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Thinking of Biology 

An introspection on the art of modeling in 

population ecology 

W hat exactly is science? This 
question has received con- 
siderable attention from 

contemporary philosophers of sci- 
ence, notably Popper (1968) on the 
central role of falsifiability in scien- 
tific theory, Kuhn (1962) on the struc- 
ture of scientific revolutions, Hempel 
(1965, 1966) on the testability of 
scientific hypotheses and concept 
formation through operationalism, 
Levins (1966) and Wimsatt (1981) 
on the necessity for the robustness of 
particular theorems, and Lakatos 
(1976, 1978) on the progression of 
scientific research programs. Others 
have added to the debate by ques- 
tioning the inherent lack of objectiv- 
ity (Atkinson 1985) or the central 
role heuristics play (Wimsatt 1981) 
in the enterprise called science. In 
disciplines such as fundamental phys- 
ics, in which mathematical models 
are constructed using operationally 
defined concepts and variables that 
can be measured with great accuracy 
(e.g., Newton's model for the gravi- 
tational attraction between bodies 
possessing mass), the enterprise pro- 
duces testable hypotheses and theo- 
ries with explanatory relevance (i.e., 
the phenomenon is expected to oc- 
cur when specific conditions, de- 
scribed by the theory, are met)-two 
factors that are minimally required 
for a scientific theory (Hempel 1966). 

Population ecology as a scientific 
enterprise, however, is peppered with 
hypotheses that are not testable and 
theories that lack or have, at best, 
weak explanatory relevance. Two 
examples are the competitive exclu- 
sion principle and food web theory. 
The competitive exclusion principle 
is not testable because its formula- 
tion is confounded with the defini- 
tion of a niche: If the test fails, one 
can recover the principle by redefin- 
ing the niches for the populations 
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tested (see Peters 1991). Moreover, 
none of the current food web theo- 
ries has sufficient explanatory power 
to be used to predict, with reason- 
able confidence, the number of trophic 
levels or the degree of omnivory in a 
web assembled on a particular resource 
flux in a precisely defined physical 
environment. Indeed, food web 
theory and empirical findings are 
often at odds with one another. Some 
food web models predict that the 
more species that are present in a 
community, the less interconnected 
the various species should be if their 
interactions are to be stable (Pimm 
1984), whereas several empirical 
studies suggest the opposite (Strong 
1992, Polis and Strong 1996, Fagan 
1997). 

The difficulties in formulating sci- 
entific theories in population ecol- 
ogy are due in part to three charac- 
teristics of biological populations: 
First, the objects that constitute bio- 
logical populations (i.e., individu- 
als) are sufficiently different from 
one another, and the ensembles of 
objects (i.e., the populations them- 
selves) are sufficiently small, that 
together they often conspire to make 
deviations in the mean traits of indi- 
viduals more critical than the mean 
traits of individuals across each popu- 
lation itself; second, the traits in 
question often cannot be precisely or 
even objectively measured (e.g., be- 
havioral traits typically defy unam- 
biguous operational definitions); and 
third, the lack of repeatability of 
experiments, especially for large- 
scale studies, constrains the ability 
to adequately test hypotheses. In- 
stead, the hard core of the theory is 
corrupted by what Lakatos (1976) 
refers to as the protective belt of 
auxiliary assumptions that, in the 
worst case, renders the theory com- 
pletely untestable. 

In developing a thermodynamical 
theory of ensembles of molecules in 

a gas, physicists can reasonably as- 
sert that all molecules differ only in 
their velocities, that ensembles are 
big enough so that only average ve- 
locities (and sometimes variance) 
need be considered, and that experi- 
ments on gases are repeatable under 
laboratory conditions. By contrast, 
a theory of population dynamics is 
severely compromised by the fact 
that physiology and behavior are 
highly variable among individuals 
and are influenced by both genetics 
and nonreplicable environmental 
histories. Furthermore, some of the 
central problems in population ecol- 
ogy relate to understanding the struc- 
ture and trajectory of systems that 
are each sufficiently different to be 
regarded effectively as one-of-a-kind. 
Thus, it is not surprising that a num- 
ber of practicing ecologists, as re- 
viewed by Peters (1991; but see Haila 
1997), seriously question the scien- 
tific content of ecology and regard 
the discipline as "scientifically 
weak." 

If it is so difficult to do science in 
ecology, why bother? This question 
can be separated into two parts: First, 
why study ecology? Second, when 
studying ecology, what are the ap- 
propriate methods to use? The an- 
swer to the first question is that 
beyond the sheer pleasure some sci- 
entists derive from being involved in 
this enterprise, managing ecosystems 
or at least predicting the trajectory 
of certain ecosystems is critical to 
the future well-being of human soci- 
ety (e.g., if global warming cannot 
be forestalled, society should at least 
anticipate and prepare for the conse- 
quences). 

My answer to the second question 
is that the scientific approach is bet- 
ter than any other approach. (Recall, 
for example, how the Soviet Union 
fell behind in genetics research, and 
how agriculture suffered as a result, 
because of Stalin's fascination with 
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Lysenko's pseudoscientific ideas 
[Soyfer 1994].) As Mark Blaug more 
eloquently states (Blaug 1992, p. 42), 
"Science, for all its shortcomings, is 
the only self-questioning, self-cor- 
recting ideological system that man 
has yet devised." So if the approach 
to studying population ecology is to 
be scientific, and if no clear prescrip- 
tion exists on how to carry out a 
Lakatosian scientific research pro- 
gram (Lakatos 1976) or how to de- 
velop robust theories (Wimsatt 1981) 
in this field, then how do population 
ecologists proceed? Should math- 
ematical models, for example, play a 
central role in developing theory in 
population ecology? 

Some ecologists have enthusiasti- 
cally embraced mathematical mod- 
els as essential to ecology with state- 
ments such as: "We may reasonably 
expect to have eventually a complete 
theory for ecology...and construct 
models that will incorporate genet- 
ics and ecology in such a way as to 
explain the past and also predict the 
future of evolution on earth" (Slo- 
bodkin 1961, p. 172) and "Within 
two decades new paradigms [due 
largely to the work of Robert 
MacArthur] had transformed large 
areas of ecology into a structured 
predictive science that combined 
powerful quantitative theories with 
the recognition of widespread pat- 
terns in nature" (Cody and Diamond 
1975, p. vii). Other ecologists feel 
that quantitative theory has been used 
inappropriately in ecology, includ- 
ing Dayton (1980), who expressed 
the sentiment that "ecology often 
seems dominated by theoretical band- 
wagons driven by charismatic math- 
ematicians, lost to the realization 
that good ecology rests on the foun- 
dation of natural history and 
progresses by the use of proper sci- 
entific method" (p. 18). 

It is not clear what Dayton meant 
by "proper scientific method," and 
no universal prescription exists on 
how to do science in all fields. In 
fact, the differences between model- 
ing populations of animals and popu- 
lations of molecules suggest that it is 
not appropriate to mimic in ecology 
the way models are used in the physi- 
cal sciences. Theory in the physical 
sciences is nomothetic (i.e., based on 
general laws), even though it may 
have begun heuristically and is argu- 

ably still heuristical (Wimsatt 1981). 
In the biological sciences, theory is 
certainly heuristical, and it is debat- 
able whether theories in biology (spe- 
cifically evolutionary biology) may 
ever become nomothetic (McIntyre 
1997). Until population ecology be- 
comes, if it ever does, a nomothetic 
science, the paradigms employing 
mathematics in population biology 
must necessarily account for the heu- 
ristic nature of theory. Furthermore, 
because the variability of the con- 
stituent elements is inherently greater 
in biological than in physical sys- 
tems, the precision of models in popu- 
lation biology will, by and large, 
never approach the precision of those 
in the physical sciences. 

