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PRODUCTION AND RESPIRATION IN ANIMAL 
POPULATIONS 

BY W. F. HUMPHREYS 

School of Biological Sciences, University of Bath, Claverton Down, Bath, BA2 7A Y, 
Avon, England 

SUMMARY 

(1) Analysis is made of 235 energy budgets from the literature to determine the 
relationship between annual production and respiration in natural populations of animals. 

(2) Homoiotherms separate into four groups; insectivores, birds, small mammal 
communities and other mammals. 

(3) Poikilotherms separate into three groups; fish and social insects, non-insect 
invertebrates and non-social insects. 

(4) The invertebrate groups are separable into trophic categories and herbivores have 
the lowest production efficiency. 

(5) There is no relationship between animal weight and production efficiency. 
(6) Within the groups derived, species with different habitats (aquatic and terrestrial) 

do not have different production efficiencies. 
(7) There is no firm evidence that production efficiency is dependent upon the magnitude 

of production. 
(8) Distribution of the data indicates that there is no quantum jump in production 

efficiency between poikilothermic and homoiothermic animals. 
(9) Regression equations are given for each of the derived groups relating annual 

production to respiration (both as logl0 cal m-2 yr' ) in animal populations. 

INTRODUCTION 

Engelmann (1966) suggested that there was a linear relationship between annual produc- 
tion and respiration per unit area in animal populations. Additional data have been 
added to the 'Engelmann line' (Golley 1968; Hughes 1970; McNeill & Lawton 1970; 
Shorthouse 1971; Leveque 1973) but the relationship has been analysed seriously only 
thrice. 

McNeill & Lawton (1970) plotted respiration against production (both as logl0 kcal 
m-2 yr'1) and were able to separate clearly the homoiotherms from the poikilotherms. 
They suggested that when sufficient data were available the poikilotherms would be divis- 
ible into three groups; short lived with low cost resting (overwintering) stages, short 
lived with high cost overwintering stages and long lived poikilotherms, and that the pro- 
duction efficiency would decrease in the same order. They showed that the relationship 
for the short lived poikilotherms had a slope (b in y = a + bx) different from 1.0 
whether production or respiration was taken as the dependent variable but the slope 
for the homoiotherm data did not so differ. 

Shorthouse (1971) added a few additional data to those considered above and was able 
to derive predictive equations with narrower confidence intervals by separating the poikilo- 
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428 Productionand respiration in animal populations 
therms by habitat (aquatic v. terrestrial) rather than life cycle duration (for his equations 
see Humphreys 1978: Table 6). 

Grodzifiski & French in Grodzin'ski & Wunder (1975) analysed the data available for 
small mammals and separated insectivores from rodents by their different slopes which 
were respectively greater and less than unity. 

Almost every energy budget has been derived from a unique set of assumptions and 
methods, some of which lead to detectable errors (e.g. Kozlowski's (1968) reinterpreta- 
tion of Birch's reworking (in Allee et al. 1949) of Lindeman's (1942) Cedar Bog budget) 
while others may lead to undefinable bias (see Humphreys 1978). It has been claimed 
that these differences in assumptions and methods may introduce sufficient noise into 
energy budgets to prevent the separation of some of the subdivisions discussed above 
and particularly the separation of animals by trophic level (Humphreys 1978) as 
suggested by Kozlovsky (1968). In addition it has been claimed that the resolution 
obtainable from energy budgets may be insufficient to test hypotheses using energetics 
methodologies (Humphreys 1978) as attempted by Sutherland (1972). 

The number of energy budgets now available should permit the analysis of some of the 
energy relations of animal populations mentioned above. This has become more import- 
ant as the original equations derived by McNeill & Lawton (1970) are increasingly being 
used to complete energy budgets from a knowledge of either production or respiration 
(Phillipson 1971; Mason 1971, 1977; Hughes 1972; Olah 1976). 

