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AN ALLOMETRIC EXAMINATION OF THE RELATIONSHIP BETWEEN 
RADIOSENSITIVITY AND MASS 

 

1. INTRODUCTION  

This work was motivated by a shift that is occurring in the discipline of radiation 

protection. Through most of the 20th century, radiological protection meant the 

radiological protection of humans. Rules and regulations dealt exclusively with the effect 

of radiation on h. sapiens, reasoning that “The level of safety required for the protection 

of all human individuals is thought likely to be adequate to protect other species, 

although not necessarily individual members of those species. The Commission therefore 

believes that if man is adequately protected then other living things are also likely to be 

sufficiently protected.” (ICRP 1977) Those words were written in 1977 and defined the 

scope of radiological protection in the second half of the 20th century: protect people and 

the environment will be protected. 

 Recently, though, there have been discussions presaging a change. It is 

increasingly recognized that there are problems with the traditional approach. 

(Bréchignac 2002, Gonzalez 2002) In protecting man, at the end of the food chain, it is 

difficult to prove biota earlier in the food chain are not exposed to dangerous levels of 

radioactivity. More generally, the traditional approach neglects environments with few or 

no exposure pathways to humans (Bréchignac 2002). The ICRP weighed in again in 

1991, adding a caveat that “individual members of non-human species might be harmed 

but not to the extent of endangering whole species or creating imbalance between 

species” (ICRP 1991). Since the ICRP made that change, criticism of the traditional 

approach has increased, not decreased. In 2002, at the opening address to the Third 
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International Symposium on the Protection of the Environment from Ionising Radiation 

(SPEIR 3), A. J. González (2002) presented what the IAEA views as the fundamental 

questions facing the discipline of radiation protection that need resolution: 

“Is the aim to protect the human habitat or the wider environment? (The current 

international standards implicitly refer to species in the ‘human habitat’, rather 

than to species in the ‘environment’.)  

Is the objective to protect individuals of a given species or the species as a whole? 

Namely, is it sufficient to protect non-human species as a whole, i.e., collectively? 

Or should protection be afforded to individual members of the species?  

And finally, what is the applicable ethic?” 

 

In a certain sense, the first question was already answered when it was posed. The 

subtitle of the symposium it opened was “The Development of a System of Radiation 

Protection for the Environment,” and most of the articles took for granted that a shift 

towards considering explicitly environmental impacts was occurring.  

The topic of discussion is, given that this regulatory shift is occurring, what is the 

best way to establish a regulatory framework to protect the environment. The majority of 

the plans proposed have held that protecting non-human species at a community level is 

sufficient, in contrast to human radiation protection where every individual’s survival is 

important. Another aspect of this question is the nature of radiation’s effects; if protecting 

the species is sufficient should effects that set in after an organism has reproduced be of 

interest? Cancer, and many other radiation-induced effects usually set in after an 

individual’s reproductive life is complete. Should effects like these, which affect 
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individual animals, but not the species, be regulated? The last questions posed are the 

trickiest both scientifically and politically, and in the last decade, have received 

significant attention around the world. There is a growing consensus that the non-human 

environment needs to be protected, but uncertainty as to regulate that protection. 

In the United States, the DOE has promulgated a new standard: “A Graded 

Approach for Evaluating Radiation Doses to Aquatic and Terrestrial Biota” to address 

environmental impacts. The DOE’s approach was to establish a limiting dose and use 

those doses to calculate Biota Concentration Guides for nuclides of environmental 

interest (DOE 2002). The ICRP has established a new committee to develop a model 

using reference organisms. Their goal is to study a few species very well, and extrapolate 

radiation effects on other animals from the reference species. This is similar in many 

ways to the ICRP model used for humans, extrapolating from the “reference man” to the 

actual subject, although on a wider scale (Holm et al. 2003). Other nations have pursued 

other strategies; Russia for example is considering, or has considered, setting dose limits 

for marine species at 1% of their LD50 values (Bréchignac 2002). 

 A problem shared by all of these new methods is the lack of data on the biological 

effects of radiation on non-human biota due to the historical focus on human protection. 

For the most part, research on the biological effects of radiation on animals was done 

with the aim of expanding knowledge of radiobiology, not with an eye for regulatory 

limits or systematic study. All of the frameworks proposed have different ways of 

handling with this dearth of data. The ICRP’s method of studying reference species is one 

way of coping with this lack of information; the DOE method of choosing limiting doses 

and applying them in a blanket fashion is another. The Russian plan would demand the 
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most additional research, requiring a way to assign LD50 values for all organisms. None 

of these situations is ideal; all of them involve extrapolating from the existing set of data, 

but some method to generalize the existing research needs to be found and these are the 

best ideas so far proposed. 

 Another aspect of this general lack of data is the nature of the data that does exist. 

Most of the work has been done in North America or Europe, and there is little work on 

radiation effects on African or South American biota. Even most of the North American 

data found by this investigator are primarily devoted to a few well studied sites, such as 

Hanford, Washington and Savannah River, SC. The use of radiation is increasing around 

the globe as nuclear technologies spread. Some method of extrapolating from the set of 

animal data we do have to new situations and species will become increasingly necessary. 

 Whatever regulatory framework is chosen, a certain amount of extrapolation and 

scientific guesswork will be required to estimate radiological impacts; there are far too 

many species and variables to build comprehensive dose-response and environmental 

models for even a representative sample. The use of, and mechanisms for, this 

extrapolation is controversial, but one tool that is often used in similar situations is 

allometry. Allometry is generally the effect of size on shape or function. Specifically, an 

allometric relationship is any relationship of the form Y=aXb, where a is constant and the 

exponent b is the coefficient of allometry. Allometry is a widely used tool in the 

biological sciences that has been successfully applied to a wide variety of problems. One 

of the most common allometric techniques, and the one being applied in this thesis, 

relates body mass to physical variables. Allometric body size relationships have been 

called “the best, if not the only source of predictive power in ecology” (Peters 1983). 
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This thesis applies allometric principles to radiosensitivity across a range of phylla. The 

work was motivated in part by impressive examples of allometry’s predictive power that 

are presented later in the text.  

This thesis collects and synthesizes a body of work in the existing literature that 

has not, until now, received much attention. A substantial number of studies were done in 

the latter half of the 20th century determining LD50 values for a variety of organisms. 

Little work has been done since their publication to collect these data and look for 

relationships, but recently, with the increased focus on environmental radiation 

protection, this old literature is being reexamined with an eye for correlations and 

potential methods of estimating environmental impacts. The goal of this work is to collect 

a substantial portion of the literature and examine that data for an allometric relationship 

between an organism’s mass and its radiosensitivity. 

If a strong relationship between mass and radiosensitivity can be established it 

would be a valuable tool in radiation protection. It could provide additional justification 

for the dose limits chosen by the DOE, and could provide a mechanism for the Russians 

to assign LD50s in their proposed framework. Discovering a tool that would provide a 

transparent means of estimating an organism’s LD50 by referencing only its mass would 

be useful in numerous situations. If a strong relationship is discovered, the search for its 

explanation can begin, expanding the understanding of radiation effects. 

 The search for an allometric relationship will begin by reviewing the literature on 

species radiosensitivity and methods of predicting radiosensitivity. An overview of the 

field of allometry will also be completed before presenting the methodology developed 

for this thesis and its results. 
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2.  LITERATURE REVIEW 

 

2.1 Nature and Origin of the LD50 

 

The LD50, also known as the semilethal or mean lethal dose, is the dose that kills 50% of 

a sample population. The LD50 is a well-established metric that has been widely adopted 

in toxicity studies. The use of the LD50 can be traced back to J.W. Trevan in 1927 

(Finney, 1947). The earliest attempts at quantifying dose-effect relationships focused on 

quantities like the minimal lethal doses (Trevan 1927). When proposing the use of the 

LD50, Trevan identified the flaw in previous metrics, writing of the minimal lethal dose: 

“The common use of this expression in the literature of the subject would 

logically involve the assumptions that there is a dose, for any given poison, which 

is only just sufficient to kill all or most of the animals of a given species, and that 

doses very little smaller would not kill any member of that species. Any worker, 

however, accustomed to estimations of toxicity, knows that these assumptions do 

not represent the truth.” 

