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Population dynamics

Ecology: Study of abundance and distribution of organisms in relation to other organisms and

the environment.

Population dynamics: an approach to Ecology that studies variation over time and space in

the number of individuals, density of individuals and species composition

Why the study of ‘variation’ (patterns)? Because time series patterns of abundance hold

information regarding the biological processes driving the changes!

Doing (ecological) science: Explaining and predicting patterns using key biological

processes!
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Lynx rufus

to illustrate the OUSS model. All the data sets in Fig. 1
are among those included in the R programs presented
in the Supplement.
The parameter l tends to be estimated with

precision, according to the REML bootstrap confi-
dence intervals (Fig. 1). The parameters h, b2, and s2

are not estimated well for these data, as suggested by
the wide confidence intervals (Fig. 1). The GSS model,
and by implication the OUSS model, sometimes has
ridge-like likelihoods, or likelihoods with multiple local
maxima corresponding to sub-models with all obser-
vation error or all process noise (Dennis et al. 2006,
2011, Knape 2008), especially for short time series.
Replicating the sampling process one or more times at
selected sampling times can substantially improve
parameter estimation (Dennis et al. 2010), as can
substantial amounts of transience in the data (non-
stationarity) resulting from initiating the time series far
from equilibrium (Dennis and Taper 1994).

DISCUSSION

If unequal sampling intervals are due simply to data

missing from otherwise equally spaced observations

(such as the data in Fig. 1), then the ordinary GSS

model can in fact be used with modification. The GSS

model, like the OUSS model, has observations with a

multivariate normal log-likelihood (Eq. 19). To calculate

ML estimates for the GSS model, the missing observa-

tions in question are deleted from the vector y, the

entries corresponding to the missing observations are

deleted from m, and the rows and columns correspond-

ing to the missing observations are deleted from V. The

resulting expression is the proper log-likelihood function

for the multivariate normal distribution of the remaining

observations, under a standard property of the multi-

variate normal distribution (Seber 1984). While deleting

observations from the GSS is easy in principle,

programming software to automate the deletions in

FIG. 1. Four population-abundance time series (circles), with expected values of true abundances given the other observations
(dashed lines), and bootstrapped 95% confidence intervals for true abundances (dot-dashed lines), estimated with restricted
maximum likelihood under the Ornstein-Uhlenbeck state-space model. Parameter estimates used in the plots are l̂ (mean stationary
log-abundance), ĥ (rate of approach to stationarity), b̂2 (variability of process noise), and ŝ2 (variability of sampling). (A) Bobcat
furbearer harvest records from Idaho, USA (parameter estimates with bootstrapped 95% confidence intervals in parentheses): l̂¼
6.79 (6.61, 6.97), ĥ ¼ 1.26 (3.91 3 10"7, 20.2), b̂2 ¼ 0.272 (7.43 3 10"3, 3.94), ŝ2 ¼ 7.48 3 10"4 (9.14 3 10"10, 0.0847). (B) Bobcat
furbearer harvest records from Maine, USA: l̂¼ 5.78 (5.47, 6.08), ĥ¼ 0.877 (0.0226, 10.3), b̂2¼ 0.735 (0.0202, 2.40), ŝ2¼ 0.00475
(1.79 3 10"8, 0.334). (C) Elk population estimates from Grand Teton National Park, Wyoming, USA: l̂¼ 7.29 (7.14, 7.44), ĥ ¼
0.868 (0.229, 19.3), b̂2¼ 0.0990 (0.0296, 1.45), ŝ2¼ 9.803 10"9 (2.933 10"11, 1.223 10"3). (D) Grasshopper density estimates from
the western mountainous region of Montana, USA: l̂¼ 1.56 (1.31, 1.82), ĥ¼ 0.722 (0.272, 2.01), b̂2¼ 0.347 (0.160, 0.752), ŝ2¼ 2.27
3 10"7 (3.81 3 10"8, 2.27 3 10"5).

BRIAN DENNIS AND JOSÉ MIGUEL PONCIANO2074 Ecology, Vol. 95, No. 8
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Arctocephallus gazella

can be sustained by the environment has been attained
and growth rate slows down, and from 1996 onwards has
been close to zero [mean=2.5±12.5 (95%C.I.)] (Fig. 4).

