long-term survival. Rare alleles and unusual combinations of alleles that 
re harmless (or even slightly harmful) but confer no immediate advantage on the 
iw individuals who carry them may turn out to be uniquely suited for a future 
et of environmental conditions. If such alleles and combinations do become ad- 

.tageous, their incidence in the population wiU increase rapidly through natural 
election, since the individuals who carry them will be those most likely to survive 
d reproduce successfully, passing on the formerly rare alleles to their offspring.

Loss of genetic variability in a small population may limit its ability to respond 
3 new conditions and long-term changes in the environment, such as pollution, 
,ew diseases, and global climate change (WiUi et al. 2007). According to the funda- 
lental theorem of natural selection, the rate of evolutionary change in a population 
5"Clirectly related to the amount of genetic variation in the population. A small 
opulation is less likely than a large population to possess the genetic variation 

isary for adaptation to long-term environmental changes and so will be more 
sely to go extinct. For example, in many plant populations, a few individuals 
ave alleles that promote tolerance for high concentrations of toxic metals such 
i line and lead, even when these metals are not present. If toxic metals become 
"lundant in the environment because of pollution, individuals with these alleles 
RI be better able to adapt to them and to grow, survive, and reproduce better than 
pica! individuals; consequently, the frequency of these alleles in the population 
ill increase dramatically. However, if the population has become small and the 

itypes for metal tolerance have been lost, the population could go extinct.

:ors that determine effective population size
'this section we will discuss the factors that determine the effective population 

which is the size of the population as estimated by the number of its breeding 
widiials. The effective population size is lower than the total 

jpiilation size because many individuals do not reproduce, 
le to factors such as inability to find a mate, being too old or 
3 young to mate, poor health, sterility, malnutrition, small 

size, and social structures, such as polygyny (one male 
with more than one female), that restrict which individu- 

can mate (Hare et al. 2011). Many of these factors are initiated 
aggravated by habitat degradation and fragmentation. Furthermore, many plant, 

i, bacteria, and protist species have seeds, spores, or other structures in the 
ii that remain dormant unless stable conditions for germination appear. These 
iividuals could be counted as members of the population though they are obvi- 
ly not part of the breeding population. Because of these factors, the effective 

ion size {NJ of breeding individuals is often substantially smaller than the 
iial population size (N). Because the rate of loss of genetic variability is based 

effective population size, the loss of genetic variability can be quite severe, 
tn in a large population. For example, consider a population of 1000 alligators 

990 immature animals and only 10 mature breeding animals: 5 males and 5

The effective population size will be much smaller 
than the total population size N when there is great 
variation in reproductive output, an unequal sex 
ratio, or population fluctuations and bottlenecks.
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females. In this case, the effective population size is 10, not 1000. For a rare oa 
species, there might be 20 mature trees, 500 saplings, and 2000 seedlings, 
in a population size of 2520 but an effective population size of only 20.

In addition, the effective population is often lower than the actual number 
breeding individuals because of unequal sex ratio, variation in reproductive outpu 
and large annual changes in population size (Jamieson 2011). This reduced 
population size can lead to further population decline and extinction.

UNEQUALSEX RATIO A population may consist of unequal numbers of males ani 
females due to chance, selective mortality, or the harvesting of only one sex 
people. If, for example, a population of a goose species that is monogamous (wH 
one male and one female forming a long-lasting pair bond) consists of 20 mi 
and 6 females, then only 12 individuals—6 males and 6 females—^will be matin; 
In this case, the effective population size is 12, not 26. In other animal sped 
social systems may prevent many individuals from mating even though they 
physiologically capable of doing so. Among elephant seals, for example, a singl 
dominant male usually mates with a large group of females and prevents o' 
males from mating with them, whereas among African wild dogs, the domin; 
female in the pack often bears all of the pups.

The effect of unequal numbers of breeding males and females on can 
described by this formula:

where and Nf are the numbers of adult breeding males and breeding females 
respectively, in the population. In general, as the sex ratio of breeding individr 
als becomes increasingly unequal, the ratio of the effective population size to th 
number of breeding individuals (NJN) also goes down (Figure 11.9). This occ 
because only a few individuals of one sex are making a disproportionately large 
contribution to the genetic makeup of the next generation, rather than the equa 
contribution found in monogamous mating systems. In the case of Asian elephant. 
{Elephas imximus), for example, males are hunted by poachers for their tusks at the 
Periyar Tiger Reserve in India (Ramakrishnan et al. 1998). In 1997, there were lit 
elephants, of which 709 were adults. Of these adults, 704 were female and 5 were 
male. If all of these elephants were breeding, this would result in an effective popu­
lation size of only 20 from a genetic perspective, using the equation shown above.