Trevan rightly points out that a metric of minimal lethal dose has trouble dealing with 

individual variation, which can be considerable in cases of tolerances to stress. A dose 

that might kill one subject could leave another unaffected. By focusing on the reactions 

of either the most radiosensitive, or the most radioresistant individuals, information on 

the species as a whole is skewed. The LD50, which Trevan proposed is a way of 

establishing how a population as a whole will respond to a given stimulus.  
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The concept of the LD50 can be generalized to the ED50, the median effective 

dose, where lethality is not necessarily the effect of interest. The only effect under 

consideration in this report is lethality and so the LD50 nomenclature will be used 

throughout. 

  Lethality or effect values other than 50% can be used, yielding metric such as the 

LD90, the dose which will kill 90% of a test population, but the LD50 gained the widest 

acceptance, in large part due to the ability to estimate it rather precisely. So while in 

many cases there may be more interest in doses that produce mortality nearer 100%, the 

statistical challenges involved make the LD50 preferable (Finney, 1947). 

 When reporting radiation lethality, lethal doses are often reported as LD50/XX, 

where XX is the number of days after exposure that deaths are credited to the radiation. 

The amount of time should be long enough that all deaths attributable to the radiation will 

have occurred. As an example, rodent LD50s due to radiation are usually reported as 

LD50/30s. The LD50/30 is the dose required to kill 50% of the rodents within 30 days of 

the exposure. In the case of rodents, 30 days is proper because it is long enough for all 

non-stochastic, that is non-cancer, radiation-induced deaths to occur. The data gathered 

for this thesis were generally reported as either LD50/30 or LD50/60, although a variety 

of different time periods were used. A discussion of how these values are compared 

appears in Chapter 3: Methods.  

 A final word about LD50s and radiation involves the mechanism of death. 

Depending on the subject, total dose, and the dose rate, radiation lethality can be affected 

by a number of mechanisms. Figure 2.1 displays the three mechanisms by which 

radiation causes death in man. Generally, increasing the absorbed dose decreases the time 
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before death. The hematapoetic syndrome will cause deaths at the lowest doses; at higher 

doses, survival time is decreased as other mechanisms, first gastrointestinal death, then 

central nervous system, or cerebral death, dominate. Strictly speaking, an LD50 dose 

could be established for all of these syndromes, but this thesis is concerned with the 

“minimal LD50” which is the LD50 for the syndrome that occurs at the lowest dose. For 

most vertebrates, that is hematopoetic death, but in many cases even where LD50s are 

known, the causes of death are unknown, as detailed autopsies were not performed. Later 

in this work LD50 vs. mass relationships will be examined where the mechanism of death 

is the same, and where it varies depending on species.  

 

Figure 2.1 Dose-survival time relationship for man (From Allen et al. 1960) 
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2.2 Radiation LD50 Data in the literature 

 

The 1960s and 1970s saw a tremendous increase in the volume of LD50 data available in 

published form. Journals like Radiation Research and the International Journal of 

Radiation Biology published hundreds of articles examining dose response relationships 

for LD50 data. For the most part, these data were from acute gamma radiation exposures 

and the procedures used became standardized over time. Most of the LD50’s were 

established using the statistical probit method outlined by D. J. Finney in his 1947 “Probit 

Analysis” and originally pioneered in 1934 by C. I. Bliss (Finney, 1947). 

Probit analysis, short for ‘probability unit’ analysis, is a statistical method of 

measuring probability of response on a transformed scale and establishing values like the 

LD50. Biological systems often form sigmoid, or S – shaped, curves when they are 

plotted as stimulus versus response. Sigmoid curves can be linearized by transformations 

such as the probit or logit. Probit analysis has dominated in biological assay work 

(Finney, 1978). 

 There are a number of different factors that play a role in radiosensitivity, and 

much of the data in the literature reported LD50s for an individual species as a function 

of gender, temperature, age, season, or a host of other parameters. The methods used in 

this thesis for assigning a species LD50 when a range of values are available are 

discussed in Chapter 3. 
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2.3 Strategies for Predicting Species Radiosensitivity 

 

 As part of the literature review, a significant percentage of the available body of 

work was scanned and stored in preparation for its analysis once a methodology had been 

established.  Most of the work focused on simply identifying LD50 values, or 

determining the impact of factors like gender or environment on LD50. A limited number 

of publications were devoted to predicting radiosensitivity, and two publications did 

discuss explicitly the relationship between radiosensitivity and mass. The first of those 

was a study on the radiosensitivity of a variety of insects which noted that radiosensitivity 

increased with mass, saying “It is interesting to find that of the species tested, the larger 

the species, the lower was the dose required to kill. Additional studies are planned on the 

relationship of size to susceptibility” (Cole et al. 1959). No evidence of additional studies 

was located, however. The second reference to mention the relationship of mass to 

radiosensitivity was Ronald Eisler’s comprehensive “Radiation Hazards to Fish, Wildlife, 

and Invertebrates: A Synoptic Review,” in which the author presents a graph of 

radiosensitivity vs. mass with 13 mammal species; it is reproduced herein as Fig. 2.2   
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Figure 2.2 Radiosensitivity vs. Mass (From Eisler 1994) 

This was the only evidence discovered that anyone had looked into the relationship of 

mass and radiosensitivity.  

While there has not been much inquiry into the relationship of mass and 

radiosensitivity, the relationship between chromosomal volume and radiosensitivity has 

been closely scrutinized; this was one of the first avenues pursued. The rationale behind 

this approach is clear; it is commonly accepted that bionuclear material, particularly 

DNA, is the principle target for the biological effects of radiation (Hall, 2000). The 

reasoning goes that by increasing the volume of the target of concern, radiosensitivity 

will increase proportionally. Over a period of about fifteen years from the early 1960s to 

the mid-1970s, a number of papers were published examining this relationship. 

Specifically, they were examining the relationship of interphase chromosomal volume 
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(ICV) against the LD50. The ICV was defined as “the nuclear volume of a cell divided 

by the diploid chromosome number of the species” (Cromroy, 1971).  

Initially this research was restricted to the simplest organisms and to in vitro 

cultures of cells from more complex animals. Much of the later work focused on in vivo 

relationships for more complex organisms, plants and animals. The three principle 

investigators most active in this area were A. H. Sparrow, A. D. Conger, and H. L. 

Cromroy. As part of their research, Dr. Sparrow and his colleagues worked out a 

framework for comparing radiosensitivity across a range of species. Many of the 

decisions made in the methods section of this work were informed by their methodology 

(Sparrow et al. 1970, Cromroy et al. 1971, Conger et al. 1973). 