Discussion

Population modelling

Although the logistic model used in this study is of a
simple nature, it has been helpful to explain current

trends in growth rates. The scatter in the data also
implies that a more complicated model than the one
used here is not justified, and in the absence of other
information, the logistic is to be preferred because of
its simplicity alone (principle of parsimony). However,
in order to identify which factor(s) determine popula-
tion dynamics, a switch to a process-based model that
encompasses relevant factors will be fundamental in
order to further understand the population dynamics of
A. gazella at the study site and investigate the forces

Fig. 4 Antarctic fur-seal pup
production at Cape Shirreff and
San Telmo Islets, South
Shetlands (1966–2002) with 3%
error bars. The fitted line
corresponds to the logistic
model parameterized by
K=9294; t50=1991; r=0.2625.
Also shown in boxes is the
percent rate of increase for
different periods and the
standard error of the mean
(SEM) for the series ranging
from 1992 to 2002

Fig. 5 Antarctic fur-seal
pre-exploitation and current
population numbers at Cape
Shirreff. Note the order of
magnitude difference between
virginal and present population
levels [and associated carrying
capacities (Kt)]. These Ks
correspond to total population
estimates for both historical
and present periods (see
Discussion for further
explanations)

308
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Bull trout in Montana
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Point estimates of change in community composition

any XMRV isolates with the same or nearly the
same sequences identified elsewhere originated
from this event (23).
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Predicting a Human Gut Microbiota’s
Response to Diet in Gnotobiotic Mice
Jeremiah J. Faith, Nathan P. McNulty, Federico E. Rey, Jeffrey I. Gordon*

The interrelationships between our diets and the structure and operations of our gut microbial
communities are poorly understood. A model community of 10 sequenced human gut bacteria
was introduced into gnotobiotic mice, and changes in species abundance and microbial gene
expression were measured in response to randomized perturbations of four defined ingredients
in the host diet. From the responses, we developed a statistical model that predicted over 60%
of the variation in species abundance evoked by diet perturbations, and we were able to identify
which factors in the diet best explained changes seen for each community member. The approach
is generally applicable, as shown by a follow-up study involving diets containing various
mixtures of pureed human baby foods.

Owing to its many roles in human health
(1–3), there is great interest in decipher-
ing the principles that govern the opera-

tions of an individual’s gut microbiota. Current
estimates indicate that each of us harbors several
hundred bacterial species in our intestine (4, 5),
and different diets lead to large and rapid changes
in the composition of themicrobiota (6, 7). Given
the dynamic interrelationship between diet, the
configuration of the microbiota, and the parti-
tioning of nutrients in food to the host, inferring
the rules that govern the microbiota’s responses
to dietary ingredients represents a challenge (8).

Gnotobiotic mice colonized with simple, de-
fined collections of sequenced representatives of
the various phylotypes present in the human gut
microbiota provide a simplified in vivo model
system in which metabolic niches, host-microbe,

and microbe-microbe interactions can be ex-
amined by using a variety of techniques (9–12).
These studies have focused on small commu-
nities exposed to a few perturbations. We used
gnotobiotic mice harboring a 10-member com-
munity of sequenced human gut bacteria to mod-
el the response of a microbiota to changes in host
diet. We aimed to predict the absolute abundance
of each species in this microbiota on the basis of
knowledge of the composition of the host diet.
Furthermore, we wanted to gain insights into the
niche preferences of members of the microbiota
and to discover how much of the response of the
community was a reflection of their phenotypic
plasticity.

The 10 bacterial species were introduced into
germ-free mice to create a model community
with representatives of the four most prominent
bacterial phyla in the healthy human gut micro-
biota (fig. S1A) (13). Their genomes encodemajor
metabolic functions that have been identified in
anaerobic foodwebs, including the ability to break
down complex dietary polysaccharides not acces-

sible to the host (Bacteroides thetaiotaomicron,
Bacteroides ovatus, and Bacteroides caccae);
consume oligosaccharides and simple sugars
(Eubacteriumrectale,Marvinbryantia formatexigens,
Collinsella aerofaciens, and Escherichia coli);
and ferment amino acids (Clostridium symbiosum
and E. coli). We also included two species capa-
ble of removing the end products of fermentation:
a H2-consuming, sulfate-reducing bacterium
(Desulfovibrio piger) and aH2-consumingacetogen
(Blautia hydrogenotrophica).

To perturb this community, we used a series
of refined diets in which each ingredient rep-
resented the sole source of a given macronutri-
ent (casein = protein, corn oil = fat, cornstarch =
polysaccharide, and sucrose = simple sugar) and
in which the concentrations of these four ingre-
dients were systematically varied (fig. S1, B
and C, and table S1). Each individually caged
male C57Bl/6J mouse was fed a randomly se-
lected diet, with diet switches occurring every
2 weeks (n = 13 animals; fig. S1D shows the
variation of diet presentation between animals).
Shotgun sequencing of total fecal DNA allowed
us to determine the absolute abundance of each
community member, based on assignment of
reads to the various species’ genomes, in samples
obtained from each mouse on days 1, 2, 4, 7, and
14 of a given diet period (13).