MATERIALS AND METHODS 

I follow the terminology of Petrusewicz & Macfadyen (1970) to describe the energy 
budgets where P is net production (that due to growth, Pg, and reproduction, Pr) and R 
is metabolic heat loss; A = P + R = C - FU all in caloric units. Energy budgets for 
235 natural populations were extracted from the literature (Appendix). With one excep- 
tion (Llewellyn 1975) energy budgets have no variance estimate; differences in methodo- 
logies and assumptions used by different workers such as the arbitrary adjustment of R, 
the inclusion or not of Pr in the estimation of P and the effects of immigration should 
result in energy budgets that vary widely around the true value (see McNeill & Lawton 
1970; Humphreys 1978). No objective method is available to distinguish 'good' from 
'bad' energy budgets so I have applied no selection to the data with the following excep- 
tions. The data for Pogonomyrmex badius (Golley & Gentry 1964) were excluded as 
they are widely believed to be aberrant (set Petal 1978). Budgets partially derived using 
the equations from McNeill & Lawton (1970) were excluded as were those covering 
more than one taxonomic category (see below). I have not excluded budgets covering 
only the larval stages of insects as I did elsewhere (Humphreys 1978). 

Where necessary the following conversion factors were used: 1 g carbon = 10.94 kcal. 
1 kJ = 0.2388 kcal. Maximum live weight for a species was taken from the original 
source directly, read from figures, or converted from dry weight assuming 75%/ water in 
the living animal (flesh weight only in molluscs) or from caloric value using caloric data 
for the appropriate group compiled by Cummins & Wuycheck (1971). 

The data were initially grouped into 'taxonomic' categories which in some cases were 
well defined (mice, voles, shrews, fish, social insects, orthoptera, hemiptera, mollusca and 
crustacea) or, where data were insufficient, into loose taxonomic groups (other mammals, 
other insects and other non-insect invertebrates). Data for birds were pooled from both 
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single species studies and community studies and a separate category erected for small 
mammal community budgets. 

Statistical treatment 

As discussed by W. Grodzin'ski & N. R. French (personal communication) production 
cannot occur in the absence of respiration while the converse is not true; theoretically 
therefore production should be treated as the dependent variable. In practice respiration 
is calculated from the biomass at different times and ideally as an integral so that the 
change of biomass plus a constant is tracked. Change in biomass is an index of produc- 
tion which makes respiration the dependent variable in practice. However, as discussed 
elsewhere (McNeill & Lawton 1970), both R and P are derived from either numbers of 
individuals or biomass and are thus not strictly independent. I see no alternative to 
presenting the analyses treating both P and R as dependent variables; this has the added 
advantage of permitting prediction of the other parameter from either known P or 
known R. 

Least squares regressions were calculated for each of the original fourteen taxonomic 
groups treating either P or R (log1o cal m-2 yr 1) as the dependent variable. Regressions 
were compared (see below) with each other and pooled if not significantly different until 
the minimum number of separate groups was found. Within some of the pooled groups 
the data were analysed in an attempt to separate further taxonomic categories (Diptera 
from other insects, ants from termites and gastropod from pelecypod molluscs), trophic 
categories (herbivores from carnivores from detritivores), life cycle duration (short 
lived, < 2 years, from long lived, > 2 years), and habitat (aquatic from terrestrial). 

Least squares regressions were calculated for each group considered and the lines 
compared using the analysis of variance procedure of Davies & Goldsmith (1972: Table 
7.7). Analyses were conducted to test four relationships within and between the regression 
lines of the form log y = a + b log x. Firstly whether x and y were correlated and the 
slope (b) of the equation differed from zero. Analysis continued to test whether the two (or 
more) regression lines had a similar slope (P > 0.05); if the slopes were statistically 
similar the lines were tested for common intercept (a). If the intercepts were similar the 
lines were pooled otherwise they were treated as separate groups. In this manner all 
groups were tested against all adjacent groups before pooling. Finally the individual lines 
or the common slope for several pooled groups were tested for a slope of 100. Where the 
slope is 1.00, there is no relationship between the magnitude of annual R (or P) per unit 
area and the production efficiency P/(P + R) = P/A. 

The estimates for P and R contain unspecified measurement error as well as natural 
variability. The groups of data are typically non-normal and open ended. In a lengthy 
discussion of various types of linear regression Ricker (1973) recommends the use of the 
geometric mean estimate of the functional regression of y on x (the GM regression), 
especially if it is desirable to avoid decisions about the relative accuracy of measuring x 
and y. This form of regression gives the best estimate of the slope for predictive purposes 
and Ricker recommends the use of ordinary symmetrical confidence limits. For this 
reason I present for the derived groups the functional (GM) regressions and the more 
familiar least squares predictive equations. Where it is necessary to obtain GM regressions 
for the common slope of several groups it has been approximated from the weighted 
mean correlation coefficient for the groups. 