 Investigators working in this field have met with mixed success. Early work with 

microorganisms and with single cell system studies of higher organisms showed a nearly 

linear increase of radiosensitivity with ICV (Conger et al. 1973). This led to considerable 

enthusiasm for this approach, and it was applied to plants, amphibians, mammals, and 

insects in hopes of developing a tool for predicting radiosensitivity. Less success was had 

examining the relationship in more complex organisms, one of the first vertebrate groups 

studied were amphibians. Amphibians have a wider variation in chromosomal volume 

than any other class of vertebrate, but despite the range of their ICVs, they showed a 

relatively poor correlation between ICV and the LD50; the LD50 dose decreased as 

nuclear parameter size increased (Conger et al. 1973). A major study predicting species 

radiosensitivity presented at a government-sponsored symposium on “The Survival of 

Food Crops and Livestock in the Event of Nuclear War” (Cromroy et al. 1971) resulted in 

mixed success; their work with mammals other than rodents was encouraging, showing a 
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strong correlation. Rodents on the other hand showed almost no relationship between 

LD50 and ICV, the slopes of the regression lines for male and female rodents even had 

opposite signs. Cromroy et al. also claim “ICV serves as a good predictor when we are 

considering LD50/28 or mean mortality in insects.” To get a sense of what is considered 

a “good predictor” four figures, the relationships of radiosensitivity to ICV for male and 

female rodents, mammals other than rodents, and insects are reproduced here as Figures 

2.3 through 2.6 (Cromroy et al. 1971). 

 

Figures 2.3 and 2.4 Radiosensitivity vs. ICV for female and male rodents respectively 

(From Cromroy et al. 1971) 
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Figure 2.5 Radiosensitivity vs. ICV for mammals other than rodents (From Cromroy et 

al. 1971) 

 

Figure 2.6 Radiosensitivity vs. ICV for insects (From Cromroy et al. 1971) 

Despite the mixed success, most of the investigators expressed hope that progress 

could be made by developing a better method of estimating the genetic target’s size. Most 

acknowledged that factors other than ICV such as body weight and phylogenetic 

relationships also play a role in radiosensitivity (Cromroy et al. 1971).  
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 A final point to consider is the relationship of radiosensitivity with “complexity.” 

A widely reproduced graph (Figure 2.7) indicates the range of radiosensitivites displayed 

by different taxonomic groups of increasing complexity (Whicker and Schultze 1982). As 

a general rule, the groups thought of as more complex have higher radiosensitivities. It is 

also clear that generally, organisms seem to increase in size with complexity. The 

mammal is generally larger and more radiosensitive than the amphibian, similarly the 

amphibian and the protozoa. This general relationship has long been understood; the 

intent of this thesis is to test this relationship and determine whether the empirical data 

follow an allometric relationship.  

 

Figure 2.7 Ranges of radiosensitivity (From Whicker and Schultze 1982) 

2.4 Allometry 

Allometry is a discipline of its own in biology; a comprehensive review of the subject is 

beyond the scope of this work. The intent of this section is to provide an overview of the 

field with some examples, particularly those with relevance to the work at hand. As stated 
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previously, allometry is generally the effect of the scaling of size on some physiological 

parameter. Mathematically, allometric relationships are power laws of the form of 

Y=aXb    (2.1) 

where Y is any observable biological quantity that appears correlated with size, in most 

cases body mass. The exponent b is the scaling factor that describes the effect of a change 

in mass, and ‘a’ is a constant (West, 2005). If b < 0, an increase in size is accompanied by 

a decrease in Y. If b = 0, then Y is equal to the coefficient a, a constant. If 0 < b < 1, then 

Y increases relatively slowly with respect to size. If b > 1, then Y is increasing rapidly 

with size. Because these are power laws, when allometric relationships are graphed on 

log – log plots, the result is a straight line and the exponent b is the slope of the line. This 

can be seen by taking the log of both sides of Equation 2.1 which becomes the equation 

for a line. 

   log(Y) = b *log(X) + log(a)    (2.2) 

Figure 2.8 provides an illustration of the range of variables that have been tied to 

body mass (Calder 1984). This graph, more than pages of text, displays the power of 

allometric relationships. Knowing only an organism’s mass, these equations could be 

used to provide a value, whose precision depends on the particular equation, of its 

metabolism, skeletal mass, even its home range size. Simple in concept, these equations  

relate complicated biological and ecological variables to a single parameter. Each 

equation is valid over a certain range of masses and a certain range of species; but with 

that caveat, allometric relationships have great predictive power. Properly done, 

allometry can be used to extrapolate beyond the existing data set, but it has to be done 

with care. Contemporary allometrists, G. B. West and J. H. Brown write:  
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 “Comparing organisms of large ranges of body size effectively averages over 

environment and phylogenetic histories. Sweeping comparisons, incorporating organisms 

of different taxonomic and functional groups and spanning many orders of magnitude in 

body mass, reveal the more universal features of life, lead to a coarse-grained 

descriptions, and motivate the search for general, quantitative, predictive theories of 

biological structure and dynamics” (West and Brown 2005). 

 

Figure 2.8 A collection of allometric relationships plotted together. (From Calder 1984) 

 Allometric relationships have been known for well over a hundred years. The first 

use of allometry as the term is now understood was in 1891 by a German named Snell. 

He devised an equation that predicted the brain mass for mammals based on their weight 

(Schmidt-Nielsen 1984). Since that time allometry has proved to be one of the few 

sources of biological laws. Mathematical relationships with predictive power are rare in 
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biology and ecology (Peters 1983). Allometry’s utility has seen it applied to a variety of 

situations from metabolic rate to home range size.  

 Allometric relationships are sometimes referred to as biological laws. These laws 

differ in precision from many of the physical laws familiar to scientists, and some have 

questioned whether allometric relationships qualify as laws. The Fire of Life, a textbook 

on animal energetics, presents an excellent defense of allometric relationships as law: 

“The positive correlation between metabolic rate and body weight, and the 

negative correlation between metabolic rate per unit weight and body weight, 

establish two limits between which we expect the rate of heat production of a 

horse to be, if we know the rate of heat production of a rat. We expect the 

metabolic rate of the horse to be somewhat between the metabolic rate of a rat and 

that of the rat multiplied by the ratio of the horse’s weight to the rat’s weight. If 

we are firmly convinced that the metabolic rate of horses and other homeotherms 

of similar size is never outside these two limits, then we admit to recognize a 

natural law between body size and metabolic rate. The firmness of the conviction 

or probability of its being correct, rather than the range within we predict a result, 

justifies the term “law” (Kleiber, 1961). 

2.4.1 Some Allometric Explanations 

The physical reasons so many characteristics seem to obey allometric 

relationships are a matter of considerable debate; some are skeptical that a simple 

explanation exists. For many, though “the very existence of such ubiquitous power laws 

implies the existence of powerful constraints at every level of biological organization” 

(West, 2005). For that reason, while allometry “has been largely an empirical science, 
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seeking simply to summarize the patterns we observe in equations, without necessarily 

explaining why the patterns exist” (Calder, 1984), there has been no shortage of 

explanations being offered. An explanation would certainly be desirable, and lead to 

increased physical understanding.  

Considerable work has been done searching for general and specific explanations 

for allometry’s utility. Before examining some of the explanations that have been 

proposed, a few words taken from Schmidt–Nielsen’s Scaling: Why is Animal Size So 

Important may provide useful perspective. “There are probably good theoretical reasons 

for the widespread use of allometric equations in biology, but even if these reasons are 

inadequately understood, the empirical use of such equations is very helpful” (Schmidt-

Nielsen, 1984). The mechanism behind allometry may remain unknown, but it is an area 

where a number of researchers are working. The following sections will present some of 

the theories that have been proposed to explain allometry’s predictive power. 

 Before examining the theories themselves in the following section, it is fruitful to 

consider two underlying principles to which many of the theories appeal.  The first 

principle is similarity. Similarity is a geometrical principle understood by Euclid. Two 

polygons can be said to be geometrically similar if their corresponding sides are in a 

constant ratio and their angles are the same. The concept of similarity is easy to extend to 

three dimensions; geometrically similar bodies are called isometric. There are 

fundamental geometrical rules that isometric bodies must follow, and three of the most 

useful are reproduced below. 