In many fish and reptiles species, sex is affected by temperature. As gioba 
climate change increases water and air temperature in many places, species : 
have skewed sex ratios, lowering the effective population size. For example, ir

100

Figure 11.9 The effective population size (N^) declines when 
the number of males and females in a breeding population (A/) 
of 100 individuals is increasingly unequal. is 100 when 50 
males and 50 females breed, but it is only 36 when 10 males 
and 90 females breed.
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Figure 11.10 (A) The sex ratio of grayling, a fish in the salmon
family, in Lake Thun, Switzerland, has shifted from being around 
65% male (and highly variable) before 1990, to consistently 
80%-90% male after 1990, when lake temperatures increased. 
The sex ratio is best explained by the temperature fish experience 
in their first year. (After Wedekind et al. 2013.)

’r-.-. itzerland, grayling fish {Thymalhis thymalhis) populations that used to have 
[ Svchly variable sex ratios centered around 65% males before 1990, now consistently 
[fe-ave 80%-90% males in their population (Figure 11.10). The effective population 

ze will be far less than the number of individuals in the population.

^RIATION IN REPRODUCTIVE OUTPUT In many species the number of offspring 
iries substantially among individuals. This phenomenon is particularly true of 
^hly fecund species, such as plants and fish (see Hedrick 2005), where many or 
en most individuals produce a few offspring while others produce huge numbers, 
"equal production of offspring leads to a substantial reduction in because a 
w individuals in the present generation will be disproportionately represented 
the gene pool of the next generation. In general, the greater the variation in 

•productive output, the more the effective population size is lowered. For a va- 
ety of species in the wild, Frankham (1995) estimated that variation in offspring 
zmber reduces effective population size by a factor of 54%. In many annual plant 
rpulations that consist of large numbers of tiny plants producing one or a few 
vds and a few gigantic individuals producing thousands of seeds, N^. could be 
•duced even more.

I V -: 

I hi

r

I fe-

DPULATION FLUCTUATIONS AND BOTTLENECKS In some species, population size 
iries dramatically from generation to generation. Particularly good examples of 
.15 are butterflies, armual plants, and amphibians. In extreme fluctuations, the ef- 
ctive population size is somewhere between the lowest and the highest numbers 

1 breeding individuals. This is often the most important factor reducing below
I :ir-f population size. The effective population size can be calculated over a period 
1 cr : years using the number of individuals (N) breeding in any one year:

N, = t/(l/Nj + l/N2+... + l/N,)

Consider a butterfly population, monitored for 5 years, that has 10,20,100,20, 
■^.i 10 breeding individuals in the successive 5 years. In this case,

.\; = 5/(l/10 + 1/20 + 1/100 + 1/20 -F 1/10) = 5/(31/100) = 5(100/31) = 16.1

-e effective population size over the course of 5 years is above the lowest popula- 
K»: -n size (10) but well below the maximum (100) and the average (32) population

Iwize.
The effective population size tends to be determined by the years in which the 

l^ioulation has the smallest numbers. A single year of drastically reduced popula- 
numbers will substantially lower the value of N^. This principle applies to a
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phenomenon known as a population bottleneck, which occurs when a populaticn^ 
is greatly reduced in size and loses rare alleles if no individuals possessing thoie 
alleles survive and reproduce {Jamieson 2011). With fewer alleles present and a 
decline in heterozygosity, the overall fitness of the individuals in the population 
may decline.

A special category of bottleneck, known as the founder effect, occurs whai 
a few individuals leave one population to establish another new population. The 
new population often has less genetic variability than the larger, original popula­
tion. For example, the Swedish wolf population was established by 5 individuals 
(Laikre et al. 2013). If a population is fragmented by human activities, each of the 
resulting small subpopulations may lose genetic variation and go extinct. Such is 
the fate of many fish populations fragmented by dams (Wofford et al. 2005). Bottle­
necks can also occur when captive populations are established using relatively few 
individuals.

