Population Basics

Through the animal and vegetable kingdoms, nature has scattered the seeds of life abroad with the most profuse and liberal hand. 
- Thomas Malthus, Essays on the Principles of Population (1798) 

There is no mystery to biologists that there is a finite capacity of earth to support human beings, given a given lifestyle. Everybody understands that. Everybody understands that the population explosion is going to come to an end. What they don't know is whether it's going to come to an end primarily because we humanely limit births or because we let nature have her way and the death rate goes way up. 

- Paul Ehrlich, The Population Bomb (1968) 

Suggested Readings:

· G. Tyler Miller, Jr., Sustaining the Earth: An Integrated Approach, Wadsworth,1994 

· F. T. Mackenzie and J. A. Mackenzie, Our Changing Earth: An Introduction to Earth System Science and Global Environmental Change, Prentice Hall, 1995. 

· B. J. Skinner, and S. C. Porter, The Blue Planet: An Introduction to Earth System Science, Wiley, 1995. 

· Reid Bryson and Thomas Murray, Climates of Hunger, University of Wisconsin Press, 1977. 

· Turner, B.L., et al., eds., The Earth as Transformed by Human Action, Cambridge, 1990 

· Wessells, N. K., and J. L. Hopson, Biology, Chap 46, Random House, 1988. 

We wish to learn:

· How can we determine population sizes? 

· How does population size vary in space and time? 

· What simple models of population dynamics have validity? 

· What intrinsic and extrinsic limiting factors control population size? 



1. The Ecology of Populations

Our discussion of populations has to begin with some definitions central to "ecology" and "ecosystem dynamics." Webster's dictionary defines ecology as the "biological study of the relations between organisms and their environment." This relationship is determined by the flows of energy and resources between and among organisms and environments. From the standpoint of ecology, therefore, we need to view organisms as producers and consumers of resources and as users and destroyers of habitable niches (a niche is defined in terms of the role an organism plays in the community - more a profession than an address). This approach contrasts with that of geneticists who study populations in terms of groups of interbreeding populations. 

In our study of population dynamics we can best "keep our eye on the ball" and make systematic progress by following the flows of energy through the system. Thus, our discussion of populations will start with a simple consideration of energetics. 

1.1. Energetics and the Trophic Pyramid

As we have seen in earlier components of this course sequence, the laws of physics require all systems (including biological systems) to tend ultimately towards a higher state of disorder (i.e., higher levels of the quantity known to physicists as entropy). Thus, when organisms die, they tend to decay and become less ordered - less organized. Before death, however, organisms hold this tendency at bay by accessing and consuming free energy from their specific ecological niches. This free energy is captured directly from sunlight and atmospheric carbon dioxide by plants - organisms known generically as autotrophs (self-feeders) or "primary producers." The free energy for higher organisms is obtained by consuming autotrophs and/or consuming other animals that, in turn feed off autotrophs. Organisms that capture energy in this way are termed heterotrophs (or other-feeders). Heterotrophs get their sustaining energy through eating autotrophs and/or other heterotrophs. An important point to note here is that the transfer of energy up the trophic pyramid (food chain) is a very inefficient process - at each step a lot of energy is wasted (basically appearing as heat energy rather than being used to drive biological processes). 

Thus, the biosphere can be seen as an energy consuming hierarchy in which the autotrophs are at the base, the herbivores (plant eating animals) are at the next level and the carnivores (flesh-eaters) and omnivores (plant and flesh-eating animals) are at the top level. This hierarchy is called a "Trophic Pyramid" and examples of this are to be found literally everywhere. In some senses, the definition of an "ecosystem" is equivalent to the definition of a trophic pyramid and its natural setting (supporting habitat). 

Figure 1 shows the nature of a trophic pyramid corresponding to one square meter of soil. As can be seen, the organisms at the lower levels are much more abundant. 

Figure 1. Trophic pyramid for a typical square meter of soil. Note the use of a logarithmic scale to encompass the enormous reduction in number of organisms as we move up the trophic pyramid. 

Figure 2 shows an example of a trophic pyramid or ecosystem. The plants (autotrophs) get their energy from sunlight and atmospheric carbon dioxide. The zebras (herbiferous heterotrophs) get their energy by eating the plants, while the lions (carniverous heterotrophs) get their by feeding off the zebras. The ecosystem supports far fewer lions. 

(Figure from Skinner and Porter) 



2.0 Population Study

The study of populations is relevant to many applied problems of importance in today's world. Examples include fisheries , food management, pest management, etc. It is a highly quantitative discipline within ecology and utilizes various sophisticated data gathering and data analysis methods. 

We define a population as made up of the individuals of a given species occurring together at a particular place and time. The characteristics of a population include: 

· size (i.e., numbers); 

· density (numbers per unit area, for example, per hectare or acre); 

· spatial distribution; and 

· demography (statistics related to births and deaths). 

