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Outline

A short introduction to ecology

A short introduction to competition for
resources

Will evolution (coevolution) increase or
decrease the probability of coexistence of
competitors?

Some recent work on competition and
coevolution among specialists and
generalists



Ecology 101

« The study of the distribution, abundance,
diversity and characteristics of species

« Central problems

— How do the population sizes and characteristics of
species respond to environmental changes

— How can we account for temporal or spatial
differences in the number of species and their
characteristics

* These problems are inherently mathematical
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Competition for resources

« Resources: Substances that are consumed, whose
consumption increases the per-individual population
growth rate of the consumer, and whose abundance is
decreased by consumption

« Competition for resources occurs when consumption
reduces resource abundance enough that consumer
intake is reduced

— QOccurs within and between species; intraspecific and
interspecific

— Determines whether different consumer species are able to
coexist

— Is a major determinant of the number and relative abundance of
species



The competitive exclusion principle

» Originated with Vito Volterra (1926)
Dyrll{amics of two consumers, N. and one resource,
dN,/dt = N,f,(R), dN./dt = Nf,(R), where
f.is a nondecreasing function of resource
abundance, R; f = 0 has a unique root for each
consumer, R* (f(R*) =0, f(0) < 0)
dR/dt = g(R) - N,c,(R) - N,c,(R)
where g(R) is resource growth;

c; is per individual consumption of resource by
consumer i, and is a nondecreasing function

1. A equilibrium point has only a single consumer characterized by the
smaller R* (R;" = R," is considered impossible by most ecologists)

2. Competitive exclusion limits the number of consumer species to be
less than or equal to the number of resources (at a stable point)



What allows more species?

Nonequilibrium conditions (Armstrong &
McGehee, 1970's)

Lots of resources (MacArthur & Levins 1960's)

Both of the above conditons are the rule-not the

exception

But, the possibility of coexistence does not imply

that coexistence is likely

How much of a difference in resource use is
needed for coexistence on 2+ resources”?

What other conditions are needed for
variability to allow coexistence?



Coexistence on two resources-
Robert MacArthur, Richard Levins

% gl B) 5 ol D Cou R, Coexistence at a stable

dR, e.q.uilibrium IS possiblg for some
o =R,g,(R,)-C,R,N,—C,,R,N, finite range of d, - d,, iff

dN, . C14/(Cyq + Cyp) # Cpy/(Cyy + Cyy)
? =N, f, (C11R1 + C12R2) with f(d;)=0 Define C/(C..+C.,) = p.

dcli\iz =N, f,(C,,R +CL,R,) with f(d,)=0

RESOURCE PARTITIONING; can

allow wide ‘coexistence bandwidth’ d

1max? d1min

If competitors have 'mirror image' p values
(p; =1 - p,), then the range of relative

mortalities allowing coexistence increases at T T e o
an accelerating rate with p in an example
with d, = 0.1, standard logistic resources P



Is resource partitioning and similar
efficiencies (R*) sufficient for coexistence?
No

If C,, > C,,, and d, sufficiently

@ =R(1-R)-C, RN small, R; = 0 at equilibrium
dt : . LY T I, with one consumer.
dR, Therefore coexistence with a
=pR,d-R,)—C|,R,N, second consumer at a stable
! point is impossible.
dN .
-=N,(b(C,\R +C,R,)-d,) = 0 f Gregigent = 0
[ 1. Two almost identical
/ generalists can coexist
0.8
. diw 2. Twodifferent partial

specialists cannot coexist
—> 0.4 dmm

3. Different near-complete
specialists can coexist for
wide range of d




Coexistence on one resource due to difference in
the shapes of the intake rate functions and
variation in resource abundance

dR, rR(l Rj C.RN, C,RN, h denotes handling timedper
— = i A o resource item consume

dt )5 i o NG B (when additional intake is
dNG L [ bCR d] not possible); h, >> h,

dt NGRS b denotes conversion

dN, b,C,R efficiency of resources into
=N, —d, new consumers
dt 1+ C,h,R

d is a per capita death rate
(or equivalently the scaled

intake rate needed for ZPG)
RESULTS OF NUMERICAL ANALYSIS i

Coexistence of 2 species can occur with
varying resource densities
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Coexistence of 3+ species requires very
delicate balancing of parameters
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How does coexistence occur?