The application of mathematical 
models in heuristic fields of knowl- 
edge is as much an art as a science. As 
used here, the word "art" means 
"skill as the result of knowledge and 
practice" (Brown 1993). What is the 
art of using models in explicative or 
predictive modes in population ecol- 
ogy? The answer is bound to be per- 
sonal and subjective, depending on 
the experiences of individuals in ac- 
quiring their skills and their world 
views. As with other creative arts, 
the judgment of what are good mod- 
els in population ecology is influ- 
enced by culture and, even, by fash- 
ion. In this article, I hope to give a 
sense of how reason can be domi- 
nated by historical precedent in the 
development and elaboration of mod- 
els in population ecology. Because of 
the great breadth of this field, I touch 
on a very few case studies that have 
been selected only from areas in 
which I have worked. My purpose is 
not to provide a comprehensive re- 
view of even these areas, but to use 
my experience to relate what I have 
learned about modeling. 

Models as vehicles for 
communicating concepts 
The first principle of communicating 
concepts through models is that any 
genre of models has a conceptual 
hierarchy. Consequently, to fully 
appreciate the relative importance 
of the concepts embodied in the most 
elaborate models of the genre, it is 
necessary to understand the concepts 
embodied by the more basic models 
of that genre. The Lotka-Volterra genre 

of prey-predator models provides a 
good example. The starting point for 
these models is the process of net 
population growth modeled by the 
exponential differential equation 

dx 
-= rx 

dt 
which encapsulates the idea that a 
population at biomass density x will 
grow exponentially when r > 0 
(Malthus 1798) and decay exponen- 
tially when r < 0. 

The first elaboration of the expo- 
nential growth model, in the context 
of population growth rather than 
prey-predator interactions, is the 
introduction of the concept of an 
environmental carrying capacity K. 
This concept assumes that an expo- 
nentially growing population will in- 
creasingly tax the resources in its 
environment to the extent that the 
per capita growth rate will decline 
linearly to zero as the population den- 
sity increases to K. The following model 
of this process, most often called the 
logistic model (Verhulst 1838) 

dx ( x 
= rx 1 -- 

dt K 

predicts that all nonzero populations 
will ultimately equilibrate (reach a 
steady state) at level K. 

The first elaboration of the expo- 
nential growth model in the direc- 
tion of prey-predator interactions is 
to assume the following: The prey 
population biomass density x grows 
exponentially at a rate r = a in the 
absence of predators; the predator 
population biomass density y declines 
exponentially at a rate r = -d (d > 0) 
in the absence of prey; and biomass 
flows from the prey to the predator 
population at a rate that is propor- 
tional to the product of the two popu- 
lation densities (i.e., xy). The model 
of this process, developed indepen- 
dently by Lotka (1925) and Volterra 
(1926), has the form 

dx 
= ax - bxy dt 

dy dt = -dy + cbxy 
dt 

where b and c are also positive pa- 
rameters. 

Several concepts are implicitly 
buried in these equations. First, be- 
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cause the predator population de- 
clines exponentially in the absence 
of prey, the implicit assumption is 
that the individual predators have 
some mechanism of feeding off them- 
selves (anabolism of stored tissue) or 
off one another (cannibalism of con- 
specifics). Second, the interaction (or 
extraction) term bxy embodies the 
concept of random encounters, in 
which b units of prey are consumed 
by each unit of predator at each 
encounter. The model thus does not 
account for the phenomenon of sa- 
tiation. The parameter c in the model 
accounts for the fact that a unit of 
consumed prey converts to less than 
a comparable unit of predator, in 
part because of metabolic inefficien- 
cies in converting prey mass into 
predator mass. Thus, if prey and 
predator are measured in the same 
units of biomass density, then the 
assumption c < 1 is required to ensure 
that biomass is not created sponta- 
neously. 

Although Volterra's (1926) analy- 
sis provides an illuminating first cut 
at a possible reason why certain 
predatory species of fish increased 
considerably more than their prey 
species in the Adriatic Sea as a result 
of reduced fishing activities during 
World War I, the assumption that 
predators decline exponentially in 
the absence of prey is particularly 
restrictive and should have been dis- 
pensed with early on in the develop- 
ment of the Lotka-Volterra genre of 
models. But it was not, because, as I 
argue below, historicity appears to 
be a conservative process. 

One way to elaborate Lotka- 
Volterra's prey-predator model is to 
replace the exponential growth con- 
cept ax with the logistic concept 
rx(1 - x/K) to account for density- 
dependent growth in the prey popu- 
lation. The model can also be elabo- 
rated by including a concept of 
predator satiation. The extraction 
term bxy implies that if the density 
of predators doubles, then the rate of 
extraction of prey doubles. This as- 
sumption seems reasonable. The ex- 
traction term bxy, however, implies 
equally that as the density of prey 
doubles, the amount of food taken 
by each predator also doubles. This 
second assumption may be reason- 
able when resources are scarce, but it 
is not reasonable when resources are 

abundant. When prey are abundant, 
each predator will become satiated 
and the rate at which prey are ex- 
tracted will depend only on the den- 
sity of predators. To account for 
prey-dependent satiation, it is neces- 
sary to replace the term bxy with 
by0(x), where o(x) is the "functional 
response," although the term "extrac- 
tion function" is more descriptive. 

All solutions to the original Lotka- 
Volterra equations are known to 
exhibit undamped oscillations, with 
the amplitude determined by the ini- 
tial conditions (Lotka 1925, Volterra 
1926). Adding logistic growth to the 
prey population causes all of the 
solutions to become damped, asymp- 
totically approaching a characteris- 
tic equilibrium value (x*,y*), whereas 
adding a satiating functional re- 
sponse leads to more complex solu- 
tions whose behavior depends on the 
actual form of the functional response 
and on the values of the parameters 
in the model (Emlen 1984). For some 
cases, these behaviors include the 
existence of a limit cycle that all 
nonequilibrium solutions approach 
asymptotically. If the doubly elabo- 
rated model 

dx = rx( x by(x) 
dt K 

dy= -dy + cby?(x) 
dt 

were analyzed without first analyz- 
ing Lotka and Volterra's original 
model and then the single elabora- 
tions analyzed on their own, it would 
not be clear how each process con- 
tributes to the overall properties of 
the model. Taking this step-by-step 
approach reveals that oscillations are 
inherent to predation and that these 
oscillations are damped by density- 
dependent growth in the prey popula- 
tion, but this damping is destabilized 
by a rapid onset of satiation in the 
predator. 

The prey-predator models of 
Lotka and Volterra and their simi- 
larly structured competition equa- 
tions, which were studied extensively 
by Gause in the 1930s (Gause 1934), 
became widely acclaimed by the 
middle of this century for their con- 
tributions to theoretical ecology. 
Hutchinson and Deevey (1949), for 
example, wrote: "Perhaps the most 

important theoretical development 
in general ecology has been the ap- 
plication of the logistic by Volterra, 
Lotka, Gause, and others to cases 
where two species occupy the same 
universe" (p. 341). Given certain fun- 
damental limitations of the Lotka- 
Volterra equations (e.g., the exponen- 
tial decay or "graceful anabolism" of 
the predators in the absence of prey 
when, in reality, individuals in many 
species would quickly die when 
starved), it is not surprising that in 
the second half of this century a 
dichotomy arose between the opin- 
ions of field-oriented ecologists, who 
believed that Lotka-Volterra theory 
was too simplistic to be of value, and 
theoreticians, who believed that un- 
derstanding is gained through an 
analysis of yet another application 
of the Lotka-Volterra equations. By 
the mid-1970s, the rhetoric between 
the two groups reached calumnious 
proportions, with Levandowsky 
(1976) declaring "Few ecologists are 
interested now in these misleading 
equations, but mathematicians dote 
on them and are always trying to 
foist them off on us-a classic case of 
the drunkard who loses his watch in 
the dark but looks for it under the 
lamp post because that's where the 
light is" (p. 418). 