Within Demography we are particularly interested in natality (per capita birth rate) and mortality (per capita death rate). We shall see how these variables are related in such a way that population growth typically follows one of two main patterns: the J-shape and the sigmoidal or S-shape. 

Any population occupies a particular habitat (i.e., where it lives - "address") and a particular niche (how it makes its living "occupation"). For example, the habitat of the smallmouth bass is deep pools in warm water rivers. The niche of a smallmouth bass is to be a predator of acquatic invertebrates when it is small, and of other fish as it becomes larger. 

2.1 Estimating Populations

There are several ways to estimate the number of individuals in a given area. The preferred method will depend on details of the particular organism's biology. Examples of techniques include: 

1. Total counts. For example, a human population census, singing territorial birds, trees. Simple counting obviously works best with sessile organisms. 

2. Counts by sampling. For example direct sampling along a line or over a specified area. The total population is then determined by extrapolating the result to the complete domain of study. Examples or organisms for which this technique works well include trees, coral heads, fishes or singing birds. Sampling techniques may include baits which (for example) capture fruit flies (drosophilia). 

3. Mark-Recapture. In this approach, non-sessile animals are captured, tagged and released on one date. Then, on a subsequent date, some of them are recaptured and the number of tags counted. Based on the assumption that:

(number of tags in recaptured sample) / (total caught in second sampling) =
(number of tagged animals in total population) / (total population size) 

or: R/C = M/N 

For example, Dahl in 1919 marked trout in a small Norwegian lake and got the following result:

M=109 (total number of tags made on first day);

C =177 (total caught on second day);

R=57 (number of tags found in recaptured sample on second day) 

Therefore: 

N = M x C / R = 388 (total number of trout in lake) 

This technique has several assumptions that, if invalid, can lead to problems. The assumptions are: 

1. no immigration or emigration occurs during interval between samples 

2. the tags are randomly distributed 

3. the tag does not lesson probability of survival or enhance probability or recapture 

4. the tags are not lost or overlooked 

Examples of subtle problems with this technique can occur if the animals become more (or less) happy and shy due to their first capture, or if the tags get tangled in nets, etc. 

2.2 Population Distribution over Space

The distribution of organisms can be classified into three main patterns (although, in reality, these patterns are part of a continuum of possibilities). 

Most distributions are aggregated, which means that assumptions regarding distributions are difficult to make. The population distribution for a given organism is determined by its: 

· history (e.g., where it evolved, what dispersal opportunities existed over time, etc.) 

· climatic conditions (e.g., how well adapted it is to certain conditions) 

· local conditions (e.g., soils types, moisture, exposure to sun and wind, etc.) 



3.0 "J" and "S" Shaped Population Curves

As mentioned earlier, demography is the study of population change. The capacity for population growth in a favorable situation is tremendous. In a famous example, the U.S. Coast Guard introduced 29 reindeer on a small island (128 sq. miles) in the Bering Straits with favorable habitat in 1944. By 1963, the population had grown to 6000 individuals. Immediately afterwards the population crashed due to overpopulation and consequent lack of food. Populations grow when the number of births exceeds the number of deaths and/or when immigration exceeds emigration. Simple "J-shaped" or exponential growth occurs when there are no impediments (i.e., no natural obstacles to growth - plentiful food, etc.). 

3.1 J-Shaped Growth

It was Thomas Malthus who first recognized that populations could increase in geometric leaps ( exponential increases). This insight was used by Charles Darwin in developing his theory of Natural Selection. Darwin realized that the great population pressures could cause extensive competition for scarce resources. A simple mathematical expression defines this type of population growth. The rate of change of population per unit time is equal to: 

dN/dt = rN 

where dN is the change in population occurring in a time interval dt, N is the population at a given time and "r" is the rate of growth per individual (e.g., could be 4 new individuals per individual per year). The formula basically says that the rate of increase in population is directly proportional to the number of individuals at any given time. The constant of proportionality is the growth rate, r. This formula means that the population doubles in a constant period of time: thus it takes the same time to multiply from 2 to 4 to 8 to 16, to from 1 million to 2 million, and so on. 

If we plot the relationship between N and t using this formula we get the exponential or J-shape curve shown here. 

Exponential growth is growth without limit. 

Good examples of prolonged exponential growth are rare in the natural world, but can be observed experimentally in laboratory conditions of unlimited resources. The paucity of natural examples is due to the fact that there are population controls due to limits of resources such as food, light, shelter, water, etc., as well as to factors such as predation, climatic change, and disease. 

One example of experimentally verified exponential growth can be seen in a study made of the Goshawk population in Great Britain following reintroduction in 1959 from falconry escapes and releases. The graph shows the number of displaying pairs reported each year. The population follows a J-shaped curve fairly well, with a value of r of 0.37 growth rate per individual per year. In general, species introduced into new favorable habitats do very well at least initially - an example of this includes the infamous zebra mussel introduced into the Great lakes. 