 Surface Area ∝ (Length)2 

 Volume ∝ (Length)3 
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 Surface Area ∝ (Volume)2/3 

 The consequences of these relationships have also long been known. They are the 

basis for the absolute scaling encountered in nature. Some forces, including mechanical 

forces, act directly on the surface of a body in proportion to its surface area. Other forces, 

like gravity, act on all particles in a body and so are proportional to mass and volume. 

The three principles listed above mean that absolute magnitudes matter; forces act on 

similar bodies in different ways depending on scale. This concept seems almost self 

evident, but in fact originated with Galileo (Thompson 1942). Galileo was concerned 

with scaling as early as 1638; scaling was one of the two sciences introduced in his 

Discourses and Mathematical Demonstrations Relating to Two New Sciences. Hollywood 

B movies owe their success to the public at large’s ignorance of the laws of scaling. 

Galileo was the first to explain why ships and structures have upper limits on their size. 

He went further and explained that the same limits applied to nature. Buildings and 

organisms cannot be increased in scale without altering proportions or materials 

(Thompson 1942). 

The second underlying principle is that of optimal design. It is commonly 

accepted that living things are optimized to use their energy as efficiently as possible. 

Evolution favors the fittest, and generally the most efficient is the fittest. For this reason 

many allometric explanations include a phrase like: “each organism can be considered as 

representing an optimal design for its size and structure” (Schmidt-Nielsen 1984). While 

these assumptions are generally good ones, it must be remembered that living systems are 

complex networks of many variables, and the variables cannot be independently 

optimized. 
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2.2.2 Some allometric examples 

Allometric relationships have been applied to many areas in the biological 

sciences. (Peters 1983, Schmidt-Nielsen 1984) Figure 2.8 displays only a fraction of the 

allometric relationships in the literature. As the body of allometric literature has grown, a 

methodology for examining allometric data has developed. This section will explore the 

standard practices in allometric work by reviewing three areas in which allometric 

techniques have met with considerable success. The three relations that will be presented 

in this chapter are those of mass to metabolism, home range size, and optimal cruising 

speed. The history of these techniques, and an understanding of their procedures, is 

invaluable when applying allometric relationships to new situations. 

A famous example of an allometric relationship is that of mass to metabolism. 

Most biologists are familiar with the classic “mouse to elephant” graph (Figure 2.9)   



 22 

 

Figure 2.9 Mouse to elephant curve. The exponent to this fit is .734 (From Schmidt-

Nielsen 1984) 

The relationship of metabolic rate to body mass is easily the most studied 

allometric relationship. There are a number of different metabolic rates that can be 

calculated, but the one most frequently examined in allometry is the basal metabolic rate. 

(BMR). The BMR is the body’s baseline energy expenditure when at rest. As early as the 

1880s Rubner and Richet were doing BMR allometric work. Richet empirically 

determined that “the metabolic rate per unit mass of rabbits increased consistently as the 

body weight decreased” (Klieber 1937). Working simultaneously, Max Rubner 

discovered the same relationship in dogs, He went further and reported that mammalian 

BMR was proportional to M2/3 (Klieber 1937, White 2002). 
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 Geometrically, this relationship is very attractive. Large and small bodies of 

similar shape have surface areas in proportion to their linear dimensions, or the two-third 

power of their volumes as discussed in Section 2.2. This has become known as the 

“surface law.” It is based on the notion that metabolism, or heat production, is limited by 

an organism’s surface area. The surface law originated in 1883 with Rubner. He noted 

that the heat production rate divided by total body surface area was constant in dogs of 

different sizes. His explanation was that heat production is limited by the amount of 

surface area available to disperse the heat (McMahon, 1973). By the early twentieth 

century, “the surface law appeared so well established that data which did not conform to 

it were either explained by particular conditions or were discarded as the result of faulty 

measurements” (Kleiber, 1961). The surface law was challenged in 1932 by Max Kleiber 

who believed the proper scaling exponent was 3/4. He criticized the methods then being 

used to determine surface area, arguing a rabbit should not be considered to be a sphere 

(Kleiber, 1961). Kleiber’s value was supported by Brody, who first produced the “mouse 

to elephant” curve, and soon the ¾ power relationship, which came to be known as 

Kleiber’s law, was as well entrenched as the surface law had been (White, 2002). In fact, 

contemporary authors have echoed Kleiber in their criticisms, stating: “Kleiber’s 

exponent has become so widely accepted that metabolic relationships that deviate from 

an exponent of ¾ are often considered somehow flawed or are summarily dismissed” 

(White, 2002). Recently, the 2/3 vs ¾ exponent debate has resurfaced as C. White and R. 

Seymour have advocated a return to a 2/3 exponent, although their argument is based on 

the empirical data, not the surface law. A third option was proposed by in the 1980s by 

Heusner. His argument was that data from individual groups fell along lines with a slope 
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of 2/3, and that the overall slope of ¾ was only a “statistical artifact.” Figure 2.10 

illustrates the concept graphically. Feldman and McMahon responded with an article 

“The ¾ mass exponent for energy metabolism is not a statistical artifact.” The debate 

over the scaling exponent in the most prominent example of allometry is revealing. 

Despite a vast body of literature, there is debate over the most fundamental value 

involved.  

 

Figure 2.10 Heusner’s BMR vs. body mass proposal (From Schmidt-Nielsen 1984) 

 Despite the uncertainty as to its origin and the exact nature of the scaling 

exponent, the allometric relationship of BMR to mass has been widely accepted. It has 

even given biology one of its few invariant quantities. If the exponent for BMR is ¾, then 

it follows that the specific metabolic rate, the metabolic rate per unit mass, goes as M-1/4 

power. It is also known that mammalian lifespan increases approximately as M1/4. 

Combining these two relationships reveals that the number of heart beats per lifetime is 

approximately invariant (West et al. 2002). Invariances like this have further encouraged 

allometric investigations. 
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The second allometric example is mass and home range size. Figure 2.11 displays 

the work of a variety of investigators. Home range size is similar to radiosensitivity in 

that it is easy to see how there could be some relationship there; bigger animals naturally 

require more space, but it is difficult to determine the cause of the correlation. Of 

particular interest to this investigation is the method used for assigning regression lines. 

In this case, interspecies comparison was done, but only within the larger groups of birds, 

mammals, and lizards. Additionally birds and mammals were partitioned into carnivores, 

omnivores and herbivores. This is another example of the difficulties in applying 

allometric techniques. Much of the challenge is determining the best way to sort the data.  

 

Figure 2.11 Mass vs. home range size (From Peters 1983) 

The third allometric example is the relationship of mass to optimal cruising speed. 

Figure 2.12 is the work of Adrian Bejan, and is particularly impressive because it unites 

the mechanical and biological realms. A graph that has data points for both the housefly 

and the Boeing 747 has a very broad reach. Dr. Bejan has developed an optimization 

based theory he refers to as “the constructal theory.” Constructal theory is based in 
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thermodynamics. The constructal law is “for a finite-size open system to persist in time 

(to survive) it must evolve in such a way that it provides easier and easier access to the 

currents that flow through it” (Bejan, 2005).  Unlike the experimenters in the previous 

example, Bejan fit all his data points to a single regression.He also worked out a detailed 

physical argument based on the physics of flight.        

 

 

Figure 2.12 Optimal Cruising Speed vs. Mass (From Bejan 2005) 
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2.2.3 Allometric Cautions and Criticisms 

The examples in the previous section illustrate both the power of allometry to 

identify patterns and the complications involved in determining the best way to analyze a 

set of data. This section will examine some of the philosophical and practical difficulties 

associated with allometric work. 

The principle philosophical objections to allometry rest on either the extent to 

which it generalizes at the cost of precision, or the lack of satisfying physical 

explanations for allometric behavior. The first charge is true; a statistical description is 

necessarily less precise than individual data points; the loss of precision is the price of 

generality. Addressing the issue in The Ecological Implications of Body Size, Peters 

writes: “One cannot dismiss a theory because it is imprecise. Theories are rejected 

because they predict less well than their competitors” (Peters 1983). 