The lions (Panthera led) of Ngorongoro Crater in Tanzania provide a well-stud­
ied example of a population bottleneck (Mrmson et al. 2008). The lion population 
in the crater consisted of 60-75 individuals until an outbreak of biting flies in 1962 
reduced the population to 9 females and 1 male (Figure 11.11). Two years later, 7 
additional males immigrated to the crater; there has been no further immigration 
since that time. The small number of foimders, the isolation of the population, and 
the variation in reproductive success among individuals have apparently created 
a population bottleneck, leading to inbreeding depression. In comparison with 
the large Serengeti lion population nearby, the crater lions show reduced genetic 
variability, high levels of sperm abnormalities (Figure 11.12), reduced reproduc­
tive rates, increased cub mortality, and higher rates of infection (Munson et aL 
2008). After reaching a peak of 125 animals in the 1980s, the population has since 
declined again. By 2003, the population had dropped to 34 animals following an 
outbreak of canine distemper virus that had spread from domestic dogs kept bv

Figure 11.11 The Ngorongoro Crater lion population consisted of about 90 individuals in 
1961 before crashing in 1962. Since that time, the population reached a peak of 125 individ­
uals in 1983 before collapsing to 34 individuals (fewer than 20 of which were adults). Small 
population size, an isolated location, lack of immigration since 1964, and disease have con­
tributed to the loss of genetic variation caused by a population bottleneck. A lack of census 
data for certain years is the cause of gaps in the lines. The four green bars represent episodes 
of disease outbreak. (After Munson et al. 2008, with updates from C. Packer.)
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• >' J

(D)

Figure 11.12 Males of the 
isolated and inbred population 
of lions at Ngorongoro Crater in 
Tanzania exhibit a high level of 
sperm abnormalities. (A) Normal 
lion sperm. And three non­
functional sperm: (B) Bicephalic 
("two-headed") sperm, (C) Two- 
tailed sperm, and (D) Sperm with 
a coiled flagellum. (Photographs 
by B. Pukazhenthi and D. Wildt, 
Smithsonian Conservation Biol­
ogy Institute.)

cople living just outside the crater area. For the past 5 years, the population size 
S5 been around 50-60 animals.

Population bottlenecks do not always lead to greatly reduced heterozygosity. The 
Kscts of population bottlenecks will be most evident when the breeding population 
: reduced below 10 individuals for several generations. If the 

po.'ipulation expands rapidly in size after a temporary bottleneck, 
erage heterozygosity in the population may be restored even 

S'^ijugh the number of alleles present is severely reduced. An ex- 
rmle of this phenomenon is the high level of heterozygosity 
»md in the greater one-homed rhinoceros (Rhinoceros unicornis)
1 Mepal, even after the population passed through a bottleneck 
tox 11.1). Population size declined from 800 individuals in Chitwan National Park 
fewer than 100 individuals; fewer than 30 were breeding. With an effective popula- 

►n size of 30 individuals for one generation, the population would have lost only 
■® o of its heterozygosity after one generation. As a result of strict protection of the 

fecies by park guards, the population recovered to 400 individuals. The Mauritius 
kestrel (Fako punctatus) represents an even more extreme case, with a long population 
iftline that resulted in orJy one breeding pair remaining in 1974. An intensive con- 
^-.'ation program has allowed the population to recover to about 300 adult birds 

fay. A study comparing the present birds with preserved museum specimens and 
r^trels living elsewhere has found that the Mauritius kestrel lost only about half of 
: genetic variation after passing through this bottleneck (Ewing et al. 2008).

KA.NAGING for genetic variation These examples demonstrate that effective 
pulation size is often substantially less than the total number of individuals in a 

Illation. Particularly where there is a combination of factors such as fluctuating 
filiation size, numerous nonreproductive individuals, and an unequal sex ratio, 
effective population size may be far lower than the number of individuals alive 

■ good year. A review of a wide range of wildlife studies revealed that the effec- 
:■ population size averaged only 11% of the total population size; that is, a popu- 

fcn of 300 animals, seemingly large enough to maintain the population, might 
;ve an effective population size of only 33, which would indicate that it was in 

danger of extinction (Frankham 2005). If the goal of a conservation program 
'?#:> protect 5000 reproductive individuals (see p. 251), then the effective popula­

rize might be about 550. For highly fecund species, such as fish, seaweed, and 
y invertebrates, the effective population size may be less than 1% of the total

New populations established from only a few 
individuals may have reduced genetic variation. 
Genetic variation may be restored if the population 
expands rapidly in size.
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BOX 11.1 iliii ecies in Asia and Africa: Genetic Dieersity and Habit ^ ^

In recent decades, conservationists have focused 
extraordinary effort on protecting and restoring the 
numbers of rhinoceroses in parts of their original 
ranges (Amin et al. 2006), The task is monumental: 
three of the extant five species of rhinoceros are criti­
cally endangered, and all five represent ancient and 
unusual adaptations for survival. They also include 
several subspecies that are genetically and. in some 
cases, morphologically and behaviorally distinct as 
a result of reproductive isolation and possibly local 
adaptation. Habitat destruction and poaching are seri­
ous threats to the three species of the Asian forests, 
while the illegal killing of rhinos for their horns (used 
for medicine and carving) threaten the two African 
species.