Unless specified the equations given are standard predictive regressions. Anyone 
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interested in the slope of the relationships for specific groups can calculate the slope (v) 
for the GM regression from the appropriate predictive equations as: v = b/r (Ricker 
1973). 

The index P/A was also analysed from the individual studies without consideration of 
the magnitude of P or R. Data were analysed for homogeneity of variances by Bartlett's 
test (Sokal & Rohlf 1969). Analysis of variance was conducted and the means tested by 
the Student-Newman-Keuls a posteriori test for unequal sample sizes (Sokal & Rohlf 
1969). 

RESULTS 

Variance 

Regressions for the original fourteen taxonomic groups have significant heterogeneity 
in the residual variances (P < 0.005). This heterogeneity remains after exclusion of 
several of the more extreme variances and cannot be removed by transformation of the 
data. I follow McNeill & Lawton (1970) in the belief that the empirical relationship 
between P and R is of sufficient interest to use standard regression techniques in its 
analysis. My use of analysis of variance is to obtain objective subdivisions of the data 
available: while I retain the usual criterion of significance at the 5%. probability level, 
any tests giving probabilities close to the 5%? level may be viewed with caution. While 
moderate heterogeneity of variances is not serious for overall tests of significance, single 
degree of freedom comparisons may be seriously in error (Sokal & Rohlf 1969). 

Production as the dependent variable 

Regression statistics for the original fourteen 'taxonomic' categories are presented in 
Table 1. All the relationships are significant (P < 0-003) and none of the slopes differ 
significantly from the others; these lines have a common slope of 0.961 (?0.021 S.E.) 
which does not differ from a slope of 1.0 (ts233 = 1.857, 0.1 > P > 0.05). Sequential 
comparison of the intercepts permitted pooling of several groups leaving 7 separate 
regression lines (Table 2); summary analyses of variance for some of the more interesting 
comparisons are given in Table 3. Within the pooled groups none of the regression lines 
differs from any other with which it has been pooled and the pooled groups are clearly 
separated with one exception; the intercepts for the insectivore line differs from that of the 
birds (P = 0.0001) but the small mammal community line does not differ from those for 
the birds or the insectivores. Pooling the insectivore data with those for the small mammal 
communities results in a regression not significantly different from that for the birds 
(Table 3). Hence these three lines are kept separate (Fig. 1). 

The common slope of the GM regression for the seven derived groups (v = 1.026) 
does not differ from 1.0. Re-analysis for common slope, having excluded all budgets for 
more than one species, gives a common slope not different from 1.0 (v = 1.000; 
Table 2). Analysis for common slope between groups for the homoiotherms and poikilo- 
therms separately shows neither differs from unity (v = 1.085 and 0.984 respectively). 

Further taxonomic categories could not be separated from the seven derived groups 
(Table 3). None of the following could be separated; rodents from non-insectivore 
mammals, diptera from any non-social insect group, ants from termites nor gastropod 
from pelecypod mollusca. However splitting the non-social invertebrates into arthropods 
and non-arthropods gave significant separation but with generally wider confidence 



TABLE 1. Regression statistics relating annual production (log10 P cal m-2 yr-') to respiration (logl0 R cal m-2 yr-1) in animal populations 
Community studies for birds and small mammals are included 

Correlation Mean Mean Standard error Significance of 
Group Regression equation coefficient N R P intercept slope slope from 1-0 

1. Insectivores P = 0-608R - 0-684 0.958 6 3-151 1-052 0.127 0.091 <0-02 
2. Mice P = 0-854R - 0-946 0-920 22 2-893 1-524 0.327 0.081 NS 
3. Voles P = 1-078R - 1-866 0.923 20 3.801 2-233 0.225 0.103 NS 
4. Other mammals P = 0-911R - 1-190 0*963 14 3.724 2.202 0.314 0.074 NS 
5. Small mammal communities P = 1-139R - 2-399 0.840 8 3.859 1.997 0.373 0.304 NS 
6. Birds P = 0.734R - 0-830 0.929 9 4.000 2.105 0.123 0.110 <0-05 
7. Fish P = 0.834R - 0-249 0.965 9 4-337 3-370 0.196 0.086 NS 
8. Social insects P = 1.002R - 1-048 0.858 13 3.241 2.198 0.437 0.181 NS 
9. Orthoptera P = 0.859R + 0.337 0.919 22 3.432 3.286 0.230 0.081 NS 