The lack of an underlying framework for allometry is troubling. In a recent review 

of allometry Pablo Marquet et al. write: “The ubiquity and simplicity of scaling 

relationships and power-laws in ecological systems might be deceptive when compared 

with the complexity of the systems that they attempt to describe. Unless their theoretical 

foundations and underlying mechanisms are worked out in sufficient detail to be able to 

predict new and, so far unknown, relationships there is the danger for this field to become 

adrift in a sea of empiricism devoid of theory and with little explanatory power and 

generality” (Marquet et al. 2005). But despite the philosophical uncertainty, the utility of 

allometry’s empirical relationships is impossible to deny. 
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 The philosophical objections are not of immediate concern to an investigator 

looking to examine allometric relationships. In a recent review of problems in allometric 

scaling, Robert Martin, Michel Genoud, and Charlotte Hemelrijk address four practical 

problems with allometry that concern anyone working in the field. The four problems 

they introduce are; “choice of an appropriate best fit line with due attention to the 

influence of outliers, objective recognition of divergent subsets in the data (allometric 

grades), potential restrictions on statistical independence resulting from phylogenetic 

inertia, and the need for extreme caution in inferring causation from correlation” (Martin 

et al. 2005). Each of these objections will be considered in turn. Figure 2.13 provides an 

illustration of the first three objections. 
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Figure 2.13 Three allometric problems (From Martin et al. 2005) 

The first problem, illustrated in Figure 2.13A is the choice of a best fit line. The 

bulk of allometric literature contains least squares regressions. This has been done in part 

because least squares regression is easy to calculate. It assumes the only variation is in 

the dependent variable. Technically, least squares regressions have three requirements 

which are seldom met when dealing with interspecific biological data. First, that the X- 

variable be measured without error. The trouble here is that when a species is assigned a 

mass, it is usually an average and mathematically Jensen’s inequality states that: “the 
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expected value of a function is not (in general) equal to a function of the expected value” 

(Marquet et al. 2005). The second requirement for a least squares regression is that the Y 

variable be clearly dependent on the X variable. In many cases in allometry, that is not 

necessarily the case. The third requirement is that the data follow a normal distribution; 

that may be a reasonable assumption in intraspecific distributions, but is seldom true for 

interspecific distributions (Martin et al. 2005). Despite these problems, least squares 

regressions are used almost without exception, possibly because in least squares 

regression, the residual value for any species is simply the difference between the actual 

Y value and that predicted by the best fit line (Martin et al.  2005). Figure 2.13A 

illustrates the difference that could arise by a different line-fitting technique such as the 

reduced major axis. 

 Figure 2.13B relates to the difficulty in interpreting data. “Subsets of species may 

be separated by grade shifts, following the same scaling principle (common slope value) 

but differing in intercept value” (Martin et al. 2005). Figure 2.13B is an example of a 

case where a graded approach and an overall regression line would return significantly 

different answers. This is similar to the Heusner BMR regression discussed earlier. 

Martin et al. write: “As a matter of course it should be asked whether a single best-fit line 

is appropriate for any given data set, and it is advisable to test the outcome of fitting 

separate lines to subsets that may be suspected to exist on taxonomic, functional, or other 

grounds” (Martin et al. 2005). 

 The third statistical objection is based in the influence of phylogeny, basically the 

lack of independence among the data. Related species may not represent independent 

samples; closely related species may even be considered duplicate observations. If one 
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taxa is overrepresented, it can skew the whole regression, particularly if it is located at 

either end of the dataset’s range. This objection is particularly relevant to this thesis 

because the radiation LD50 data available tend to cluster around animals of importance to 

humans rather than representing a random sample of species. 

 The fourth problem, a slightly more philosophical one, is that of causation. In 

biology it is difficult to assign variables as dependent and independent, because causality 

is seldom clearcut. Biological parameters are typically part of complex networks, and 

isolating two variables in a search for causation can be a mistake. Techniques like partial 

correlation can be used to test potential cases of causation; causation should never be 

inferred from a simple bivariate plot (Martin et al. 2005). 

 These are all serious issues that need to be addressed. All of them will be 

considered in the following chapters as the methodology of this thesis is laid out and its 

results are examined.  
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3.  METHODS 

 

3.1 Database Criteria 

The first step in this project was to develop an electronic database of published 

LD50 values. There is a large body of this data in the literature, and seven screening 

criteria were developed to ensure the quality of the references and to make sure all the 

data was of the same kind. The seven criteria are presented below, and this section will 

justify these screening decisions. If a document containing LD50 values was found to 

meet these criteria, it was scanned and archived.  

 • All data must have been published post-1945 

 • LD50 values must be for adults. 

 • LD50 values must be for acute exposures. 

 • LD50 values must be from external whole body irradiations. 

 • LD50 values must be from gamma irradiations. 

 • Where possible LD50 values must be from primary sources. 

•  Each species will be represented by one data point. A maximum of three 

references were followed up for each species. 

 

 The first criterion was chosen somewhat arbitrarily. There is nothing special about 

the year 1945, but a cut off date needed to be chosen. The bulk of the data was produced 

well after 1945, and the earlier the data was produced, the less standardized the methods 

of analysis were.  A major European database of radiation effects, the FASSET radiation 



 33 

effects database (FRED), also chose 1945 as a cut off date, reasoning there could be 

“potential problems accessing earlier literature” (Real, 2004). The FRED database has 

fairly limited data on mortality, focusing more on morbidity, mutation, and reproductive 

capacity, but the methodology employed in the FASSET database informed the decisions 

made here. 

 The second criterion was chosen in an effort to make the data more 

commensurate. The LD50 data used was limited to adults because radiosensitivity varies 

widely during embryonic development, which makes assigning species LD50 difficult. 

One strategy that was considered, but not ultimately used, was to include several data 

points for the same species at different points in its lifecycle, for example, to assign one 

radiosensitivity and weight to salmon eggs, and another to adult salmon. The reason this 

methodology was not chosen was because it was decided to limit each species to one data 

point. This means that although there are a number of LD50 studies for dogs, many of 

which have different weights, only one was included in these analyses.  

 The third criterion is that all these data must be from acute exposures. There are a 

number of experiments on the effects of chronic irradiation, but this thesis was limited to 

acute exposures. Defining what constitutes acute can be tricky, but for the purposes of 

this thesis it is defined as an exposure that takes place over hours or days instead of 

weeks or longer. A challenge here is that while LD50s have long been known to be 

dependent on dose rate, the exact relationship is inadequately understood. Table 3.1 

presents the results of Logie et al. that show the change in the radiosensitivity of female 

rats as the exposure rate is varied from 474 R/min to 0.176 R/min.  
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Table 3.1 LD50/30 values for female rats subjected to different doses from a 60Co 

source. (Data from Logie 1960) 

 

Exposure rate 

(R/min) 

LD50/30 ( R) 

474 906 

55 1044 

3.41 1277 

.487 1885 

.176 2110 

 

 The reason for this variation is the capacity of organisms to repair some radiation 

damage over time. Fractionating doses has the same effect. Various mechanisms and 

models have been developed to explain and describe the rate of this repair (Hall 2000). 

Those models are not directly relevant to this effort, but it is important to note that there 

is a relationship between dose rate and LD50. In an ideal world, all the data would be 

taken under the same conditions, and with the same dose rates. Unfortunately, developing 

a large set of consistent data is impractical. This is one of the reasons that in 

Fundamentals of Radiobiology Bacq and Alexander write that, due to variations in 

irradiation and dosimetry, LD50 “results obtained by different authors are therefore 

seldom compatible” (Bacq and Alexander 1961).  In a recent review of LD50 literature 

VonZallinger and Tempel note: “For cattle and burro studies, the variation in lethality 
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may be as high as ± 25%” (VonZallinger 1998). Despite these cautions, this thesis will 

compare LD50 data from different authors in hopes that broad trends will still be clear. 