Rhino numbers in Africa and India have increased 
in recent years, but the numbers of the two critically 
endangered Southeast Asian species are extremely low, 
around 50 and 250 animals each. It is estimated that 
fewer than 30,000 individuals of all five species survive 
today (lUCN Red List 2013), and they exist in a tiny 
fraction of their former range. The most numerous of 
the five is the white rhinoceros iCeratotherium simum) 
with approximately 20,400 wild animals, although 
there are only 4 individuals of the distinctive northern 
subspecies, all in captivity in Kenya. Recent research 
suggests that this northern subspecies may actually be 
a sixth, distinct species of rhino, now very near extinc­
tion (Groves et al. 2010),

The recovery of each species and subspecies is 
complicated by the fact that many of the remaining 
animals live in very small, isolated populations, most 
notably the Southeast Asian species. Some biologists 
fear that these small populations may not be viable 
over the long term, as a result of loss of genetic vari­
ability, inbreeding depression, and genetic diseases re­
sulting from mating among closely related individuals.

The question of genetic viability in rhino popula­
tions is not as simple as it first appears. Genetic diver­
sity varies greatly among rhino species. Studies of the 
greater one-horned, or Indian, rhinoceros {Rhinoceros 
unicornis) in Nepal and India indicate that despite its 
small total abundance—an estimated 3000 animals— 
the genetic diversity is relatively high, contradicting the 
common assumption that small populations invariably 
have low heterozygosity. Long generation times and 
mobility among populations may have allowed the

Indian rhino to maintain its genetic variability despite 
passing through a population bottleneck (Pluhdcek et 
al. 2007).

Understanding the genetic and demographic 
characteristics of a species is often needed for 
effective conservation planning.

As a contrast with the Indian rhino, the four rec­
ognized subspecies of the black rhino are genetically 
distinct, as shown by microsatellite DNA data (Harley 
et al, 2005). If black rhinos from a number of differ­
ent subspecies are placed together in a sanctuary to 
increase genetic diversity in the species, would the rhi­
nos risk losing adaptive differences that might improve 
survival of local subspecies? Would distinctive features 
of each subspecies be lost? Or would increased ge­
netic diversity increase the adaptive capacity of the 
population?

Maintaining genetic diversity while the abundance 
of each species of rhinoceros is so low requires limiting 
outside threats to the breeding population, including 
logging and illegal poaching, so that populations do 
not lose any more genetic variability than they already 
have. Recently, it appears that poaching of rhinos for 
their horns may be on the rise again. By weight their 
horns are worth more than gold on the black market. 
Estimates suggest 2 rhinos a day are being poached in 
South Africa alone—688 were believed to have been 
killed there in 2012, and even more in 2013, rates of 
loss that could reduce population sizes and genetic di­
versity in some areas.

In addition to managing threats, wildlife managers 
must maintain conditions to facilitate reproduction and ^ 
must make decisions on whether to encourage inter­
breeding among populations or subspecies. Captive 
breeding can also be targeted to maintain or increase 
genetic variability and population numbers. This may 
be especially important for the Southeast Asian species 
that are on the verge of extinction. However, captive 
breeding of rhinos is difficult; white rhinos in particular " 
often will not breed in zoo programs.

There is no single, all-encompassing answer to 
rhino conservation. Management must be tailored to 
the specific genetic and environmental circumstances 
of particular species and populations.
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BOX 11.1 (continued)

Southern White Rhino Northern White Rhino Black African Rhino

m Present distribution • Present distribution Present distribution

Former distribution \/A Former distribution Former distribution

Indian Rhino
Present distribution 
Former distribution

Javan Rhino Sumatran Rhino
• Present distribution ■jir Present distribution

Former distribution Y/\ Former distribution

® Unconfirmed

Each of the five rhinoceros species currently occupies only a 
tiny fraction of its former range, and their situations and levels 
of endangerment vary greatly. (After www.rhinos-irf.org)
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Random fluctuations in birth and death rates, 
disruption of social behavior following decreased 
population density, and environmental stochasticity 
all contribute to instability in the population size, 
often leading to local extinction.