10. Hemiptera P = 1-015R - 0.188 0.967 14 2-980 2.838 0.425 0.077 NS 
11. All other insects P = 0-961R - 0.006 0.977 25 3.827 3.673 0.258 0.045 NS 
12. Mollusca P = 1-033R - 0-717 0.860 45 4-832 4.272 0.392 0.094 NS 
13. Crustacea P = 0-946R - 0-231 0.959 9 4.608 4.130 0.254 0.106 NS 
14. All other non-insect invertebrates P = 1.018R - 0.483 0.911 19 3.703 3-286 0.475 0.112 NS 
Non-insect invertebrates: 
15. Carnivores P = 0-979R - 0-407 0.902 11 3-323 2-847 0-531 0.156 NS 
16. Detritivores P = 1-069R - 0-601 0-907 22 4-583 4-298 0.420 0*111 NS 
17. Herbivores P = 0-971R - 0-500 0*943 16 4.617 3-982 0.284 0.092 NS 
Arthropods: 
18. Short lived (<2 yrs) P = 0-970R - 0-060 0.971 62 3.480 3.316 0.281 0.031 NS 
19. Long lived (>2 yrs) P = 1.206R - 0-224 0.889 12 3.539 3-120 0.491 0.196 NS 
Common slope (? standard error): Groups 1-14 b = 0-961 ? 0.021 N = 235 tsj.o = 1.857 NS v = 1.039 

15-17 b = 1-013 ? 0-057 N = 49 tsj.0 = 0.228 NS 
18-19 b = 0-987 ? 0-035 N = 74 ts1.o = 0*371 NS 



TABLE 2. Seven different predictive regression equations relating annual respiration (loglo R cal m-2 yr' -) to production (loglO P cal 
m-2 yr') in animal populations. The GM regression which better estimates the slope is given below each equation; statistics relate to 

the predictive regressions N 

Mean Mean Standard error Significance of 
Group Regression equation N R P intercept slope slope from 1.0 

Insectivores P = 0-608R - 0-864 6 As in Table 1 
P = 0-636R - 0.952 

Birds P = 0-734R - 0.830 9 As in Table 1 
P -0790R - 1.055 

Small mammal communities P = 1*139R - 2.399 8 As in Table 1 
P = 1356R - 3-236 

All other mammals P = 0-885R - 1.084 56 3.447 1.967 0.289 0.0409 <0.01 
P = 0-938R - 1.259 

Fish and social insects P = 0-912R - 0-749 22 3.742 2.646 0.470 0-110 NS 
P = 1.042R - 1.234 

Non-insect invertebrates P = 0-974R - 0.394 73 4.511 3-998 0.397 0.0519 NS 
P = 1-068R - 0-820 

Non-social insects P = 0-969R - 0.037 61 3.456 3-312 0.288 0-0318 NS 
P = 10OR -0.144 

Common slope for above groups: b = 0-942 ? 0.0209 N = 234 ts.o = 2-758 P < 0.01 v = 1.013 
Common slope for non-community studies*: b = 0.952 + 0.0208 N = 210 ts1.0 = 2.288 P < 0.05 v = 1.014 

* Excludes birds, small mammal communities and other budgets pooled for more than one species. 



TABLE 3. Synopses of analyses of variance testing for common slopes and intercepts for some of the regressions relating 
annual respiration (log1o R cal m-2 yrT-) to production (log10 P cal m2 yr-) in animal populations 

Test for parallel lines Test for common intercepts 
Group F d.f. P F d.f. P Comment 

Homoiotherms v. poikilotherms 1.5 1,232 0.215 427.7 1,233 < 10-5 parallel separate 
Insectivores v. birds 0*8 1,11 0.397 32.1 1,12 0-001 parallel separate 
Insectivores v. small mammal communities 2-7 1,10 0.131 2.7 1,11 0.129 parallel common 
Birds v. non-insectivore mammals 0-4 1,64 0.546 12.1 1,65 0.0009 parallel separate 
Rodents v. other non-insectivore mammals 1.2 1,55 0.288 0.01 1,56 0.928 parallel common 
Fish v. social insects 0-4 1,17 0.560 0-3 1,18 0-608 parallel common 
Diptera v. Orthoptera v. Hemiptera v. all 1.1 3,54 0.361 0.1 3,57 0.977 parallel common 

other non-social insects 
Non-social arthropods v. non-arthropod 0.01 1,131 0.908 10-7 1,132 0.0014 parallel separate 

invertebrates 
Non-social insects v. non-insect invertebrates 0.0 1,131 0.946 23.5 1,132 < 10-5 parallel separate 
Herbivores v. carnivores v. detritivores: 

non-insect invertebrates 0.2 2,43 0.799 3-5 2,45 0.038 parallel separate 
non-social insects 0.2 2,56 0.823 2-4 2,58 0.102 parallel common 