Although large at first glance, on reflection the variation in LD50 shown in Table 3.1 and 

brought up by VonZallinger seem encouraging. At high dose rates, reducing the dose rate 

by a factor of four only increases the LD50 by about 10%. This is a relatively large 

change in dose rate and a relatively small change in radiosensitivity; given the “coarse-

grained” allometric approach being applied in this thesis, variations on the order of 10% 

or even 25% are unlikely to play a significant role. 

 The fourth criterion is that all the data be from external whole body irradiations. 

This criterion is self-explanatory. Some studies were done in which various parts of 

different animals were irradiated. Due to the varying radiosensitivity of different organs, 

using whole body radiation doses was the only way to be consistent. This also 

disqualifies LD50 data taken from cell cultures of various animals. Only studies where 

complete animals were irradiated were used. The author of thesis was also not concerned 

with the effect of internally deposited radionuclides; the LD50 data must have been from 

external sources of radiation. 

 The fifth criterion was that gamma radiation sources were used to determine all of 

the LD50 values in this study. The two most common types of radiation LD50 found in 

the literature are for gammas and neutrons. The choice to focus on gamma radiation was 

an attempt to minimize potential confounding factors. The gamma LD50 data vastly 

outnumbers the neutron data, sensibly so as gamma radiation is much more commonly 

encountered. Most of the neutron LD50 data that do exist were presented in conjunction 

with gamma LD50 doses in an attempt to determine the Relative Biological Effectiveness 
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(RBE) of neutrons. Several papers that contained both gamma and neutron LD50s were 

included in the database.  

 Where possible, primary sources were consulted to acquire LD50s and assign 

mass. A number of valuable review documents were acquired in the course of the 

literature review; they were scanned and used to locate primary sources. A small number 

of sources were unavailable in English, or only available in summary form. In all cases 

they were added to the database, and in some cases the LD50 values were used. 

 Finally, an arbitrary limit of three documents per species was set. This was 

because there is a vast body of literature devoted to the LD50 values of a small number of 

species. The number of LD50 studies performed on rodents probably exceeds the number 

of studies on all other animals combined. This is not unexpected or unreasonable; 

mammalian radiosensitivity is of more interest to humans than any other, and rodents are 

the easiest mammals on which to experiment. Gathering all the literature on a particular 

rodent would add nothing to a thesis where each species will be assigned one data point. 

For that reason after three different references were located for a particular species, 

subsequent LD50s for that species were not recorded. In addition a greater effort was 

made to secure animals from unrepresented phylogenetic groups than from taxonomic 

categories that were already well sampled. A discussion of how LD50 values were 

assigned when more that one option were available appears in the following section. 
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3.2 Defining Species Mass and Radiosensitivity 

 

 As discussed above, in an ideal world, all data would have been collected under as 

near to identical conditions as possible. Unfortunately, there are a number of 

complications encountered in practice. This section will establish the guidelines used to 

assign mass and LD50 values to each species.  

 At first glance, assigning a species mass seems to be a simple task. Mass can be 

measured with great accuracy, and it is a variable almost invariably monitored in 

laboratory practice. Unfortunately, many researchers do not include the mass of their 

experimental subjects in their publications. For that reason it was necessary to consult 

third party sources to obtain average masses. This substitution will introduce another 

source of error to the problem, but the decision was made out of necessity. Throwing out 

all data without published masses would have decimated the database. It was a relief to 

discover that obtaining masses from other sources is standard practice in allometry. 

Peters writes: “regressions must frequently use an average size estimated from other 

sources” (Peters, 1983). Even where the mean mass is reported, it is an average quantity 

that has an uncertainty associated with it, as was discussed in Section 2.4. In this case, 

Google information searches were done to locate reputable sources of average mass data 

where it was not provided by the experimenters. Two valuable resources for locating 

mass data online were the Animal Diversity Web, “an online database of animal natural 

history, distribution, classification, and conservation biology at the University of 

Michigan,” (Myers et al. 2006) and AnAge, “a curated database of ageing and life history 
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in animals” (de Magalhaes et al. 2005). Both of these sources had extensive databases of 

species mass. In all cases where masses were taken from outside sources, those sources 

were documented and cited. 

 Assigning species radiosensitivity is another challenge. In the simplest cases, a 

publication reports one LD50 for a species. Often, though, LD50s are given as functions 

of a host of variables such as gender, season, temperature, or dose rate. Small changes in 

variables like temperature can have a huge effect on LD50. For example, the tench has an 

LD50 of 1200 rads at 18 C, but an LD50 of 55000 rads at 10 C (Lockner et al. 1972). In 

such cases a certain amount of judgment needs to be exercised in assigning LD50s. In 

cases requiring judgment calls, an effort was made to provide the most reasonable and 

most conservative value for the LD50. Where LD50 values are available for both 

genders, the most radiosensitive gender’s value would be chosen as the species LD50. If 

LD50 values were listed for five temperatures, four of which were normally encountered 

by the organism, but one of which was known to be hotter than the organism’s natural 

environment, the most radiosensitive of the four values would be used to establish 

radiosensitivity. At first it might seem to make more sense to attempt to average some of 

these quantities, but on reflection it seems clear that the conservative approach is the 

correct one scientifically and politically. Scientifically, it makes sense to be conservative. 

The variable, be it gender, temperature, or season, with the lowest LD50 is likely to be 

the LD50 that has the greatest effect on a population and so it makes sense to consider it 

the limiting value. Politically, the conservative option is always the one to take in 

environmental protection. Being able to demonstrate that at each step in a regulatory 
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process conservative assumptions are being made is often useful for stakeholders in a 

regulatory environment. 

 Another aspect related to assigning species LD50 is the period after irradiation 

where deaths are credited to radiation. As discussed above, an LD50/XX is the dose that 

will induce 50% mortality in XX days. There are two difficulties here. First, some 

publications have published various LD50 rates, so how should the value to assign to a 

species be chosen when three values such as the LD50/30, LD50/45, and LD50/60 are 

present? The second is the more general question whether LD50 values with different 

time periods should be compared.  

 With regard to the first problem, the decision was made to choose the lowest 

LD50, which meant taking the value with the longest period after irradiation for lethality 

to manifest. This is because, as Figure 2.1 illustrated, increasing dose decreases survival 

time. This is also in line with good practice in environmental protection, which is to be 

conservative where reasonable. These questions have been considered before; when 

dealing with the same issue in their search for a relationship between radiosensitivity and 

ICV among amphibians, Sparrow et al. write: “Comparative radiosensitivity, however, 

should, we think, more logically be based on the lowest exposure required to reach a 

given end point without regard to the length of the post-irradiation period. LD50 values 

should be determined only after enough time has elapsed so that most or all of the 

radiation induced deaths have occurred. Our data demonstrate that the time required to 

follow amphibian mortality to this stable point can be considerable in some species” 

(Sparrow, 1970). Sparrow’s methodology and reasoning have been adopted in this thesis. 
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 The final point raised by Sparrow is worth a brief mention. He notes that it takes 

some time for radiation effects to fully manifest in amphibians. This is generally true for 

cold-blooded creatures. In some early publications, the radiosensitivity of cold-blooded 

creatures was under-estimated because the experimental animals were not followed long 

enough (Willis, 1975). Several data points for amphibians were left out of the final 

database because they did not follow their experimental animals until all acute radiation 

effects had manifested. In warm blooded creatures 30 or 60 days is usually enough time 

for radiation effects to manifest, but in cold blooded creatures up to 270 days are 

required. This difference is probably related to differing metabolisms, and the ability of 

many cold-blooded creatures to enter torpor, slowing their metabolisms when physically 

stressed. A similar effect was shown in mammals when it was determined that 

hibernating marmots survived much longer than active marmots exposed to the same 

source of radiation, though lethality was only delayed, not denied (Smith, 1951). 