Consumer 2, with a more strongly saturating
response has a lower R*

But, consumer 2 when alone approaches a limit
cycle where (R, > Ry", R,"; thus consumer 1
Increases when mvadmg a system with
consumer 2

Consumer 1 when alone approaches a stable
point R;* > R,"; thus, consumer 1 increases
when rare

In this simple model, mutual invasion implies
coexistence (attractor bounded away from axes
of phase space exists)



“Coexistence bandwidth” due to endogenous
and exogenous cycles with a difference In
consumer functional response shape

dN,’
dr'

dn, =b2N2'L—d2
dt' 1+ AR’

:blva(R'_dl)

Max and Min R*

q 1+AR'

Parameters in scaled model:
h=10;d,=0.06;b,=10r 10

=N L TN @) Tt s ) IR ) L S )

o5 50 i S T N i - api
Environmental Period, q

Coexistence occurs for R* values of consumer 1 that span most of
the range of potential R* (0,1).

Coexistence depends on demographic speed of linear consumer
See Abrams 2004 Ecology 85:372-382.
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How much does each mechanism (resource
partitioning vs. temporal variation) contribute
to coexistence in natural communities?

* Why is it important to know?

« Why is this hard to answer?
— Effective partitioning is hard to measure

— Quantifying temporal variation requires long-
term records of environment variables and
their effects on population growth

— Theory on the potential mechanisms by which
variation affects coexistence is still at an early
stage of development



Does evolution affect coexistence
and/or species diversity?

Species must coexist to evolve (coevolve)

Evolution may increase or decrease the
coexistence bandwidth for a given pair of
species

Evolution within species usually makes stable
communities less invasible by other species,
by decreasing resource densities

If evolution results in speciation into more
specialized descendent species it increases
diversity



New Work: Coexistence and coevolution
of specialists and generalists with little
difference in response shape

* Most plants are fed upon by specialist and
generalist herbivores

« Most herbivorous insects are attacked by both
specialist and generalist parasitoids

« Many organisms are attacked by an array of
specialists with different degrees of
specialization

How do they coexist and coevolve?




The foodweb

¥ .\ (5
Ci \ 19/ \ / C,

tradeoff
Resources

Consumer population dynamics are determined
by resource consumption

If the generalist has capture rates, G, and G,
based on a specified tradeoff; the position on this
tradeoff curve may be fixed or flexible (behaviour)



PREREQUISITES FOR COEXISTENCE GIVEN
SIMILAR FUNCTIONAL AND NUMERICAL
RESPONSE SHAPES FOR ALL CONSUMER
SPECIES

* Nonlinearity of consumer dynamics-saturating
resource intake function

* Asynchronous resource fluctuations -due to
differences in the two specialist-resource
subsystems

« (Generalist disadvantage under constant
conditions



Why are these prerequisites for
coexistence?

* The generalist must have an advantage when it
IS rare, and that advantage must disappear
when it gets common

— Advantage is less variability in food intake, which
occurs when fluctuations in abundance of the two
resources differ

— Variation in resource intake is bad because of the
nonlinear functional response

— Advantage disappears as generalist grows because
an abundant generalist synchronizes fluctuations in
different resources and (possibly) reduces their
amplitude



Specialist-generalist competition endogenous
cycles-inflexible choice-1 habitat

AR, _, el RtaR)| CNR p"C\N R, Logistic resource
dt e K 1+hC.R 1+h(p"CR +(1-p)"C,R grOWth with
1 L P iy pP) Lk, b
competition and
AR, o BtaR) ) CNR, (1-p)"C,N,R, immigration
s K, 1+hCyR, 1+h(p'"CR +(1-p)'C,R,)
le _N bICIRl d ! i
) et 6 TR AT Saturating intake functions
(functional responses)
dN, b,C,R,
:N2 —_d2
dt 1+hC,R,

dny 48 [ b,P"CR +b (1= p)'C.R, J
dt 8 8

8
1+h(p"CR +(1-p)'C,R, )

The generalist has a tradeoff with a shape determined by n. Value
of resource choice trait, p, is fixed (for this part of the presentation)



Tradeoffs exist due to: association of resource with habitat, or different
morphological requirements for different resources (beak size in birds)

h =052

(QV|
@ 0.8f
§ weak tradeoff
2 0.6/ (generalist excludes
B Sa specialists unless it has
8 g L a disadvantage in
W= another parameter)
X R o
& .
< /
P T TR ekt R e g 1
strong tradeoff p = specialization on resource 1