Where does the truth lie? What 
has been the real value of the work 
done by Volterra, Lotka, and their 
successors? Certainly Gause (1934) 
was able to stand in brilliant fashion 
on the shoulders of Lotka and 
Volterra in producing his seminal 
work on two-species competition, 
especially his formulation of the com- 
petitive exclusion principle (see 
Gause 1970). Significant develop- 
ments of Lotka and Volterra's prey- 
predator equations, however, did not 
take place for another three decades, 
until they were recast in a graphical 
context by Rosenzweig and Mac- 
Arthur (1963; see also Rosenzweig 
1969, 1971), using the now-classical 
ideas of Holling (1959) on the form 
of prey extraction functions. In their 
analysis, Rosenzwieg and MacArthur 
demonstrated that the existence of a 
refugium for the prey or of a second 
limiting resource for the predator 
tends to stabilize prey-predator in- 
teractions. These and other concepts 
based on the work of Lotka and 
Volterra played a critical role in de- 
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veloping the burgeoning field of theo- 
retical ecology. It is equally true, 
however, that the field of theoretical 
ecology is littered with mathemati- 
cal analyses of highly elaborated 
Lotka-Volterra models that are largely 
irrelevant to empirical ecologists. 

In the strongly predictive fields of 
the physical sciences, the mismatch 
between predictions obtained from 
models and the most reliable empiri- 
cal data provides the means to test 
models. In the field of population 
biology, in which mathematical mod- 
els are often used to explain rather 
than predict, tests are more difficult. 
Perhaps one of the weaknesses of the 
way in which disciplines such as 
population biology are taught is that 
instructors tend to focus on "facts" 
and the state of current theories 
rather than on how to critically evalu- 
ate the frameworks behind the col- 
lection of these facts and probe for 
the weak points in the theories. A 
careful examination of the history of 
particular modeling genres in popu- 
lation biology can help to identify 
where it would have been useful to 
have been more critical of the theory 
as it developed. 

Historicity in modeling 
Like all human endeavors, modeling 
has a historical context that leaves 
its imprint on the creations of that 
endeavor. This fact is illustrated well 
by the following case, which-along 
with the Lotka-Volterra genre of 
models-is a second example of how 
historical and social factors bias the 
development of models. 

In the early 1920s, Thompson 
(1924) modeled the interaction be- 
tween parasitoids (i.e., parasitic 
wasps and flies whose larvae feed 
internally on one of the various life 
stages of other insects) and their 
hosts. The model he proposed is suit- 
able for situations in which the host 
and parasitoid generations are syn- 
chronized and the next generation of 
hosts and parasitoids develops, re- 
spectively, from hosts not attacked 
and hosts attacked by parasitoids in 
the current generation. Thompson 
assumed that the average number of 
hosts attacked per available host in 
each generation, x, is proportional 
to the number of female parasitoids, 
P, in that generation divided by the 

number of hosts, N, available for 
attack. More succinctly, he assumed 
that x = f?PIN, where f/ is the average 
number of eggs produced by each 
attacking female; the rate of attack is 
thus "egg limited." He went on to 
argue that if large populations of 
hosts are attacked at random, then 
the function f(N,P), representing the 
actual proportion of hosts not at- 
tacked, will be given by the zero 
term, e-x, of a Poisson distribution- 
that is, f(N,P) = e-P/N. 

A decade later, entomologist A. J. 
Nicholson, first on his own and then 
in collaboration with physicist V. A. 
Bailey, modeled the same system from 
a different perspective (Nicholson 
1933, Nicholson and Bailey 1935). 
They assumed that the attack rate 
was search limited rather than egg 
limited and argued that hosts and 
parasitoids would encounter one 
another at a rate that is proportional 
to the densities, N and P, of the two 
populations, where the factor of pro- 
portionality is a constant, a, that can 
be interpreted as "parasitoid life- 
time area of search." The average 
attack rate per host individual, x = 
aP, is obtained by dividing the en- 
counter rate by N, and the corre- 
sponding zero term of the Poisson 
distribution is f(N,P) = e-aP. 

In both the Thompson and the 
Nicholson-Bailey models, the host 
population is assumed to increase 
exponentially in the absence of preda- 
tors, and the dynamics of the inter- 
action are equivalent to assuming 
that hosts attacked more than once 
still produce the same number of 
parasitoids (i.e., one in the case of 
solitary parasitoids and up to several 
hundred in the case of polyembry- 
onic parasitoids; see Godfray 1994). 
Both models assume that the host 
and parasitoid populations have syn- 
chronized, nonoverlapping genera- 
tions. 

For more than three decades, little 
was done to elaborate on the models 
of Thompson and of Nicholson and 
Bailey (see Varley et al. 1973). This 
situation changed in the late 1960s 
and early 1970s with the work of 
Michael Hassell and his collabora- 
tors, especially Robert May (Hassell 
and May 1973, Hassell 1978). Their 
studies of host-parasitoid interac- 
tions, as well as those of John 
Beddington, Charles Free, and John 

Lawton (Beddington 1975, Bedding- 
ton et al. 1975), represented a par- 
ticularly creative period for the 
Nicholson-Bailey host-parasitoid 
genre of models. The ensuing work led 
to a new level of understanding about 
the spatial and temporal dynamics 
of host-parasitoid interactions. 

The steady stream of papers on 
host-parasitoid models produced by 
this group during the 1970s stuck 
steadfastly to the Nicholson-Bailey 
assumption that attack rates are 
search limited rather than egg lim- 
ited. Some extensions to the attack- 
rate function considered the situa- 
tion in which the number of attacks 
was limited both by the time avail- 
able to a female parasitoid for search- 
ing out hosts and by the time re- 
quired to spend handling hosts during 
attacks. Much of this work is re- 
viewed and synthesized by Hassell 
(1978), who makes just one refer- 
ence to Thompson's historically im- 
portant work-Thompson's use of 
the Poisson distribution to calculate 
the proportion of hosts that is at- 
tacked by parasitoids-but overlooks 
Thompson's notion of egg limitation. 

Subsequently, however, Parker 
and Courtney (1984) and Waage and 
Godfray (1985) developed clutch size 
models in egg-limited parasitoids that 
were assumed to have a fixed comple- 
ment of eggs (so-called pro-ovigenic 
species), using a genre of models 
developed to address questions in 
optimal foraging and optimal allo- 
cation theory. Using the same ap- 
proach, Yamada (1988) considered 
the optimal use of patches by parasi- 
toids with limited fecundity. Finally, 
in the early 1990s, Driessen and 
Hemerik (1991) obtained empirical 
data suggesting that egg limitation 
should be taken into account when 
considering the oviposition behavior 
of a species of eucoilid parasitoid. 