  

3.3 Data Analysis 

 Allometry is a statistical science and the methods of data analysis are key to 

judging the validity of a result. Without statistical analysis, allometry is a matter of the 

most general trends and vague statements. With statistical analysis, allometry is capable 

of making precise predictions with known confidence. Whenever an allometric equation 

is stated it should be clear how close a correlation exists. This section will summarize 

some of the major features of least squares regression analysis. More detailed 

descriptions are available in any statistics text.   
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 In The Ecological Implications of Body Size, Peters provides an excellent 

summary of regression analysis as applied to allometry, and it is reproduced here. 

“Regression analysis is applied to data sets in which one variable can be 

construed as a function of the other. The aim of regression is to find the line that, 

on average, describes the available data with the smallest error. Least-squares 

regression achieves this by finding the straight line that passes through the point 

described by the mean of all X and Y values and minimizes the sum of the 

squares of the deviations” (Peters, 1983). 

 

 Although questions have been raised over the appropriateness of least squares 

regressions for analyzing allometric data, it is still almost without exception the 

regression used in the literature, and it has been used in this thesis as well. The data for 

this thesis were subjected to least squares regression as calculated by Microsoft Excel. 

 Simply calculating a regression line is not very useful without a way to judge the 

“goodness of fit” of the regression to the data. The method of judging goodness of fit 

used here is the R2 value, or coefficient of determinism.  The R2 value is also calculated 

by Microsoft Excel and describes the extent to which the variation in the dependant 

variable is explained by the change in the independent variable. The best regressions 

explain all the variation in the dependant variable, and in this case R2=1. An R2 value of 

0.5 means the regression accounts for 50% of the variation around the mean. 
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4.  RESULTS AND DISCUSSION 

 

4.1 Database Contents 

 This section presents the results of a search through the literature for LD50 data 

that met the criteria of Section 3.1. Table 4.1 contains a breakdown of the LD50s 

collected by taxonomic group. 

Table 4.1 Breakdown of database content by taxonomic group 

Classification Number of data points 

Mammals 30 

Birds 13 

Amphibian 10 

Reptile 6 

Fish 9 

Insects 12 

Other Invertebrates 18 

 

 Although it would be preferable to have LD50 values for a more representative 

sample of biota, the data available are heavily biased towards mammals. Table 4.2 

contains the full list of radiation LD50s collected in the review of the literature. This table 

is the source of the graphs produced and analyzed in Section 4.2.  
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Table 4.2 LD50 value database 

Common Name Scientific Name LD50 
(rad) 

Mass 
(g) 

LD50 Reference 

Mammals     
pallid bat Antrozous pallidus pacificus 459 27.5 Osborn 1957 
cattle Bos taurus 180 184000 Bell 1971 
dog (beagle) Canus lupus 258 10550 Norris 1968 
british saanan goats Capra aegagrus 384 77500 Edmondson 1966 
spanish goat Capra pyrenaica 550 42400 Hupp 1971 
guinea pigs Cavia porcellus 320 275 Burlakova 1978 
ground squirrel Citellus tridecemlineatus 1000 195 Muscachia 1968 
red-backed vole Clerthrionomys G. gapperi 1197 22.945 Buech 1973 
burro Equus asinus asinus 280 142000 Von Zallinger 1998 
human Homo sapiens 410 70000 Anno 2003 
macaque Macaca fascicularis 317 4500 Darenskaya1967 
rhesus monkey Macaca mulatta 525 2650 Broerse 1978 
woodchuck Marmota monax 550 4000 Markham 1970 
golden hamster            Mesocricetus auratus 550 135 Burlakova 1978 
mongolian gerbil Meriones unguicultatus 1090 54 Jacobson 1971 
meadow vole Microtus pennsylvanicus 704 43.67 Iverson 1975 
pine vole Microtus pinetorum 883 25.5 Dunaway 1967 
house mouse Mus Musculis 700 21 Golley 1965 
yuma bat Myotis yumanensis saturatus 161 6 Osborn 1957 
rabbit Oryctolagus cuniculus 1018 3100 Pryor 1967 
long tailed pocket 
mouse 

Perognathus formosus 1080 18 Gambino 1968 

pocket mouse Perognathus longimembris 1450 8 Gambino 1968 
cotton mouse Peromyscus gossypinus 1130 31.5 Golley 1965 
old field mouse Peromyscus polionotus 1125 12.5 Golley 1965 
Wister rats Rattus Rattus 680 190 Burlakova 1978 
eastern harvest 
mouse 

Reithrodontomys humulis 1200 12.5 Golley 1965 

marmoset Saguinus fuscicollis 200 310 Gengozian 1966 
cotton rat Sigmodon hispidis 1155 105 Kellogg 1968 
richardson ground 
squirrel 

Spermophilus richardsonii 1260 432.5 Markham 1970 

pigs Sus scrofa 228.3 21000 Prochazka 1975 
     
Birds     
shovel duck Anas clypeta 894 613 Tester 1968 
blue winged teal duck Anas crecca 485 341 Tester 1968 
green winged teal 
duck 

Anas discors 715 420 Tester 1968 

mallard duck Anas platyrhynchos 704 1206 Abraham 1972 
rock pidgeon Columba livia 950 275 Gadhia 1979 
japanese quail Coturnix japonica 2250 90 Von Zallinger 1998 
chicken Gallus gallus 900 2580 Von Zallinger 1998 
slate colored junco Junco hyemalis 900 19 Sturges 1965 
song sparrow Melospiza melodia 800 32 Sturges 1965 
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Finch Quelea quelea 1060 17 Lofts 1961 
canary Serinus canaria 1015 13.3 Stearner 1962 
bluebird Sialis sialis 500 25 Willard 1961 
parakeet unknown species 1500 100 Stearner 1962 
     
Fish     
goldfish Carassius auratus 2315 3.8 Shechmeister 1962 
mojarra Eucinostomus sp. 1575 530 White1966 
Mummichog Fundulus heteroclitus 1075 8.3 White1966 
pinfish Lagodon rhomboides 2250 1510 White1966 
atlantic croaker Micropogon undulatus 925 2000 White1966 
striped mullet Mugil cephalus 1450 8000 White1966 
southern flounder Paralichthys lethostigma 1925 5.5 White1966 
fathead minnow Pimephales promelas 1450 300 Chee 1979 
rainbow trout Salmo gairdnerii 1500 250 Welander 1949 
     
Amphibians     
Three toed congo eel Amphiuma means 123 200.967 Sparrow 1970 
manitoba toad Bufo hemiophrys 2000 25.1 Tester 1970 
fowler's toad Bufo woodhousei fowleri 1780 48 Landreth 1974 
dusky salamander Desmognathus fuscus 530 4.5 Sparrow 1970 
rough skinned newt Taricha granulsoa 250 13.5 Willis 1975 
common newt Notophtalmus viridescens 475 1.55 Conger 1973 
common frog Rana pipiens 755 74 Conger 1973 
tree frog Hyla squirella 1125 1.8 Conger 1973 
mud pupy Necturus maculosus 215 95 Conger 1973 
african clawed frog Xenopus laevis 2000 60 DiVita1963 
     
Reptiles     
alligator Alligator mississippiensis 950 1300 Bair 1968 
snapping turtle Chelydra serpentina 1000 19 Cosgrove 1971 
red eared turtle Chrysemys picta 1000 16 Cosgrove 1971 
snakes Coluber constrictor 300 176 Cosgrove 1971 
box turtle Terrapene carolina 1030 350 Cosgrove 1971 
Side Blotched Lizard Uta stansburiana 1700 1.34 Turner 1967 
     