population size (Frankham et al. 2009). Consequently, management aimed towd'; 
simply maintaining large populations may not prevent the loss of genetic variari -1 
unless the effective population size is also large. In the case of captive populatii ■ r« 
of rare and endangered species, genetic variation may be effectively maintain-, n 
by controlling breeding, perhaps by subdividing the population, periodically - — 
moving dominant males to allow subdominant males the opportunity to mar-, 
and periodically transporting a few selected individuals among subpopuiatiom-

Other Factors That Affect the Persistence 
of Small Populations
In this section we discuss some other factors that affect small populations. Rand,-51 

variation, or stochasticity, in the environment can cause variation in the populahcs 
size of a species. For example, the population of an endanger-, 
butterfly species might be affected by fluctuations in the abL.-- 
dance of its food plants and the number of its predators. Van 
tion in the physical environment might also strongly influe:' 
the butterfly population; in an average year, the weather mi^ 
be warm enough for caterpillars to feed and grow, whereas. 
cold year might cause many caterpillars to become inactive arid 
consequently starve. Such environmental stochasticity affecj 

all individuals in the population and is linked to demographic stochasticity (.i 
demographic variation), which is the variation in birth and death rates amo: 
individuals and across years within a given population.

Demographic variation
In an ideal, stable envirorunent, a population would increase tmtil it reached 
carrying capacity {K) of the environment, at which point the average birthrate 
per individual would equal the average death rate (d) and there would be no rtssl 
change in population size. In any real population, individuals do not usually pr 
duce the average munber of offspring: they might leave no offspring, somewr 
fewer than the average, or more than the average. For example, in an ideal, sta: i 
giant panda {Ailuropoda melanoleuca) population, each female would produce 
average of two surviving offspring in her lifetime, but field studies show that ra?i 
of reproduction among individual females vary widely around that number. 
ever, as long as population size is large, the average birthrate provides an accurz 
description of the population. Similarly, the average death rate in a population ( 
be determined only by examining large numbers of individuals, because some ir,r' • 
viduals die yormg and other individuals live a relatively long time. This variati.i 
in population size due to random variation in reproduction and mortality rates : 
known as demographic variation or demographic stochasticity.

Population size may fluctuate over time because of changes in the environrrit 
or other factors without ever approaching a stable value. Random fluctuatieri 
upward in population size are eventually bounded by the carrying capacity of :S 
environment, and the population may fluctuate downward again. In general, on-j 
population size drops below about 50 individuals, individual variation in birth i 
death rates begins to cause the population size to fluctuate randomly up or dov:>l 
(Schleuning and Matthies 2009). If population size fluctuates downward in any or^ 
year because of a higher than average number of deaths or a lower than avera^ 
munber of births, the resulting smaller population will be even more suscepb': 
to demographic fluctuations in subsequent years. Consequently, once a popular:; 
decreases because of habitat destruction and fragmentation, demographic variat;:i 
becomes important and the population has a higher probability of declining mi 
and even going extinct due to chance alone (in a year with low reproduction ar.
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iiigh mortality) {Melbourne and Hastings 2008). Species with highly variable birth 
and death rates, such as annual plants and sfrort-lived insects, may be particularly 
susceptible to population extinction due to demographic stochasticity. The chance 
nr extinction is also greater in species that have low birthrates, such as elephants, 
vecause these species take longer to recover from chance reducHons in population

As a simple example, imagine a population of three hermaphroditic individu- 
e‘5; each lives for 1 year, needs to find a mate and reproduce, and then dies. Assume 
fc at each individual has a 33% probability of producing zero, one, or two offspring, 
i -suiting in an average birthrate of 1 per individual; in this instance, there is theo- 
: rrically a stable population. However, when these individuals reproduce, there is 

i-in-27 chance (0.33 x 0.33 x 0.33) that no offspring will be produced in the next 
I veneration and the population will go extinct. Consider also that there is a l-in-9 

nance that only one offspring will be produced in the next generation (0.33 x 0 33 
•: 0.33 X 3); because this individual will not be able to find a mate, the population 
Will be doomed to extinction in the next generation. There is also a 22% chance 
that the population will decline to two individuals in the next generation. Thus, 
? -ndom variation in birthrates can lead to demographic stochasticity and extinc- 
aon in small populations. Similarly, random fluctuations in the death rate can lead 
BD fluctuations in population size that could eliminate the population altogether.