Fitness when R, = R, has intermediate minimum
when n > 1 & Intermediate maximum when n < 1



Quantifying coexistence; how much can the generalist mortality differ from that
of the specialists, and still allow coexistence? {Resources differ in K or r}
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tradeoff with p constant
(p = 0.5)

2. Maximum excess
mortality in the
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3. Range of excess
generalist mortality is
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1.5x difference in r-values for resources 1 (solid) and 2 (dashed)

Population dynamics when excess generalist mortality is low (top panels) or high

(bottom panels);
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Numerical results depend strongly on:

1. Large value of ChK (= approx. 4), or equivalent nonlinearity in
{?)sponse (ChK = ratio of 'handling' time to search time when R; =
[
Specialists ignore 'other' resource
Cycles due to endogenous cycles (exogenous can allow

coexistence for a narrow range of parameters)
No behavioural choice (choice favours coexistence)

No competition between resources (competition favors
coexistence)

Numerical results relatively insensitive to:

g 116000,

1.  Nature of resource growth (given cycles)

2. Differences between the maximum capture rates of the 2
resources, C,, C,

3. Tradeoff exponent, n, or specialization, p

Generalist coexists by consuming negative covariance in resource abundances



Consequences of adding adaptive
choice of resource in the generalist

The choice trait p has behavioral dynamics, modeled by
Independent fitness gradient dynamics of each of several
behavioral 'types’, i - (Abrams and Matsuda 2004.
Population Ecology 46:13-25).

dW/dp is rate of increase in fitness
dp. [dWi ]+ £ £ with a unit change in p
—s i)

dt dp,

p. (A-p,) v is a constant of proportionality

¢ is a very small number (e.g. 106)
e terms represent biased behavioral change at extreme values

In most cases, different types converge to a single cycling strategy



Max and Min excess mortality

"Coexistence bandwidth" with endogenous cycles and switching

0.0175\_/~4\_/\
0.015! i3
| Zone of n=1
& one) 2 3 v o . !
: coexistence p shifts
Ao SR By adaptively
J RISy
: Zone w/out
O 1{CH0) 5y d
: behavior
0.00255

GREATER COEXISTENCE BANDWIDTH BECAUSE
1. Cycle amplitude is damped by abundant switching generalists
2. Stronger resource synchronization due to more rapid response

3. Generalist can sustain a higher excess mortality because
switching allows it to obtain more resources



Other consequences of adaptive
behavioural choice

1. Exogenous cycles often produce an even
wider coexistence bandwidth than endogenous
cycles (and more easily allow coexistence of 2
or more generalist types)

2. (Coexistence becomes less sensitive to other
variables (such as handling time)

3. Coexistence becomes less senstive to other
aspects of the model (such as whether
resources can be encountered in same
habitat)



Will evolution of generalist lineages
lead to (or eliminate) three or more
coexisting types?

(Models with inflexible behavior)



ap;
dt

1.

Evolution of the choice trait, p;
endogenous cycles; summary

ey > hear extreme p; several
;3 =P ) reproductively isolated types, |

dW. £ £ v << 1; € reflects biased mutation
== Liaar e L
dp,

If tradeoff is weak, only one type evolves
Generalist under stabilizing selection
Generalist is superior to specialists
If tradeoff is moderately strong (1 < n < 1.8%),
trimorphism with 2 specialists and a generalist is
common, given 3 or more lineages

If tradeoff is very strong (n > 1.8%), only dimorphism

with two specialists when 2 or more lineages
*depends on
magnitude of ChK



Evolution of trimorphism depends on
number of lineages, but seldom on
initial trait values of lineages

One generalist gives rise to 2 specialists; One or both specialists can
always be invaded by a generalist, given the conditions

0.6
0 4l Example where the two
T P e e Wil specialist lineages each
L lﬁ . .
9 5 O give rise to a new

Hd lineage, and the resulting

: . i U\LJH .
W% new lineages eventually

1000 2000 3000 4000 5000  CONVErge

time



More than 3 lineages cannot both evolve
and coexist (for systems studied so far)