Insects     
germ. Cockroach Blatella germanica 72000 0.08177 Cole 1959 
bed bug Cimex lectularius 150000 0.00437 Cole 1959 
pharoah ant Monomorium pharaonis 190000 0.0012 Cole 1959 
house fly Musca domestica 72000 0.021 Cole 1959 
speckled cockroach Nauphoeta cinerea 146000 0.2 Levy 1973 
grain beetle Oryzaephilus surinamensis 210000 0.000296 Levy 1973 
body louse Pediculus humanus 170000 0.00136 Cole 1959 
am. Cockroach Periplaneta americana 48000 1.148 Cole 1959 
stable fly Stomoxys calcitrans 115000 0.008333 Levy 1973 
red ant Solenopsis invicta 175000 0.0028 Levy 1973 
firebrat Thermobia domestica 98000 0.02128 Cole 1959 
red flour beetle Tribolium castaneum 310000 0.002 Levy 1973 
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other invertebrates 
and small things 

    

Virii  44000 1.00E-16 Rose 1992 
green algae Ankistrodesmus 11000 8.00E-09 Bonham 1951 
pill bug Armadillidium vulgare 30000 8.00E-02 Nakatsuchi 1981 
flagellate protista Astasia long 30000 3.00E-08 Rose 1992 
bacteria Bacillus cereus 200000 2.90E-13 Rose 1992 
blue crab Callinectes sapidus 51000 450 Engel 1967 
single cell green algae Chlorella vulgaris 50000 8.00E-09 Polikarpov 1966 
blue-green alge Chroococcus 8000 8.00E-09 Bonham 1951 
flagellate protozoa Euglena gracilis 32000 3.00E-08 Rose 1992 
earthworm Lumbricus terrestris 67800 3.8 Reichle 1971 
Diatom Nitzschia closterium 50000 8.00E-12 Rose 1992 
mud snail Nassarius obsoletus 14000 0.012 White 1966 
Algae Oscillatoria limosa 8000 8.00E-09 Rose 1992 
grass shrimp Palaemonetes pugio 1500 0.145 Rees 1962 
ciliate protozoa Paramecium Aurelia 300000 5.00E-11 Calkins 1964 
Fungi Penicillium camemberti 60000 8.00E-11 Rose 1992 
Yeast Saccharomyces cerevisiae 3500 8.00E-11 Rose 1992 
marine snail Thais lamellose 13000 0.295 Bonham 1951 
 
 

 

4.2 Allometric Regressions 

  This section will present the substance of this thesis. The LD50 values of Table 

4.2 will be presented in several different forms. As was discussed in Chapter 2, one of the 

chief challenges of allometric work is determining what data sets to fit with regression 

lines. Presented here are plots of the data on rodents, mammals, birds, amphibians, 

reptiles, fish, vertebrates, invertebrates, and finally, all organisms. This was done 

pursuant to the advice of Martin et al.: “it is advisable to test the outcome of fitting 

separate lines to subsets that may be suspected to exist on taxonomic, functional, or other 

grounds” (Martin et al. 2005). 
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Figure 4.1 Rodent radiosensitivity data plotted against mass 

  

Figure 4.2 Mammalian radiosensitivity plotted against mass 
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Figure 4.3 Avian radiosensitivity plotted against mass 

 

Figure 4.4 Amphibian radiosensitivity plotted against mass 
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Figure 4.5 Reptilian radiosensitivity plotted against mass 

 

 

Figure 4.6 Fish radiosensitivity plotted against mass 



 49 

 

 

Figure 4.7 Insect radiosensitivity plotted against mass 

  

Figure 4.8 Vertebrate radiosensitivity plotted against mass 
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Figure 4.9 A complete database plot 

  

Figure 4.10 A complete database plot excluding insects 

A summary of the best fit lines from Figures 4.1 to 4.9 appears below as Table 4.3. The 

interpretation of these results will be presented in the following section. 
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Table 4.3 Regression Line Equations and R2 values 

Figure Equation of Regression Line R2 value 

Figure 4.1 Rodents 1856.4x^-.1919 0.3298 

Figure 4.2 Mammals 1148.6x^-.1123 0.3062 

Figure 4.3 Birds 1067.2x^-.0358 0.0238 

Figure 4.4 Amphibians 876.8x^-.1077 0.0341 

Figure 4.5 Reptiles 1392.6x^-.1108 0.2318 

Figure 4.6 Fish 1805.8x^-.0304 0.0767 

Figure 4.7 Insects 56989x^-.1779 0.6393 

Figure 4.8 Vertebrates 1198.8x^-.0907 .1337 

Figure 4.9 All organisms 2789.1x^-.1532 .48 

Figure 4.10 All organisms 

minus insects 

1766.2^.1297 .6133 

 

 

4.3 Discussion 

 An examination of Figures 4.1 through 4.10, whose results are summarized in 

Table 4.3, reveals that there is a general trend for radiosensitivity to increase with mass, 

although this relationship was not found among every taxonomic group that was 

investigated. As was discussed earlier, one explanation for the overestimation of the 

radiosensitivity of many cold-blooded creatures is a failure to follow experimental 

animals until all radiation effects have manifested. Few of the studies followed their 

subjects more than 6 months.  
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 Contrary to this investigator’s initial suspicions, allometric relationships seem 

more appropriate across wide ranges of species (and masses) than in narrower contexts, 

such as looking only at reptiles. A second surprise was, with one exception, that plots 

where the mechanism of death varies had on average an R2 value no lower than that 

where the mechanism of death was constant. The one exception to this was insects; the 

insect LD50 values provided were LD50/24 hrs. The mechanism of death in insects was 

unknown, but it was certainly not the hematapoetic death that provides the minimal LD50 

value for most vertebrates. Because the period for radiation effects to manifest was so 

short, the LD50 values for insects were generally much higher than those of other 

organisms examined. For that reason Figure 4.9 excluded insects to determine if they 

were dramatically affecting the regression statistics.  

 The small R2 values displayed by many of the plots are evidence that factors 

besides species mass play a considerable role in radiosensitivity. This thesis contends 

that, given the general trend that occurs on the widest scales, allometric analysis can be 

used to provide rough estimates of radiosensitivity, but only with care and after clearly 

identifying the assumptions being made. In the words of Adrian Bejan: “ Our approach is 

approximate (order of magnitude accuracy) and is not intended to account for all forms of 

biological variation. Rather it predicts central tendencies” (Bejan 2006). 

 This thesis has confirmed the belief that generally radiosensitivity increases with 

size and quantitatively examined the nature of the relationship.  
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5.  CONCLUSIONS AND FUTURE WORK 

 
 

 As was discussed in the previous sections, the primary goal of this thesis was to 

confirm and quantify the hypothesis that there is a general tendency of an increase in size 

to yield an increase in radiosensitivity. This trend was confirmed on the widest scales 

when all the data were analyzed across the range of living things. When applied within 

narrower taxonomic groups spanning only one or two orders of magnitude in weight, 

allometric relationships did little to explain the variation in radiosensitivity.  

 This thesis focused on identifying the trend in the empirical data and not on 

explaining its existence. Whether the explanation is related to ICV, complexity, or 

another as yet untried variable, it would certainly provide increased physical 

understanding of the scaling of radiation effects. If another variable more closely related 

to radiosensitivity could be identified, it could provide another fruitful avenue of 

research. Any effort that increases the understanding of radiation biology will prove 

increasingly valuable as the use of radiation spreads and the consciousness of a need to 

protect the environment from the hazardous effects of ionizing radiation grows. 
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