Despite the renewed interest in 
the mid-1980s in parasitoid egg limi- 
tation in the context of clutch size, it 
was not until the mid-1990s that 
population biologists explored 
Thompson's (1924) concept of egg 
limitation in the context of the 
Nicholson-Bailey genre of models. 
Such an analysis would, at the very 
least, have helped to reconcile the 
pioneering work of Thompson with 
that of Nicholson and Bailey. Fur- 
thermore, in view of the obvious 
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truism that parasitoids must be egg 
limited when host densities are suffi- 
ciently high to provide the parasi- 
toids with an essentially unlimited 
resource (see Driessen and Hemerik 
1991), the need to understand the 
effects of egg limitation seems com- 
pelling. 

In retrospect, the oversight is a 
lacuna because the dynamic proper- 
ties of host populations attacked by 
solitary parasitoids with nonover- 
lapping synchronous generations are 
significantly affected by the assump- 
tion of whether the parasitoid attack 
rate is search or egg limited (Getz 
and Mills 1996, Mills and Getz 
1996). For example, the "CV2 > 1" 
rule enunciated by Pacala et al. 
(1990)-which states that only if the 
distribution of searching parasitoids 
is sufficiently aggregated with re- 
spect to the host population (i.e., the 
coefficient of variation of parasitoid 
density exceeds 1) will the host and 
parasitoid coexist at roughly steady 
levels from one generation to the 
next-turns out not to hold if the 
parasitoids are egg rather than search 
limited (Getz and Mills 1996). More- 
over, when the parasitoid is egg lim- 
ited and the host has a relatively high 
intrinsic rate of increase, host-para- 
sitoid interactions no longer hold 
steady and begin to oscillate for suf- 
ficiently aggregated parasitoid attack 
rates. This result may explain why 
some parasitoids are not able to regu- 
late their hosts, even though theory 
suggests that they should be able to 
do so (Lane et al. in press). 

One may argue that an assump- 
tion of "egg-limited attack rates" is 
unnecessary when host densities are 
relatively low and that the real chal- 
lenge to the parasitoid is to find its 
host. One may also argue that an 
assumption of "search-limited attack 
rates" is unnecessary if hosts remain 
abundant. Because it is not known in 
advance whether a model will pre- 
dict that abundant hosts will remain 
abundant or that scarce hosts will 
remain scarce when attacked by para- 
sitoids, it is prejudicial to the analy- 
sis not to include both egg- and 
search-limited attack rates in the 
models. Including these is easy be- 
cause both search- and egg-limited 
attack rates are special cases of the 
more general mean attack rate ex- 
pression x = af/P/(f/ + aN), which has 

received attention in the context of 
handling-time constraints (in this 
context, [?is the total time available 
to each parasitoid to attack hosts 
divided by the average time it takes 
for a parasitoid to handle a host; see 
Hassell 1978) rather than egg-pro- 
duction constraints. 

One can only speculate why 
Thompson's concept of egg limita- 
tion was not considered during the 
past quarter century in the context 
of the Nicholson-Bailey genre of 
models, given the flurry of papers 
produced in this genre during this 
period. Part of the explanation for 
the 70 years of neglect (mid-1920s to 
mid-1990s) of Thompson's ideas may 
be the fact that Thompson's original 
model does not support a nontrivial 
equilibrium solution (a stable or 
unstable equilibrium for which both 
populations have positive values), 
whereas Nicholson and Bailey's 
model does. Thus, questions relating 
to host-parasitoid coexistence could 
immediately be addressed in the con- 
text of the stability of the associated 
equilibrium using the Nicholson- 
Bailey, but not the Thompson, model. 
Furthermore, the procedure for ana- 
lyzing dynamic models invariably 
begins with identifying the equilib- 
rium solutions. It then continues with 
characterizing the stability proper- 
ties of those solutions and obtaining 
some assessment of the global be- 
havior of solutions originating near 
unstable equilibria, especially iden- 
tifying the existence of limit cycles 
(periodic oscillations) or chaotic be- 
havior (aperiodic oscillations that 
superficially appear to possess a sto- 
chastic element in their behavior; 
May and Oster 1976). Thus, appli- 
cation of the Thompson model re- 
quires deviation from normal proce- 
dures by first asking: "What does the 
lack of a nontrivial equilibrium im- 
ply about the dynamics of a host and 
an egg-limited parasitoid popula- 
tion?" and then asking: "What sorts 
of modifications permit a coexist- 
ence equilibrium to arise?" 

Why are population modelers so 
resistant to deviating from normal 
practices in the formulation of mod- 
els, as evidenced by the ubiquity of 
the Lotka-Volterra "graceful anabo- 
lism of predators" assumption in 
prey-predator theory and in the 
Nicholson-Bailey "search-limited 

parasitoid" assumption in host-para- 
sitoid theory? In the context of the 
Thompson model versus the 
Nicholson-Bailey model, did it have 
something to do with the "ideology 
of equilibrium and dynamic stabil- 
ity" that Levins and Lewontin (1985) 
argue pervades biological thought? 
Possibly, but I would argue that the 
forces that canalize a particular mod- 
eling culture-the need for students 
to follow accepted paths in trying to 
establish themselves as legitimate 
practitioners of their professions, the 
conservatism of scientific funding 
agencies, and the unwillingness of 
many reviewers of scientific journals 
to advise acceptance of papers that 
do not reinforce their own research- 
serve to suppress research outside 
the perceived mainstream of the field. 
In short, historicity in modeling rep- 
resents conservative, and even re- 
pressive, intellectual forces that are 
antithetical to the art of modeling in 
population ecology. 

Kinds of models 

Modelers use several philosophically 
different approaches to communi- 
cate concepts and to explore the con- 
sequences of ideas. The genre of 
models selected to address particu- 
lar questions depends entirely on the 
nature of the question. MacArthur 
and Wilson's (1967) "island bioge- 
ography colonization and extinc- 
tion" model, for example, may be 
useful for explaining patterns or 
structures across space, but it has 
little to say about trajectories of sys- 
tems through time. And the statisti- 
cal approaches of time-series analy- 
sis and general linear models, for 
example, are purely predictive-they 
provide little understanding beyond 
correlative explanations. Some mod- 
els are purely conceptual, such as the 
discrete models used by Robert May, 
George Oster, and others to explore 
the role of chaos in population dy- 
namics (May 1974, May and Oster 
1976, Logan and Allen 1992), 
whereas others combine conceptual 
and predictive elements both to ex- 
plain the processes that produce ob- 
served population trajectories and 
to predict where those trajectories 
will be at some time in the future (for 
examples, see Getz and Haight 1989, 
Hilborn and Mangel 1997). Finally, 
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contrasting with the purely concep- 
tual or purely predictive approaches 
is the purely formal approach to 
building models using flows to link 
components of systems together to 
constitute the whole. This approach 
is epitomized by the compartmental 
ecological models that were the vogue 
during the heyday of the Interna- 
tional Biological Programs' ecosys- 
tem studies of the 1960s and 1970s 
(McIntosh 1985, Hagen 1992). 

Another way to classify models is 
to categorize them as phenomeno- 
logical, empirical, or mechanistic. A 
phenomenological approach focuses 
on a direct characterization of the 
holistic properties of the population 
without elaborating the underlying 
mechanisms that might be respon- 
sible for these properties. 

An empirical approach requires 
that data guide the way in which 
autonomous and interactive pro- 
cesses are characterized or the way 
in which observed properties are 
described. Empirical approaches are 
never totally free of preconceived 
notions because these notions arise 
from biases in the way human sen- 
sory systems perceive nature: We can 
measure only what we can sense or 
design machines to sense (e.g., infra- 
red radiation or sound frequencies 
outside the human auditory range). 
Furthermore, when a function is fit- 
ted to data, it is necessary to choose 
among families of functions, such as 
a polynomial of a particular degree, 
an exponential function, or various 
groups of orthogonal functions that 
have the general shape that is being 
looked for, but other than getting 
the general shape correct, the choice 
is ad hoc. 