Short v. long lived: 
non-insect invertebrates 0-04 1,18 0.842 1-3 1,19 0-273 parallel common 
non-social insects 3.2 1,70 0.079 6.1 1,71 0.016 parallel separate 

Insect larvae v. all stages 0.2 1,58 0.660 0.1 1,59 0.767 parallel common 
Aquatic v. terrestrial: 

non-social insects 0 1,58 0.984 0.01 1,59 0-924 parallel common 
non-insect invertebrates 0 1,44 0.982 0.7 1,45 0.425 parallel common 
all invertebrates 0.6 1,130 0.461 2-4 1,131 0.123 parallel common 

4JJ 
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FIG. 1. The relationship between respiration and production (both as log10 cal m-2 yr'1) 
in natural populations of animals. The regression lines, not adjusted for common slope, of 
the seven derived groups (Table 2) are shown. The points for Perognathus penicillatis and 
P. baileyi (Appendix) are not plotted. The lines are numbered 1 = insectivores, 2 = small 
mammal communities, 3 = birds, 4 = other mammals, 5 = fish and social insects, 6 = 
non-insect invertebrates and 7 non-social insects. The symbols denote: O insectivores, 
I small mammal communities, * other mammals, * birds, + fish, x social insects, 0 

molluscs, 0 Crustacea, j other non-insect invertebrates, A Orthoptera, * Hemiptera, 
V other non-social insects. 

intervals than the separation into non-social insects and non-insect invertebrates (95%/ 
confidence intervals of P at R = 1 and R = 6 respectively: non-social insects, + 0-596 
and ? 0.597; non-insect invertebrates, +0.871 and + 0.806; arthropods, ? 0.694 and 
+ 0.693; non-arthropod invertebrates, +1.073 and + 0.861). The former division is 
therefore retained. 

Habitat 
Data for the non-social insects, non-insect invertebrates and both groups pooled could 

not be separated according to habitat type (aquatic v. terrestrial) and all gave common 
lines (Table 3). 
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Life stage 
Studies conducted on the larval stages only of the non-social insects would be expected 

to have higher P/A than those studies covering all life stages. Separation of the data by 
these criteria resulted in common regression lines (Table 3). 

Duration of life cycle 
Insufficient data are present to separate the non-social insects into long and short lived 

species. No separation was possible (common intercept; P = 0.273) between the long 
lived (> 2 y) and short lived (< 2 y) invertebrates (excluding social insects). However, 
arthropods are divisible into short and long lived species giving parallel (P = 0.079) but 
separate (P = 0.016) lines (Table 3). 

Trophic type 
The non-insect invertebrates could be separated into three trophic types; when the 

intercepts were calculated from the common slope for the three groups (b = 1.013 + 
0.0572) the efficiency P/A is greatest for detritivores (a = -0.346), intermediate for 
carnivores (a = -0.521) and least for herbivores (a = -0-696). The non-social insects 
had common slopes with a marginal level of probability for the intercepts (P = 0.102); 
again herbivores had the lowest efficiency P/A but carnivores were intermediate. 

Respiration as the dependent variable 

Regression statistics for the original fourteen taxonomic groups are presented in Table 
4. All the relationships are significant (P < 0-003) but the slopes are not common (P = 
0.012). Removal of the data for insectivores and molluscs yields parallel lines (P = 0-130) 
with a common slope of v = 0.997 + 0.019 which does not differ from 1.0. 