To predict the abundance of each species in the
model human gut microbiome given only knowl-
edge of the concentration of each of the four per-
turbed diet ingredients, we used a linear model

yi ¼ b0 þ bcaseinXcasein þ bstarchXstarch þ

bsucroseXsucrose þ boilXoil ð1Þ

where yi is the absolute abundance of species i;
Xcasein, Xstarch, Xsucrose, and Xoil are the amounts
(in grams per kilogram of mouse diet) of casein,

Center for Genome Sciences and Systems Biology, Washington
University School of Medicine, St. Louis, MO 63108, USA.

*To whom correspondence should be addressed. E-mail:
jgordon@wustl.edu
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types and other lactic acid–producing bacteria that are abundant
in these communities. The prominence of these populations and
their important role in modulating vaginal pH suggests they
might be drivers in these communities and thought of in terms of
Walker’s driver–passenger model (34, 35). This model posits that
ecological function resides in “driver” species or in functional
groups of such species that have key ecological functions that
significantly structure ecosystems, whereas “passenger” species
are those that have minor ecological impact. Studies done to
tease out the influence of these various factors on vaginal com-
munity ecology will be important to understanding community
stability, resistance, and resilience so that strategies can be de-
veloped to maintain human vaginal health and prevent disease.

Vaginal Community Space. The relationships among communities
were visualized by principal component analysis and displayed in
3D space. The three principle components explained 82% of the
variance. Each point in Fig. 4 represents the vaginal community
of an individual. Communities dominated by species of Lacto-
bacillus and representing groups I, II, III, and V are shown at
each of the four outer vertices of the tetrahedron, with com-
munities of group IV at the inner vertex. Communities found on
the edges joining two vertices are mixtures of the two Lactoba-
cillus species that dominate the communities found at the cor-
responding vertices, with an equal proportion of each species at
the midpoint of the edge. We refer to each location in this 3D
space as a community state, and one can consider the entire

space to represent the plausible alternative community states, or
vaginal bacterial community space.
The cross-sectional design of this study with only one sample

from each subject precludes knowing whether the locations of
these communities in vaginal community space vary over time.
Nonetheless, at this stage we can propose four distinct conceptual
models for the variation of community composition over time.
The first is the “dynamic equilibrium hypothesis”, in which the
composition of a community is comparatively invariant over time
and exists in a single dynamic equilibrium. A second “community
space hypothesis” is the opposite of the first, and each community
can and does occupy any position in community space over time
and throughout a woman’s lifetime. These changes are postulated
to occur in response to hormonal cycles, an individual’s habits and
practices, changes in diet, or some other ecological force. A third
model is an “alternative equilibrium states hypothesis”, wherein
a woman’s community can change over time, but the number of
alternative states are limited in number and governed by unknown
factors. A fourth possibility is a “community resilience hypothe-
sis”, in which a community normally resides in a single region of
space. Under this scenario the composition and structure of
a vaginal community can change to a transitional state in response
to disturbance, but the resistance and resilience of a community
determine the extent and duration of a change, whereas homeo-
static mechanisms drive communities back to their “ground
state”. We expect that no single hypothesis will explain the dy-
namics of all communities. Each of these hypotheses can only be

L. iners

L. crispatus

L. jenseni

L. gasserii

100%

100%

100%

100%

Diverse group

A B

C

Fig. 4. Relationships among vaginal bacterial communities visualized by principal component analysis in which the relative abundances are expressed as
proportions of the total community and displayed in 3D space. Communities dominated by species of Lactobacillus and representing community groups I, II,
III, and V are shown at each of the four outer vertices of the tetrahedron, with communities of group IV at the inner vertex and shown in the Inset. (A) Each
point corresponds to a single subject and was colored according to the proportions of phylotypes in each community. (B) pH of each vaginal community
shown in A. (C) Nugent score category of each vaginal community shown in A.

6 of 8 | www.pnas.org/cgi/doi/10.1073/pnas.1002611107 Ravel et al.

Ravel et al 2011, www.pnas.org/cgi/doi/10.1073/pnas.1002611107
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What are the biological processes driving the changes in abundances
(dynamics)?? Answering this question has applications in

• Conservation Biology/Wildlife management: predicting and explaining persistence of

populations. Why some species grow here and not there (space/time)?

• Modern medicine and understanding human body as an ecosystem! The human

microbiome as an example.