A mechanistic approach involves 
constructing models by considering 
the properties of the components of 
a system and how these parts inter- 
act. Individual-based models, which 
have experienced a recent surge be- 
cause of the advent of high-speed 
computation (see DeAngelis and 
Gross 1992), often provide good 
examples of the mechanistic ap- 
proach. The individual-based ap- 
proach currently has a considerable 
following because of the failure of 
less detailed mechanistic models and 
of phenomenological models to ad- 
equately describe complex processes 
in population ecology. The indi- 

vidual-based approach has helped 
move ecologists beyond population- 
level models, but along with all Car- 
tesian reductionist approaches, the 
individual-based approach is com- 
mitted to the principle that "the parts 
are ontologically prior to the whole" 
(Levins and Lewontin 1985). Fur- 
thermore, by assembling the whole 
through a description of component 
processes, there is a risk of omitting 
a process that is critical to determin- 
ing the future trajectory of the sys- 
tem. An error of omission, if unde- 
tected, can lead to the wrong 
conclusions. If detected, however, 
an error of omission can be enlight- 
ening, as illustrated by ecologist Brian 
Walker in a lecture at the University 
of Witwatersrand in the early 1970s: 
A model he developed of an African 
savanna ecosystem predicted that this 
ecosystem would end up being cov- 
ered in several feet of dung because 
important decomposition processes 
had been omitted from the initial 
formulation of his model. 

Mechanistic and phenomenologi- 
cal methods of building ecological 
models involve deductive reasoning, 
which, strangely, is anathema to some 
empiricists. At the beginning of this 
century, for example, Spalding 
(1903) chided ecologists for not 
spending 90%, or possibly even 99%, 
of their time accumulating "facts." 
Furthermore, he placed these facts 
on a pedestal of truth above the 
quagmire of theory with the words 
"At present it is really the main busi- 
ness of the ecological student to as- 
certain and record fully, definitely, 
perfectly and for all time the facts" 
(p. 207). By contrast, Forbes (1887, 
as cited in McIntosh 1985, p. 250) 
noted that "To determine the primi- 
tive order of nature by induction 
alone requires such a vast number of 
observations... that more positive and 
satisfactory conclusions may perhaps 
be reached if we call in the aid of first 
principles.... " 

Forbes's view seems to be as valid 
today as it was in 1887, whereas 
contemporary ecologists who eschew 
theory fail to understand that facts 
are not absolute but are profoundly 
influenced by mental constructs and 
the way humans perceive the world. 
Of all the possible data that can be 
collected, data are collected that are 
currently thought to be important 

(e.g., birth and death rates could be 
measured when, in fact, it might be 
more useful to measure energy con- 
sumption and respiration rates to 
answer questions that might be for- 
mulated in the future). Furthermore, 
of all the things that can be mea- 
sured, only entities for which there 
are appropriate operational defini- 
tions can be measured (e.g., scien- 
tists know how to measure water's 
acidity or an object's temperature, 
but they might be stumped if asked 
to measure the brittleness of an ob- 
ject or the intelligence of an animal), 
and these operational definitions 
emerge hand in hand with concept 
formation in science (Hempel 1966). 

Resolution and focus 

Mathematical models, like other 
types of models, are always much 
less than, and of a substance much 
different from, the things they repre- 
sent. A real art in ecological model- 
ing is to select the appropriate level 
of resolution to convey a particular 
property of a real system. The reso- 
lution is never independent of the 
question, nor is the choice of which 
features in the real system to empha- 
size in the model and which to ig- 
nore. Thus, one cannot use a model 
of a deer population to ask a ques- 
tion about age-specific harvesting if 
the model does not partition the deer 
into suitable age classes. Moreover, 
there is no point in focusing much 
attention on factors that promote 
the survival of larvae in a honeybee 
colony if one only wants to investi- 
gate the efficiency of adult worker 
bees in collecting pollen and nectar. 

Because modelers have not agreed 
on a method to determine the most 
appropriate level of resolution for 
modeling a particular system, they 
fall between two philosophical poles 
of minimal versus maximal levels of 
resolution that make sense for the 
problem at hand. At the maximalist 
end, modelers are drawn by the natu- 
ral history imperative to elaborate 
the details; at the minimalist end, 
they are drawn by the theoretical 
imperative to encapsulate the details. 
Population modelers reaching their 
vocation through a degree in the 
biological sciences probably have a 
predilection, and certainly the train- 
ing, for paying attention to detail. By 
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contrast, those with a degree in the 
quantitative sciences probably have 
a predilection, and certainly the train- 
ing, for abstraction. How can popu- 
lation modelers at either end of the 
spectrum avoid being too extreme in 
following their predilections? The 
answer lies in being precise about the 
motivations for building a model and 
then in focusng as sharply as pos- 
sible on the question at hand 
(Starfield 1997). 

In fundamental particle physics, 
the aesthetic of minimalism is the 
guiding spirit behind the quest for 
the "theory of everything." The sub- 
ject matters of fundamental particle 
physics and population ecology are 
sufficiently different, however, so 
that the minimalist approach is of no 
value to population ecology. The ap- 
propriate level of resolution for a 
particular study in population ecol- 
ogy can be arrived at by taking a 
"bottom-up" or a "top-down" ap- 
proach (Getz and Haight 1989): 
Modelers can either start by putting 
as many details as they can into the 
model and then simplifying as needs 
be (bottom up), or they can start 
with an integrated phenomenologi- 
cal description of the system at the 
lowest level of resolution that in- 
cludes the structures and processes 
needed to address the problem of 
interest (top down). The finer the 
level of resolution at which the mod- 
eler begins, however, the greater the 
opportunity unwittingly to leave out 
important bits and pieces that con- 
tribute critically to the higher-level 
processes of interest. Thus, it is best 
to start at the coarsest level and to 
add detail until a level of resolution 
is obtained that appears to include 
all of the detail necessary to address 
the question at hand. I will demon- 
strate this approach in the context of 
two models: a discrete time model of 
population growth, and a set of dif- 
ferential equation models that take a 
"metaphysiological" view of popu- 
lation growth and interaction. 

A much-ignored 
phenomenological principle 
An introduction to modeling the sim- 
plest of all populations-a popula- 
tion of annual flowers, univoltine 
insects, or any species that has dis- 
crete nonoverlapping generations- 

Table 1. Various density-dependent forms for the per capita growth rate function 
R(N) (R = sb) in the equation Nt + 1 = R(Nt)Nt (where the function parameters are 
r> 0, K > 0, and y> 1). 

Name Early proponent Form r = R(N) R(0) Slope at N = 0 

Power Haldane (1953) rN oo -0oo 
Logistic Maynard Smith (1968) 1 + r(1-N/K) 1 + r -r/K 
Beverton and Skellam (1951) r/(1 + N/K) r -r/K 

Holt (B&H) 
Ricker Ricker (1954) er(l-N/K) er -(r/K)er 
Hassell Hassell (1975) r/(1 + N/K)Y r -yr/K 
Generalized Maynard Smith (1973) r/(1 + (N/K)Y) r 0 

B&H 
Generalized Bellows (1981) e(1-(NIK)) er 0 
Ricker 

usually begins by describing the num- 
ber of individuals Nt+ 1 in generation 
t + 1 in terms of the average number 
of young (juveniles) b produced by 
each adult in generation t and the 
probability s that each juvenile will 
survive to become a reproductively 
mature adult. In this case, the model 
is based purely on the phenomena of 
birth and survival and has the simple 
general form N, 1 = sbNt. 