Fitness of a rare invading type with trait p, 3 resident types given by arrows
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Invasion fitness at a two-specialist
evolutionary equilibrium-3 cases

n=1.75
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Specialization index, p

n = 1.75 can become trimorphic only if a new lineage with 0.4 <p < 0.6
invades

n = 1.9 case must remain dimorphic



Some dynamic complexities

Attractor #2 for n=1.6

Attractor #1 for n=1.6
invasion fitness
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Conditions for diversification leading to
a generalist + 2 specialists in the
absence of behavioural switching

Source of asynchronous cyclic dynamics needed
Large ChK and endogenous cycles

Moderately strong tradeoff 1 < n < 2 (generalist
must be able to coexist with same mortality as
specialists)

Death rates intermediate in range with cycles

(Exogenous forcing can cause diversification for
narrow range of parameters)

NOTE: If lineages differ in their underlying fitness functions, coexistence
IS easy to achieve, and evolution will expand the range of parameters
allowing coexistence



Will evolution of generalist
lineages lead to (or eliminate)
three or more coexisting types?

(Models with flexible behavior)



A model of many consumer lineages sharing 2 resources, and
adaptively changing via behavioral choice (determined by z)
and morphology (determined by x)

dR o F(z,)C,(x,)N.R
& f R 142,008 & F, and F, denote
& = 1+ AGEGER + ()G 0k, ) fractional changes in
Ry % t)_"iai‘ F,(z)C, (x)N:R, attack rates caused by
dt i=1 1+h(E(Zi)Cl(xi)Rl +F2(Zi)C2(xi)R2) the behavioural trait z.
dN;, =N [b F (z)C (x)R + F,(z)C,(%)R, —d} =NW X IS a morphological
dt 1+ (F(2)C (x)R + F,(2)C,(x)R, ) trait that determines
bt (T2 S b relative specialization
at x| xF (—x) on resources 1 and 2;
dz, gYe s e e V,>>V,
:vz 5 2 ie 7
dt dz, iy —athatiz0)

Assume F;=2z™ F, = (1-2z)™; G, = x" G, = (1-x)"



case of very rapid behavioural choice

Fitness vs. morphological trait x when R, = R,
Dashed line-random choice; solid-adaptive choice
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« Adaptive choice changes the morphological trait-
fitness relationship so that it always has a
minimum forp=0.5whenn>1-m

» Therefore, evolution of two lineages produces
two specialists

« Behaviour improves chances for additional (3+
lineage) diversification.

— Under endogenous cycles trimorphism occurs for
wider range of n (~0.5 < n < ~2.5)

— Under exogenous cycles many consumer morpho-
types can arise and persist



An example of trimorphism under
endogenous cycling

Final dynamics of traits in a system with n = 3/2; v, = 0.05; v, = 20; r, = 1.5r,

0.8¢

0.6¢

1

A I 2

2900 2950

2900 2950

Behavioral traits at trimorphic
cycle (solid line is the species
specialized on resource 2; short
dashed line-resource 1
specialist; long dashed line-
generalist)

Corresponding
morphological traits on a
0-1 scale



An example of multimorphism (4 types)
under exogenous cycling

Behavioural traits

0.2

0.1750 '\
0.15f /
0.125 |
0.1 ;
0.075} |
0.05}/

4350

4900

4950

Resources

4850

4900

4950

5000

5000

Morphological traits

0.7
0.6
0.5

0.4

0.3 .

/_’J_\/f\/ 0.4

Consumers

0.425

, ,
; \ , \
e \\ ) Y
/ \ ) \
// \\ /, \\
4 N h \
O.375{“\\\JM;///ﬁj\\v/r”T“\\\/%y///¥K\x/ﬂJ
\ \
. . \ /]
0.35 N // \\ /
\4// N7

0.325

0.3

0.275

4850 4900 4950 500C

4850 4900 4950 5000

Model has abiotic resources; equal input
rates

R4l 2 Mg,
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with period of 100; range .05-1.95xmean



Summary of new work

1. Variable resource densities in systems
with 2+ resources can allow coexistence by
a different mechanism than in single
resource systems

2. Evolution can often produce the
maximum diversity that is permitted by
coexistence

3. Behaviour plays a key role in allowing
both coexistence and evolutionary
diversification.



Why are these results important?

They add significantly to the < 5 theoretical
analyses of the coevolution of competing
species in variable environments

They argue for studying the variation of
generalist abundance with resource cycle
synchronization (apparently never done)

They provide another argument for including
behaviour in ecological models (something that
IS almost never done)

They may eventually help develop conservation
plans for endangered species in variable
environments