Analysis of the lines as before yields the same seven groups (Table 5) previously derived 
but with non-parallel lines (P = 0.044). Exclusion of the insectivore data yields parallel 
lines (P = 0.061) with a common slope (v = 1-012) not different from unity. Further 
analysis confirms the taxonomic divisions previously found as well as those for life cycle 
duration, habitat and trophic type. Non-insect invertebrates again separate into carni- 
vores, detritivores and herbivores with P/A decreasing in that order. Trophic separation 

TABLE 4. Regression statistics relating annual respiration (logio R cal m2 yr-1) 
to production (logio P cal m-2 yr 1) in animal populations. Community studies 

for birds and small mammals are included 
Standard error Significance of 

Group Regression equation N intercept slope slope from 1.0 

1. Insectivores R = 1.510P + 1.563 6 0.201 0.225 NS 
2. Mice R = 0-992P + 1.392 24 0.348 0.088 NS 
3. Voles R = 0-789P + 2.039 21 0-193 0.076 <0-02 
4. Other mammals R = 1-018P + 1*483 14 0.332 0083 NS 
5. Small mammal R = 0.619P + 2.623 8 0.275 0.163 NS 

communities 
6. Birds R = 1-178P + 1.521 9 0.156 0.177 NS 
7. Fish R = 1-117P + 0*574 9 0.227 0.114 NS 
8. Social insects R = 0.694P + 1.816 13 0.534 0.189 NS 
9. Orthoptera R = 0.982P + 0.203 23 0*246 0.092 NS 

10. Hemiptera R = 0*922P + 0*365 14 0.405 0.070 NS 
11. All other insects R = 0.993P + 0.179 24 0.263 0.046 NS 
12. Mollusca R = 0.716P + 1.775 45 0-326 0.065 <0.001 
13. Crustacea R = 0-969P + 0.607 9 0.259 0.110 NS 
14. Other non-insect R = 0 812P + 1.041 19 0.414 0.086 <0.05 

invertebrates 
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TABLE 5. Predictive regression equations relating annual production (log1o P cal 
m2 yr'1) to respiration (logloRcalMr2yr-') in animal populations. GM 
regressions, which better estimate the slope, are given below each predictive 

equation; statistics relate to the latter 

standard error Significance of 
Group Regression equation N intercept slope slope from 1.0 

1. Insectivores R = 1.510P + 1.572 6 0.200 0.2251 NS 
R = 1.576P + 1.493 

2. Birds R = 1.176P + 1-524 9 0.156 0.1766 NS 
R = 1.266P + 1.335 

3. Small mammal R = 0.619P + 2.623 8 0.275 0.1635 NS 
communities R = 0-737P + 2.387 

4. All other mammals R = 1-007P + 1.466 56 0.308 0.0465 NS 
R = 1.067P + 1.349 

5. Fish and social insects R = 0-839P + 1.504 22 0.450 0.1015 NS 
R = 0-959P + 1.187 

6. Non-insect invertebrates R = 0.856P + 1.088 73 0.369 0.0446 0.01 > P > 0.001 
R = 0-937P + 0-767 

7. Non-social insects R = 0-963P + 0.271 61 0.287 0.0322 NS 
R = 0.994P + 0-169 

Common slope for groups 2-7: b = 0.923 ? 0.018, v = 1.007 
Common slope for groups 4-7: b = 0.932 ? 0.018, v = 0.999 

TABLE 6. Regression equations relating annual population respiration (log1o R 
calm-2yr-1) to production (logloPcalMr2yr'1) for all significant groups 
calculated from the common slopes for P (b = 0.942 ? 0.021) and R (b = 
0.923 ? 0.018) as dependent variables. The intercepts for a slope of 1.0 are given 
in parentheses. Slopes (v) for GM regressions, approximated from weighted mean 

correlation coefficient, are 1*013R and 0.992P 

Group Regression equations 

Insectivores P = 0.942R - 1.917 (-2.151) R = 0.923P + 2.180 (2.099) 
Birds P = 0.942R - 1.664 (-1.895) R = 0.923P + 2.057 (1.895) 
Small mammal communities P = 0.942R - 1.639 (-1.864) R = 0.923P + 2.016 (1.864) 
Other mammals P = 0-942R - 1.281 (- 1.480) R = 0.923P + 1.632 (1.480) 
Fish and social insects P = 0.942R - 0.863 (-1.078) R = 0.923P + 1-282 (1.078) 
Non-insect invertebrates P = 0.942R - 0.252 (-0.513) R = 0.923P + 0.821 (0.513) 
Non-social insects P = 0.942R + 0.056 (-0.435) R = 0.923P + 0.399 (0.144) 
Non-insect invertebrates: 

Herbivores P = 0.942R - 0*366 (-0.635) R = 0*923P + 0.941 (0.635) 
Carnivores P = 0.942R - 0.283 (-0.476) R = 0923P + 0.695 (0.476) 
Detritivores P = 0.942R - 0.019 (-0.285) R = 0.923P + 0.626 (0.285) 

of the non-social insects is again marginal (P = 0.058) with the same rank order of 
efficiency found previously when the intercept was calculated from the common slope 
for the three groups. 