This model is ubiquitous in popu- 
lation ecology and appears under a 
number of guises and names given to 
special cases in which birth and sur- 
vival rates are usually combined into 
a single growth rate or reproductive 
value R = sb that has a functional 
dependence on the population den- 
sity, N. Table 1 lists these functional 
forms, used to model the self-limiting 
effects of a population on its own 
growth. The most common self-lim- 
iting functions are the Ricker (Ricker 
1954) and Beverton and Holt (B&H; 
Beverton and Holt 1957) functions; 
the former is used especially in ex- 
tending Nicholson-Bailey host- 
parasitoid models, and both are used 
in modeling the dynamics of fish popu- 
lations (these fisheries models are usu- 
ally extended to include some notion 
of age structure; Getz 
and Haight 1989). r 

All of the func- a r 
tions in Table 1 ad- _ \ 
dress the same con- 
ceptual issue and - 

Figure 1. The general- 
ized Beverton and 
Holt function R(N) 
listed in Table 1 is il- 
lustrated for different 
values of the shape 
parameter y. Adapted 
from Getz (1996). 

0 

4-.- 
U1) z 

r/2 

0 
0 

have the same fundamental prop- 
erty: They are decreasing functions 
of population density N from the 
value, R(O), of these functions at the 
origin (N = 0). The logistic model is 
particularly unrealistic because it per- 
mits negative values for R(N) when 
N > K(r + 1)/r. Furthermore, the first 
five functions in Table 1 (i.e., all 
except for the generalized Ricker and 
B&H forms) have their minimum 
(i.e., their greatest negative) slope 
(dR/dN) at the origin (N = 0). From a 
phenomenological point of view, this 
slope is generally insupportable: One 
would expect the effects by which a 
population limits its own growth rate 
to take effect slowly at the lowest 
densities and more rapidly at moder- 
ate-to-high population densities. Phe- 
nomenologically, it is much more 
reasonable to assume that the slope 
of the function R(N) at N = 0 is either 
0, as in the last two generalized func- 
tions in Table 1, or positive, if an 
Allee effect exists (e.g., if social struc- 
ture or mate finding is important 
and cannot function effectively at 
low densities; Asmussen 1978). In 
fact, if a functional form of R(N) is 
selected that has at most three pa- 
rameter values, it would be difficult 

K 2K 

Population Density 

BioScience Vol. 48 No. 7 546 



to find a function that is more gener- 
ally applicable and conceptually sat- 
isfying than the generalized B&H 
function (Bellows 1981, Getz 1996). 

In the generalized B&H function, 
the parameters can be interpreted as 
follows: The parameter r is the rate 
of increase before the self-regulation 
factors take effect (i.e., the density- 
independent growth rate), the pa- 
rameter K is the density at which the 
actual density-dependent growth 
rate is one-half the density-inde- 
pendent rate r, and the shape pa- 
rameter y determines how rapidly or 
abruptly density-dependent effects 
set in around the critical density K 
(Figure 1). 

Despite the obvious phenomeno- 
logical superiority of the generalized 
Ricker and B&H functions to the 
other five functions in Table 1, as 
well as their superiority in fitting 
insect population data, especially the 
B&H form (Bellows 1981, Gillman 
and Crawley 1990), little attention 
has been paid to characterizing the 
region where density dependence in 
discrete populations with nonover- 
lapping generations sets in or to 
where and how abruptly density de- 
pendence takes effect. Furthermore, 
the generalized B&H model has been 
employed infrequently in population 
ecology, with the exception of a few 
fisheries dynamics studies (Shepherd 
1982), in which this function is bet- 
ter known as the Shepherd model. It 
turns out, however, that consider- 
ations of abruptness in the onset of 
density dependence lead to interest- 
ing insights into the evolution of 
resource competition in populations 
with nonoverlapping generations 
(Getz 1996, Schoombie and Getz in 
press). In particular, in these popula- 
tions competition among young for 
resources should be abrupt (i.e., 
contestlike) if the population has the 
potential at low densities to more 
than double in each generation and 
not abrupt (i.e., scramblelike) if the 
population does not have this growth 
potential. 

Again, it is not clear why most 
population modelers have ignored 
the phenomenological limitations of 
the first five growth-rate functions 
in Table 1, unless the activity of 
modeling in population ecology is 
regarded as having a strong socio- 
logical component that all too often 

overshadows the critical scientific 
component. As students, population 
ecologists are steeped in the model- 
ing paradigm of the period, which 
differs not only by field, but also by 
subfield within theoretical and ap- 
plied population ecology. Once popu- 
lation ecologists become mature 
practitioners, they often remain con- 
fined within their subfields and con- 
tinue to elaborate rather than evis- 
cerate the theory they have learned. 

Time scales and the 
functional response 
Toward the end of the nineteenth 
century, Forbes (1887), as quoted 
earlier, made a plea for the inclusion 
of deductive reasoning in the then- 
infant field of ecology. The develop- 
ment by Lotka and Volterra of their 
prey-predator model was an exer- 
cise in deductive reasoning that was 
innovative and groundbreaking for 
the field of theoretical ecology, but 
the model itself was ultimately too 
far removed from reality to be useful 
in its unmodified form. An impor- 
tant and much-hailed step forward 
in modifying the Lotka-Volterra 
prey-predator model was taken by 
C. S. Holling (1959) with his work 
on the rates at which consumers 
(predators) are able to forage for 
resources (prey) in situations in which 
these rates are a function of the den- 
sities of resources. These rates, widely 
know in ecology as the "functional 
response" curves, are incorporated 
into the Lotka-Volterra models in 
terms of the function 0(x), as dis- 
cussed earlier. The most important 
feature of the curves describing these 
functions is that they account for 
satiation of the consumers in the 
presence of abundant resources. 

The simplest form for the func- 
tional response that includes the 
notion of satiation (Holling 1959), 
whether satiation is limited by the 
capacity of predators to physically 
handle prey or to physiologically 
handle the ingestion of prey, is com- 
monly referred to as the Holling type 
II functional response 

x 

k+x' 
where k is the "half-satiation" pa- 
rameter (i.e., k is the density of the 
prey x at which each predator is able 

to extract at only half its satiation 
rate). 

In the mid-1970s, DeAngelis et al. 
(1975) modified this function on 
phenomenological grounds to in- 
clude the effects of predators inter- 
fering with one another while they 
compete for prey. Specifically, they 
proposed the general type II extrac- 
tion function 

0((x, y) = 
x 

k+x+ay' 

where a determines the extent to 
which each predator's rate of extrac- 
tion is reduced by self-interference- 
that is, by competition with other 
predators of the same species (be- 
cause o(x,y) is a decreasing function 
of predator density y). 

This second extraction function is 
also a generalization of the first ex- 
traction function written in terms of 
the resources available per unit 
predator (i.e., a function of the ratio 
x/y; Getz 1984). This function is the 
ratio-dependent type II function 

x/y 
p(x/y) = 

(x/y)+a 

Since the late 1980s, population 
ecologists have debated which form 
is more accurate: the assumption of 
resource-dependent extraction em- 
bodied in the Holling type II equa- 
tion or the assumption of ratio- 
dependent extraction embodied in 
the ratio-dependent type II equation 
(Arditi and Ginzburg 1989, Hanski 
1991, Matson and Berryman 1992, 
Oksanen et al. 1992, Abrams 1994). 
This debate has been particularly 
interesting in revealing some ecolo- 
gists' misconceptions about the 
meaning of models. 