When populations drop below a critical number, deviations from an equal sex 
r-3ho may occur, leading to a declining birthrate and a further decrease in popula- 

size. For example, imagine a population of four birds that includes two mat- 
i. pairs of males and females, in which each female produces an average of two 

^ intiving offspring in her lifetime. In the next generation, there is a l-in-8 chance 
only male or only female birds will be produced, in which case no eggs will 

laid to produce the following generation. There is a 50% (8-m-16) chance that 
mere wiU be either three males and one female or three females and one male in the 
Sr At generation, in which case only one pair of birds will mate and the population 

!j1 decline. This scenario is illustrated by the now extinct dusky seaside sparrow 
(yrnmodramus marUimus nigrescens); the last five individuals were males, so there 

no opportimity to establish a captive breeding program. Such demographic 
rects are also seen in the Spanish imperial eagle (Aquila adalberti); immature birds 

more likely to breed when the population is small than when the population is 
when only mature birds breed. Such immature birds are in turn more likely 

m produce predominantly male offspring, contributing to further population de- 
’ re and increasing the probability of local extinction (Figure 11.13) (Ferrer et al. 

x). For these eagles, a management strategy involving supplemental feedings 
5 able to increase population size and restore the sex ratio.

rULATION DENSITY AND THE ALLEE EFFECT Many small populations are demo- 
phically unstable because social interactions (especially those affecting mating) 
be disrupted once population density falls below a certain 

i-cl. This interaction among population size, population den- 
y. population growth rate, and behavior is sometimes referred 
as the Allee effect (Bonsall et al. 2014). Herds of grazing 

5;,rnmals and flocks of birds may be unable to find food and 
Cr.-nd themselves against attack from predators when numbers 

relow a certain level. Animals that hunt in packs, such as wild dogs and lions,
»V need a certain number of individuals to hunt effectively,

1 erhaps the most significant aspect of the Allee effect for small populations in- 
res reproductive behavior: many species that live in widely dispersed populations, 

as bears, spiders, and tigers, have difficulty finding mates once the population 
^;ty drops below a certain point. Even among plant species, as population size

The social systems and breeding systems of many 
animals can be disrupted when the population size 
or density falls below a certain level.
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Figure 11.13 In a declining 
population of Spanish imperial 
eagles the percentage of mature 
birds breeding in the population 
decreased beginning in 1990 as 
mature male birds left the area to 
find food elsewhere. As a result, 
the percentage of immature birds 
breeding at the site increased; 
these were mostly immature males 
mating with mature females (75% 
breeders in adult plumage means 
that probably half of the breeding 
males were immature). Matings 
involving immature males produce 
mainly male offspring, contribut­
ing to further population decline 
and increasing the probability of 
local extinction. Starting in 2004, 
supplemental food was provided 
at the site, more of the mature 
males remained at the site to 
breed, and the sex ratio of the off­
spring returned to approximately 
equal numbers of males and 
females. (After Ferrer et al. 2009, 
with updates by M. Ferrer.)
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and density decrease, the distance between individual plants increases; pollinatir.c 
animals may not visit isolated, scattered plants, resulting in insufficient transfer or 
compatible pollen and a subsequent decline in seed production. In such cases, th.; 
birthrate will decline, population density wiU become lower yet, problems such ss 
unequal sex ratio wUl worsen, and birthrates wiU drop even more. Once the birthra;; 
falls to zero, extinction is guaranteed. Detecting and anticipating Allee effects are 
necessary for the management and recovery of endangered species.

Environmental variation and catastrophes
Random variation in the biological and physical environment, known as enviroPf- 
mental stochasticity, can also cause variation in the population size of a specie; 
For example, a population of an endangered rabbit species might be affected b; 
fluctuations in the population of a deer species that eats the same types of plants 
fluctuations in the population of a fox species that feeds on the rabbits, and fluchia- 
tions in the populations of parasites and disease-causing organisms that affect th- 
rabbits. Variation in the physical environment might also strongly influence the rab­
bit populations—rainfall during an average year might encourage plant growth ar.e 
aUow the population to increase, while dry years might limit plant growth and cause 
rabbits to starve. Environmental stochasticity affects all individuals in the popula­
tion, unlike demographic stochasticity, which causes variation among individual; 
within the population.

Natural catastrophes that occur at unpredictable intervals, such as droughts, 
storms, earthquakes, and fires, along with cyclical die-offs of the surrounding bio­
logical community, can cause dramatic fluctuations in population levels. Natur.';:
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Icatastroplies can kill part of a population or even eliminate an 
l^.tire population from an area. Numerous examples exist of die- 

; in populations of large marrunals; in many cases 70%-90%
: the population dies (Yoimg 1994). For a wide range of verte- 
rates, the frequency of catastrophes is about 15% per genera- 
bn (Reed et al. 2003). Even though the probability of a natural 
itastrophe in any one year is low, over the course of decades 
id centuries, natural catastrophes have a high likelihood of 
ccurring.