Another example of a J-shaped curve can be seen in observations of the development of a ring-necked pheasant population. Notice a tendency for the growth to slow at year 6. 

The recent human population growth can be characterized as J-shaped growth! 



4.0 Intrinsic and Extrinsic Limitations on Population Growth

Clearly, exponential growth cannot continue forever and natural populations have to reach practical limits. There are only two ways to get off the exponential growth curve. These are to decrease natality or increase mortality (neglecting for the moment emigration and immigration). We next discuss how population sizes vary in more realistic terms. 

We have seen how J-shaped growth can be written as dN/dt = rN. This is an example of a differential equation with a nice solution. The solution is: 

Nt = No ert 

which tells us that the number of individuals in the population at any given time, t, is equal to the original number times the exponential term. In fact, r is seldom a constant, since its value can depend on many factors, including things such as fertility, health of population, food availability, etc. The maximum possible value for r (assuming ideal conditions) is called the species' biotic potential. In general, small organisms have high values of r (they need to reproduce rapidly over short periods of time), while large organisms with long generation times have small r. 

Studies of population growth in the laboratory and in nature show that populations may grow exponentially for a short time, but they always reach limits. Thus, we can safely say that the human population cannot continue to grow as it is currently doing. 

4.1 S-Shaped Growth

A more realistic model of population size variations is called the logistic variation or the sigmoidal variation (S-shape). The formula for this is very similar to that of the J-shaped variation, discussed above. The S-shape formula is as follows: 

dN / dt = rN * [(K - N) / K] 

where, as before, dN is the change in population occurring in a time interval dt, N is the population at a given time and "r" is the rate of growth per individual. The new factor, K, is the carrying capacity for the species - i.e., the maximum sustainable population given the specific circumstances of (for example) nesting sites, food, refuges from predators, or other resource limitations. 

Definition of Carrying Capacity: the maximum number of individuals that environmental resources will support. 

K is treated normally as a constant, but in reality it probably fluctuates. K is usually measured indirectly, simply by observing the upper limit to population size, rather than independently, say by counting nest sites or measuring the food supply. 

We need to look carefully at how the introduction of K in our expression changes its behavior. For example: 

1. When N is much smaller than K, (K-N)/K is nearly unity and we have no change 

2. When N = K, (K-N)/K is zero, so dN/dt is also zero and we have no population growth 

3. When N is somewhere in between, (K-N)/K is some fraction less than one, acting as a brake on exponential growth. In this case, it represents the fraction of the environmental carrying capacity for that species that has not been filled or "used up." The term acts as a brake on exponential growth, eventually shutting it down altogether. 

The example shown above, taken from Wessell and Hopson shows the population of Italian Honeybees introduced near Baltimore over a three-month period. The ultimate population size, near K, the carrying capacity was determined in this case by the physical size of the available hives. At this steady state, the number of births equals the number of deaths and we have a steady state. 

4.2 Fluctuations in Population Size

Exponential (J-shaped) and Logistic (S-shaped) growth curves provide reasonable models of population variations after a few individuals initially colonize a new area. These curves are frequently seen in laboratory cultures of bacteria, wild sheep, barnacles, locusts, etc. However, in many more established populations, the situation becomes more complicated due to various shifts in the multiple controlling factors. For example, due to the lag in reproduction, the carrying capacity for a species can be exceeded temporarily (overshooting), leading to subsequent collapse and perhaps even changes in the numerical value for K. 

An example of an overshoot/crash was seen in the overgrazing of the prairies late in the last century. The overshooting led to semi-permanent damage to the ecosystem and a major reduction in K for cattle in the Southwest. It also led to other profound changes in the ecosystem. 

Other factors that can alter the shape of population curves include predation (population of predators is coupled with that of their prey), resource overuse, change climate, etc. Sometime dramatic fluctuations in population density can occur - for example in the plagues of locusts and grasshoppers - in Michigan occasionally we see massive increases in the frog population. 

A famous example of population fluctuations due to coupling between prey and predator was observed by the Hudson Bay Company which kept records of trapping of the Canadian Lynx and its prey, the Snowshoe Hare. Notice that the fluctuations in the population sizes of these two linked species are slight out of phase. This is due to lags in the reproductive system. 



5.0 Summary

  Organisms need free energy to survive. Natural ecosystems form trophic pyramids with heterotrophs feeding on autotrophs and other heterotrophs. 

  Population size and density can be studied quantitatively using several techniques, such as sampling and mark-recapture schemes. 

  Natural populations follow the J-shape curve when reproducing under ideal conditions. 

  Any growing population must eventually reach a limit beyond which either space, resources, or predators become limiting, yielding a carrying capacity that represent a maximum sustainable population size. 

  Populations can fluctuate wildly depending on the behavior of controlling factors.
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