The most striking misconception 
is that differential equation models 
can be used to model only systems 
that are truly governed by instanta- 
neous rates of change. Oksanen et al. 
(1992), for example, in criticizing 
Arditi and Ginzburg's (1989) argu- 
ments for ratio-dependent extraction, 
assert that time-scale considerations 
are invalid in differential equation 
models because "...differential equa- 
tions only deal with instantaneous 
rates of change." They also claim 
that "One must either stick to in- 
stantaneous rates of change or switch 
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from differential to difference equa- 
tions" (pp. 941-942). Subsequently, 
Abrams (1994), in an effort to bol- 
ster the arguments of Oksanen et al. 
(1992), wrote: "A differential equa- 
tion model measures instantaneous 
rates of change, not yearly aver- 
ages.... Thus it is fundamentally in- 
correct to argue that the functional 
response in a differential equation 
model should reflect some time aver- 
age of instantaneous processes" (pp. 
1842-1843). 

The misconception in these argu- 
ments is that discrete time equations 
(e.g., Nt+ 1 = R(N})Nt) are inherently 
more accurate or more reliable than 
differential equations (e.g., dxldt = 
r(x)x) in modeling event-driven pro- 
cesses. The real issue, when choosing 
between discrete and continuous 
equations and also between indi- 
vidual- and population-based equa- 
tions to model a particular phenom- 
enon, is the question of scale: spatial, 
temporal, and relational. The appro- 
priate relational scale depends on 
the variation associated with indi- 
vidual interactions averaged to ob- 
tain the dynamics of the population 
as a whole. It takes "zillions" (10 to 
the power of a number around 20) of 
tiny molecules rushing in all direc- 
tions, but with a bias toward a par- 
ticular direction, to create a macro- 
scopic flow of "air" or "water" in 
that direction. 

By contrast, in population ecol- 
ogy, variation among individuals is 
sufficiently high and numbers suffi- 
ciently low that differential equa- 
tions can never be expected to have 
the accuracy of models of physical 
processes. But this fact does not im- 
ply that discrete equations provide 
better models than differential equa- 
tions. First, some events, such as 
deaths, may be stochastic (i.e., dis- 
tributed in time according to some 
particular probability distribution). 
Thus, difference equation models, 
like differential equation models, are 
based on average rates. Furthermore, 
a basic flaw of difference equation 
models, such as Nt+ 1 = sbNt, is that 
the average survival rate, s, will in- 
variably depend on density, N, which 
is known only at time t; however, 
this average survival rate will itself 
change as N changes over the inter- 
val [t,t + 1]. Because this change in 
survival cannot be known without 

knowing how N will change and the 
converse, this impasse can be re- 
solved only if survival, s(N), is an 
integrable function of N. Thus, if it 
is possible to make a particular dis- 
crete equation exact using integra- 
tion (which is not always possible 
because not all functions can be inte- 
grated analytically), then it is neces- 
sary to use the very tool (i.e., calcu- 
lus) that has been ruled out as being 
an inadequate approximation when 
applied to the nonsmooth changes in 
populations. 

It is not possible to escape from 
this chicken-and-egg dilemma if dif- 
ference equations are considered to 
be more appropriate than differen- 
tial equations for modeling popula- 
tion process. The art of modeling 
ecological populations is inextrica- 
bly linked to selecting the scales of 
processes that are most appropriate 
for addressing the questions at hand 
and then formulating either differ- 
ence or differential equations that 
express these processes as accurately 
as possible without elaborating de- 
tails that belong to higher levels of 
resolution. 

If this procedure is followed in 
selecting extraction functions for 
prey-predator or, more generally, 
for any consumer-resource system, 
then the appropriate form for the 
extraction function depends on a 
number of issues that relate to ques- 
tions of scale. I have considered this 
question with a colleague, Sebastian 
Schreiber, at Western Washington 
University (manuscript in prepara- 
tion), in the context of how the de- 
mographic time scale of the con- 
sumer relates to that of the resource 
(are they the same, as in lions prey- 
ing on zebra? or is one at least one 
order of magnitude longer, as in fish 
feeding on algae?) and how these 
two time scales relate to a "patch- 
dynamics" or interaction time scale 
(i.e., the rate at which consumers are 
able to smooth out heterogeneities in 
the density of the resource as they 
move from high- to low-density 
patches or the rate at which the 
patches themselves flow past a sessile 
consumer in a resource stream). We 
have found that different assump- 
tions about time scales lead to dra- 
matically different conclusions about 
the ability of two consumers to coex- 
ist on one heterogeneous resource. 

A unified approach 
In search of generality, ecologists 
strive to formulate a population equa- 
tion that is conceptually indepen- 
dent of the position of the popula- 
tion in the trophic hierarchy-that 
is, primary producer, herbivore, car- 
nivore, omnivore, detritivore, or top 
predator (Getz 1984, 1991, 1994, 
Berryman et al. 1995, Arditi and 
Michalski 1996). The basic and 
elaborated Lotka-Volterra systems 
do not fulfill this requirement be- 
cause the predator equation implies 
that predators decay exponentially 
in the absence of prey, whereas the 
prey equation implies that popula- 
tions grow exponentially (or in some 
saturating fashion) in the absence of 
predators. The problem of how to 
treat a population in the middle of a 
three-trophic-level interaction is typi- 
cally solved by conceptualizing this 
population as a predator with an 
extraction term to account for the 
fact that it is also prey for the level 
above (Emlen 1984, Power et al. 
1995), although other approaches 
are possible (e.g., Berryman et al. 
1995's use of a logistic growth for- 
mulation for populations at all 
trophic levels). 

In Lotka-Volterra systems, the 
growth rate of a population is usu- 
ally interpreted in terms of "birth 
rate minus death rate" (Emlen 1984), 
even though populations are some- 
times measured in terms of biomass 
density rather than the density of 
individuals per se. A demographic 
conceptualization of population 
change-that is, in which change in 
individuals per unit area, N, is seen 
as births (B), deaths (D), immigra- 
tion (I), and emigration (E)-domi- 
nates population ecology. In this 
paradigm, the "fundamental equa- 
tion" (Nisbet and Gurney 1982) for 
describing a change, AN, in the num- 
ber of individuals in a population 
over a small interval, At, is 

AN= (B -D + I-E)At 

An alternative to the demographic 
approach that is favored more by 
plant than animal ecologists and that 
is within the class of individual-based 
rather than aggregated models is the 
physiologically structured popula- 
tion approach (de Roos 1997). This 
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approach can be traced back to a 
seminal paper by Sinko and Streifer 
(1967) and to their application of 
the von Foerster (1959) partial dif- 
ferential equation describing how the 
age-size distribution of individuals 
in a population may change over 
time. The critical assumption under- 
pinning Sinko and Streifer's approach 
is the assertion made by Slobodkin 
(1954), based on his experimental 
work with Daphnia obtusa, that "age 
and size taken together can be con- 
sidered to define a class of physi- 
ologically identical animals until 
proven to the contrary" (p. 76). 

An individuals-based physiologi- 
cal approach to modeling popula- 
tion interactions and trophic struc- 
ture rapidly becomes very detailed 
(Gutierrez 1996). An aggregated 
approach to modeling trophic inter- 
actions that uses physiological ideas 
but has the relative simplicity of ag- 
gregated demographic models is the 
metaphysiological approach for de- 
scribing the change, Ax, in biomass 
density, x, of a species. The funda- 
mental equation for this approach is 

Ax = (G - M - Q)At 

where G, M, and Q are the respec- 
tive growth, metabolic, and mortal- 
ity rates associated with the popula- 
tion in question. Compared with the 
demographic approach, a term for 
deaths is retained, but a term for 
births has been replaced by the bio- 
mass growth rate, G. A term M, for 
metabolic attrition, is added. This 
fundamental metaphysiological 
equation assumes that the popula- 
tion is closed, but immigration or 
emigration can be added if necessary. 