As an example of environmental variation, imagine a rabbit population of 100 
lividuals in which the average birthrate is 0.2 and an average of 20 rabbifs are 

sten each year by foxes. On average, the population will maintain its numbers at 
actly 100 individuals, with 20 rabbits bom each year and 20 rabbits eaten each 
ir. However, if there are 3 successive years in which the foxes eaf 40 rabbits per 

ear, the population size will decline to 80 rabbits, 56 rabbits, and 27 rabbits in 
ears 1,2, and 3, respectively. If there are then 3 years of no fox predation, the rab- 

: population will increase to 32,38, and 46 individuals in years 4,5, and 6. Even 
.'Ugh the same average rate of predation (20 rabbits per year) occurred over this 
\ear period, variation in year-to-year predation rates caused the rabbit population 

! to decline by more than 50%. At a population size of 46 individuals, the rabbit 
rrulation will probably go extinct within the next 5-10 years when subjected to 

average rate of 20 rabbits eaten by foxes per year.
Modeling efforts by Menges (1992) and others have shown that random envi- 

rsrmental variation is generally more important than random demographic varia- 
r in increasing the probability of extinction in populations of small to moderate 

. Environmental variation can substantially increase the risk of extinction even 
1 populations showing positive population growth imder the assumption of a 

^ie environment (Mangel and Tier 1994). In general, introducing environmental 
ration into population models, in effect making them more realistic, results in 

wulations with lower growth rates, lower population sizes, and higher prob- 
dities of exfincfion. For example, a model of a tropical pahn using demographic 
ration predicted that the MVP size, the number of individuals needed to give 
f population a 95% probability of persisting for 100 years, was about 48 mature 
aviduals (Figure 11.14). When moderate enviromnental variation was included, 

■ ever, the MVP size increased to 380 individuals, meaning that a seven times 
er population needs to be protected.

Even though a population appears to be stable or 
increasing, an infrequent environmental event or 
catastrophe can severely reduce population size or 
even drive it to extinction. Such rare events need to 
be considered by conservation biologists.

Figure 11.14 The effects of demographic 
variation, low environmental variation, and 
moderate environmental variation affect the 
probability of extinction of a population of 
a Mexican spiny palm species (Astrocaryum 
mexicanum). In this study, the MVP size, indi­
cated by a star, was defined as the population 
size at which there is a less than 5% chance 
of the population's going extinct within 100 
years. (After Menges 1992, data from Pinero 
et al. 1984.)



270 Chapter 11

Intensive management is often required to prevent 
small populations from declining further in size and 
going extinct.

The interaction between population size and environmental variation 
demonstrated using the biennial herb garlic mustard. {AlliuTiu pctioMta), an i. 
sive plant in the United States, as an experimental subject (Drayton and Pif- 
1999), Populations of various sizes were assigned at random either to be left 
as controls or to be experimentally eradicated by removal of every flowering 
in each of the 4 years of the study; removal of all plants could be considen 
extreme environmental event. Overall, the probability of an experimental pc 
tion's going extinct over the 4-year period was 43% for small populations ( 
than 10 individuals initially), 9% for medium-sized populations (10-50 iiidivid' 
and 7% for large populations (more than 50 individuals). For control popiilal 
the probability of going extinct for small, medium, and large populations was 1 
0%, and 0%. Large numbers of dormant seeds in the soil apparently allowed « 
experimental populations to persist even when every flowering plant was reir ^ 
in 4 successive years. However, small populations were far more susceptib. 
extinction than large populations.

Extinction Vortices
The smaller a population becomes, the more vulnerable it is to further deinogra: 
variation, environmental variation, and genetic factors that tend to lower reproduc 
increase mortality rates, and so reduce population size even more, driving the 
lation to extinction. This tendency of small populations to decline toward e““ 
has been Kkened to a vortex, a whirling mass of gas or liquid spiraling inw 
closer an object gets to the center, the faster it moves. At the center of an eitlnct 
vortex is oblivion: the local extinction of the species. Once caught in such a v 
it is difficult for a species to resist the pull toward extinction (Palomares et al. 2 ^ ^

As one example, a decrease in an Iberian lynx {Ltpix pardinus) population can: 
by loss of its rabbit prey may cause inbreeding depression and associated hi|;

mortality rates, further decreasing population size (Palomare 
al. 2012). Decreased population size may then result in biased 
ratios and the inability to find mates, leading to an even ’ 
population size. The smaller population is then more vuJri 
to further population reduction, loss of heterozygosity, and 
tual extinction caused by unusual environmental events.