• Human and Veterinary medicine: understanding the growth of antibiotic-resistant bacteria

• Food for the world: Why some crops are dramatically declining over time? How does

variation in a particular trait may prevent crop-population collapses?

• Climate change: how do changes in Environmental conditions affect the survival of

individuals of a particular species?

• Managing the world fisheries?!
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Understanding change

I cannot possibly make you learn all the facts about any given species/population. There is

little point in focusing only on memorizing factoids about natural populations. . .

In fact, the whole “college courses” approach where your are asked to learn facts relevant to

our present times may be useless because change, not stasis, is the natural order of things.

We need tools to understand and predict changes.

What I can do, however, is to teach you a neat approach to think about population size

changes. This approach is very general.

Generality. . . 1) gives us applicability to a wide array of problems, 2) forces us to focus on

identifying key processes that can be targeted for management, prediction and

understanding.
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Let’s see an example
Well, many examples in fact. . .
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Life histories of organisms are bound to drive changes in
population sizes

The assumption of continuous births that the book uses in chapters 12 and 13 later on does not

work well for many organisms. In fact, models in which reproduction occurs in discrete-time are

much easier to read and interpret. Here’s some life histories of organisms with discrete-time

reproduction

• Plants: Herbs often flower in their first year and then die after setting seed. These are

monocarpic plants.

– Many monocarpic plants are annuals, few are long lived. Many bamboos are long-lived,

flower once and then die. Others have flowering times of 1,3,11,15,30,48 and 60 years.

One Japanese species Phyllostachys bambusoides waits 120 years to flower!!

– Some bamboo species also synchronize reproduction within cohorts!. The Spring 1983

simultaneous mass flowering and death of Fargasia spathacea and sinarundinarioa

fangiana resulted in the starvation and eat of many pandas.

– Agave deserti, also monocarpic, lives 20 to 25 years before flowering. Also reproduces

via clones!
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Insects
Semelparity is for animals what monocarpy is for plants (where does this strange name comes

from?). Semelparous insects can be

• Univoltine: one generation per year (Mayflies)

• Bivoltine: two generations per year

• Multivoltine: multiple generations per year

Some semelparous insects are long lived (13 and 17 year cycles!). Can you think of a

semelparous vertebrate? There are no semelparous birds! All birds are iteroparous. Strong

climatic conditions can drive synchrony. For example, the largest breeding area for the

Greater Snow Geese Chen caerulescens is on Bylot Island in Canada. 1n 1957, 15000 birds

nested in the area and ALL egg laying started on 8 June, stopped on 20th June and

hatching occurred between 8-13 July.

There are 9 small marsupials in the genera Antechinus and Phascogale that are semelparous.

Males become sexually active after 11 months and die exactly 3-4 weeks later. All of them.

Births are highly synchronized. These species live in very predictable environments with

precise insect blooms (global warming???)
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Organizing all this info using key dichotomies in
reproductive strategy and developmental rate

• Reproductive stragegy can be classified as semelparous (reproducing only once) or

iteroparous (reproducing multiple times)

• Development can be classified as precocious (rapid development to maturity) or delayed

Crossing these two biological dichotomies gives us a very general set of combinations of

life-histories



34

Life cycles table

Developmental+strategy+
Semelparous Iteroparous

Precocious annual%plants%and%insects%with%rapid% small%mammals%and%birds%that%begin
development%and%1%reproduction reproduction%young%but%live%many%years

Delayed Periodical%cicadas,%bamboos organims%with%long%pre9reproductive%periods
that%reproduce%only%once%but%take and%then%survive%and%reproduce%for%many
many%years%to%do%so years

Reproductive+strategy
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Life cycle graph: youngs and adults

n1surv. & no matur. n2 surv.

surv. & matur.

reprod: # of offspring
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Life cycle graph

n1σ1(1 − γ) n2 σ2
σ1γ

φ

σ1, σ2 : denote the fraction of juveniles and of adults alive at time t that survive to time t + 1

γ : the fraction of surviving juveniles that mature to become adults

φ : the number of juveniles at time t + 1 that are produced by one adult at time t
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Modeling the basic discrete life-cycle
The basic life cycle consists of two stages: reproducing adults and non-reproducing juveniles.

Let

σ1, σ2 : denote respectively the fraction of juveniles and of adults alive at time t that survive to

time t + 1

γ : the fraction of surviving juveniles that mature to become adults

φ : the number of juveniles at time t + 1 that are produced by one adult at time t

Now, let’s write a mathematical model that tracks the changes in the number of adults and

juveniles (Board notes now...)