The metaphysiological approach 
is based on the notion that popula- 
tions grow because individuals ex- 
tract resources from the environment 
at a rate proportional to their bio- 
mass. These extracted resources are 
then ingested, digested, and assimi- 
lated, with individuals either gaining 
weight themselves or reproducing 
(Getz 1991, 1993, 1994). Thus, the 
total biomass density, rather than 
the number of individuals, is the vari- 
able that best describes the popula- 
tion at an aggregated level, and the 
biomass of specific tissue types (e.g., 
leaves, stems, and roots in plants, or 
some functional notion of active ver- 

sus storage tissues for animals and 
plants) are the variables that best 
describe the population at higher lev- 
els of resolution (Getz and Owen- 
Smith in press). Ginzburg (in press) 
describes the notion that the growth 
rate of a population depends on the 
rate at which the population extracts 
resources, rather than on the density 
of the resources themselves, as the 
"biomass conversion principle" and 
argues that the many trophic models 
that violate this principle are logi- 
cally flawed. 

Lotka-Volterra prey-predator 
equations are formulated on the as- 
sumption that the growth rate of the 
predator is a linear function of the 
resources (i.e., prey) extracted per 
unit predator. Assuming that the 
growth of a predator or consumer is 
a hyperbolic rather than a linear func- 
tion of the extracted resources, the 
problem of the consumer population 
decaying exponentially in the ab- 
sence of resources can be avoided; in 
this case, the consumer population 
will collapse to zero. Furthermore, if 
extraction is a general type II func- 
tional response, then the hyperbolic 
growth-rate assumption yields a lo- 
gistic model, for which the carrying 
capacity, K, is explicitly expressed in 
terms of extraction efficiency, 
growth- rate parameters, and the den- 
sity of the underlying resource flux 
(Getz 1991, 1993). Moreover, this 
analysis demonstrates that if a Holling 
type II functional response is used 
instead of the general type II or 
ratio-dependent type II functional re- 
sponses, then the carrying capacity is 
infinite. Thus, the metaphysiological 
approach provides insight that has 
not been forthcoming in the more 
ubiquitous demographic approach: 
A self-interference term in the func- 
tional response is essential for the 
environmental carrying capacity to 
be finite if the resources are consid- 
ered to be a constant background 
flux (e.g., light or nutrients in a 
stream). 

Conclusion 

Whenever a novel approach is taken 
to modeling population growth and 
interactions, a new perspective is 
generally obtained. In some cases, 
the knowledge gained may be only 
that the new approach is not useful. 

But in other cases, the knowledge 
gained provides important insights 
(e.g., the effects of egg-limited at- 
tack rates on the stability of host- 
parasitoid interactions, the central 
role of self-interference in determin- 
ing the carrying capacity of an envi- 
ronment, or the abruptness of the 
onset of density dependence in deter- 
mining the evolutionarily stable form 
that competition takes in popula- 
tions with discrete, nonoverlapping 
generations), and the new approach 
may open rich areas for research. 
The new approach is often nothing 
more than applying methods used to 
analyze one class of problems to an- 
other class of problems (e.g., using 
physiological ideas for modeling the 
growth of individuals to model the 
growth of populations). The work of 
William Murdoch and associates in 
the field of host-parasitoid model- 
ing provides a good example (Mur- 
doch et al. 1987, 1996, Briggs 1993, 
Briggs et al. 1993). They combined 
the genres of the Lotka-Volterra 
prey-predator models and the con- 
tinuous time stage-structured mod- 
els originating with Sharpe and Lotka 
(1911) and developed further by 
McKendrick (1926) and von Foerster 
(1959; for subsequent developments 
of the latter approach see Sinko and 
Streifer 1967, Gurtin and MacCamy 
1974, 1979, Oster and Takahashi 
1974, Gutierrez and Wang 1977, 
Gurney and Nisbet 1980, Hoppen- 
steadt 1982, Nisbet and Gurney 
1982, Gurney et al. 1983, Gutierrez 
1996). The application of prey- 
predator age-structured models by 
Murdoch, Briggs, and colleagues to 
host-parasitoid dynamics has helped 
to explain, among other things, the 
relative importance of the invulner- 
ability of the different host stages to 
parasitoid attack in stabilizing host- 
parasitoid interactions. The analysis 
has also revealed that an invulner- 
able adult stage is much more critical 
to stability than an invulnerable ju- 
venile stage (for a review, see Mills 
and Getz 1996). 

Innovative approaches in model- 
ing ecological populations have, un- 
fortunately, been less frequent than 
in the physical sciences, where tests 
of theory are more rigorously linked 
to how well predictions from models 
fit observed data. One cannot under- 
estimate how important it is to have 
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an objective test of a model when 
trying to overcome the status quo of 
the theory in a field. Data seem to be 
far more powerful in providing such 
a test than rational arguments that 
are based purely on phenomenologi- 
cal principles. Even in the innovative 
work of Murdoch and associates, 
Lotka-Volterra once more rises to 
the fore for no good reason other 
than that it is currently the most 
acceptable first step to analyzing 
prey-predator interactions. This ac- 
ceptance, however, appears to be 
based on familiarity rather than logic: 
The underlying assumption of the 
Lotka-Volterra equation that con- 
sumers decline exponentially in the 
absence of predators is, for example, 
almost never questioned, even though 
it is troublesome, especially when 
the consumers are parasitoids and 
despite the fact that an easy fix is 
available (i.e., using the biomass con- 
version principle and a hyperbolic 
rather than linear growth function, 
as discussed in the previous section). 

The reluctance of modelers, espe- 
cially younger modelers, to be inno- 
vative in population ecology in the 
absence of data to argue their case 
could well be related to reducing the 
risk of their manuscripts and grants 
being rejected by peer reviewers. The 
exception that could prove this rule 
is Bellows's (1981) demonstration, 
using a collection of independent sets 
of insect population data, that the 
generalized B&H function fits the 
data better than any of the other 
functions listed in Table 1. Never- 
theless, in the absence of suitable 
data to support one model over an- 
other, most modelers continue to use 
functions that violate the principle 
that the maximum rate at which den- 
sity dependence increases its effect 
on the population should not, in 
general, occur at the lowest popula- 
tion densities. 

Ironically, perhaps by becoming 
more rational in the choice of mod- 
els, it will be accepted that modeling 
in population ecology is more an art 
than a rigorous science (indeed, the 
validity of ecological models is in- 
variably in question; Kirchner et al. 
1996). The art of modeling in popu- 
lation ecology may have more to do 
with fixing what is most glaringly 
wrong with models than with find- 
ing the "right" model. The art of 

modeling also has much to do with 
lateral thinking (De Bono 1971) and 
being able to draw on ideas and 
experience from related, and even 
disparate, fields. Tony Starfield, for 
example, who is one of the most 
effective modelers in wildlife man- 
agement today (e.g., Starfield and 
Bleloch 1991, Starfield et al. 1994, 
Starfield 1997), also has more than 
two decades of modeling experience 
in rock mechanics. In his view (Tony 
Starfield, University of Minnesota, 
personal communication), the art of 
modeling in population ecology is in 
"asking the right questions and be- 
ing imaginative about how one de- 
velops the model, explores the model 
world, and interprets the results." 
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