These three forces—environmental variation, demographic variation, and i 
of genetic variabUity^act together such that a decline in population size caused 
one factor will increase the vulnerability of the population to the other two 
(Figure 11.15).

It is also important to remember that as a population becomes smaller, it 
tends toward becoming ecologically extinct: once a toucan population drops bi 
a certain size or density in a rain forest, for example, fruits might go uneaten 
seeds will not be dispersed.

An important implication of the extinction vortex is that addressing the 
cause of population decline may not be sufficient to recover a threatened ^ 
tion. Such was the case with the greater prairie chicken population in Illinois 
scribed earlier. The original population of over 1 million prairie chickens do-*' 
to below 50 following the arrival of European settlers, with a decline in 1 
and hatchability. Habitat restoration of the prairie landscape, reversing one of 
major original causes of decline, failed to help the population recover. The "«• 
prairie chicken population began to grow only after it was outcrossed to * 
tions from other states to reverse inbreeding depression.

As the prairie chicken example illustrates, once a population has declined^ 
small size, it will probably go extinct unless unusual and highly favorable concf 
allow the population size to increase (Shrott et al. 2005). Such populations
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jre 11.15 Once a population drops below a certain size, it enters an extinction vortex in 
■h the factors that affect small populations tend to drive its size progressively lower. This 
'■ward spiral often leads to the local extinaion of species. (After Gilpin and Soule 1986 
Guerrant 1992.)

.. dire a careful program of population and habitat management, as described in 
“r chapters, to increase population growth rate and allow the population to escape 

a the harmful effects of small population size. In addition, the methods of popu- 
viability analysis, described in Chapter 12, allow predictions to be made as to 

these actions will affect the probability of population extinction.

SUMMARY

1.

3.

In many cases, protecting populations is the key to 
protecting species from extinction. The minimum 
viable population (MVP) size is the smallest population 
size that can be predicted to have a high chance of 
persisting for the foreseeable future. The MVP for 
many species is at least several thousand individuals. 
Biologists have observed that small populations 
have a greater tendency to go extinct than large 
populations. Small populations are subject to a more 
rapid rate of extinction for three main reasons: loss of 
genetic variability and related problems of inbreeding 
depression and genetic drift, demographic fluctuations, 
and environmental variation or natural catastrophes.
To protect small populations, we need to determine the 
effective population size, which is a genetic estimate 
based on the number of individuals that are aaually 
producing offspring. The calculated effective population 
size is often much lower than simply the number of 
living individuals because (1) many individuals are not

4.

5.

reproducing, (2) there may be an unequal sex ratio, (3) 
there may be variation among individuals in number of 
offspring produced, and (4) populations may show large 
fluctuations in size over time.
Variations in reproductive and mortality rates, known as 
demographic variation, can cause small populations to 
fluctuate randomly in size, sometimes leading to extinc­
tion. Environmental variation can also cause random 
fluctuations in population size, with infrequent natural 
catastrophes sometimes causing major reductions.
Once a population's size has been reduced by habitat 
destruction, fragmentation, and other human activities, 
it is even more vulnerable to random fluctuations in 
size and eventual extinction. The combined effects of 
demographic variation, environmental variation, and 
loss of genetic variability on small populations create 
an extinction vortex that tends to accelerate the drive 
to extinction, and may require population and habitat 
management to be counteracted.
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For Discyssion
1. Imagine a species that has four populations, consisting of 4, 10, 40, and 100 indivi 

Using Wright's formula, W = 1 - 142 AfJ, calculate the loss in heterozygosity over 1, 2, 
5, and 10 generations for each population. Calculate the effective population size, f.t 
for each population, assuming that there are equal numbers of males and females; 
calculate it assuming different proportions of males and females. Allow the popula' 
size of each group to fluctuate at random around its average value. Calculate how 
affects the loss of heterozygosity and the effective population size.

2. Construct a simple population model of a rabbit that has a stable population size (se 
p. 269; then add environmental variation (such as severe winter storms or predation* 
and demographic variation (number of offspring produced per rabbit per year), and 
determine whether the population would be able to persist over time. Use the me 
shown in the text, computer simulations (see Shultz et al. 1999 and Donovan and 
Welden 2002 for ideas), or random-number generators (flipping coins is the easiest).

3. Find out about a species that is currently endangered in the wild. How is it or how 
it be affected by the problems of small populations? Address genetic, physiological, 
behavioral, and ecological aspects, as appropriate.
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