Regression equations for the derived groups are presented in Table 6 for both P and R 
as the dependent variable; intercepts are given for a slope of 1.0 as well as those calculated 
from the common slope. 

Production efficiency and the magnitude of P or R 

We are concerned here with the slope of the regression lines; as both variables are 
taken as logarithms (simple allometry relationship) then a slope of unity shows that the 
magnitude of P or R has no effect on production efficiency (P/(P + R) = P/A). By 
attempting to group the data I am looking for law-like relationships between P and R 
where both are subject to error and have random variability (functional relationships 
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sensu Sprent 1969). No independent estimate of the variance of P and R is available in 
energy budgets so no maximum likelihood estimate of the slope is possible (Sprent 1969). 
However, the range of the slope for R can be calculated; it lies between the slopes for R 
as the independent variable and as the dependent variable (in the latter case derived 
from reciprocal slope P). The range for slope P can be derived in a similar manner. 

Taking the specific case of the common slopes in Table 6 the slope ranges between 
0.942R-1.083R (i.e. 1/0.923) or 0.923P-1.062P (i.e. 1/0-942) with mean slopes of 1.013 
and 0.993 respectively. In general because the slopes are less than 1-0 whether R or P is 
treated as the dependent variable the range of slope in each case includes 1.0. 

The most appropriate estimate of the slope for data of this type is v of the GM regress- 
ion. In each case v is close to 1.0; while exact confidence intervals are unavailable for v 
calculated from the common slope, they would have to depart widely from those for b 
in the predictive equations to show significant departure of the slopes from unity. 

In neither of the above treatments is there any evidence that the slope departs from 
unity; the magnitude of P or R has no effect on production efficiency. 

Production efficiency and weight 

Regression of maximum live weight (logl0, g) of the animals against their production 
efficiency gave the following levels of significance (N): insectivores, P = 0.144(6); other 
mammals, P = 0.462(52); fish, P = 0.290(7); non-social insects, P = 0-118(52); non- 
insect invertebrates, P = 0.490(31). No significant relationship exists between these two 
variables. 

Production efficiency 

The mean production efficiency (P/A) is shown for various groups in Table 7 irrespec- 
tive of the absolute magnitude of P and R. The seven derived groups have significant 
heterogeneity as do the trophic groups within the non-insect invertebrates. The rank order 
of production efficiency between the trophic classes for the non-insect invertebrates and 
the non-social insects is the same as in the previous analyses. However, the between 
trophic class variances are homogeneous for the non-social insects and the herbivores are 
clearly separated from the carnivores (SNK: P < 0.05) but not from the detritivores; 
herbivores have the lowest production efficiency. 

DISCUSSION 
This analysis considerably extends previous analyses of the relationship between annual 
population production and respiration in animal populations (McNeill & Lawton 1970; 
Shorthouse 1971; Grodzin'ski & French in Grodzin'ski & Wunder 1975). Homoiotherms 
separate from poikilotherms (McNeill & Lawton 1970) but clear separation is possible 
within these two groups. 

Homoiotherms separate into three (insectivores, birds and other mammals) and 
possibly four (small mammal communities) groups. Grodzifisky & French in Grodzinski 
& Wunder (1975), taking P as the dependent variable, showed that the slopes for insecti- 
vores and rodents were different. I was unable to separate rodents from other non- 
insectivore mammals; when the latter two groups were pooled the slope did not differ 
when y = P but did so differ when y = R. Although insectivores were included in the 
small mammal community budgets, in only 2 (Hansson 1971) of the 8 budgets were 
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TABLE 7. Mean production efficiency (P/A) ranked in order of increasing 
efficiency. Statistics were calculated using arcsine Vx transformation and have 
been reconverted for this table. Vertical lines next to the trophic types include 
statistically common groups using Student-Newman-Keuls 'a posteriori test for 

unequal sample sizes 

Standard Coefficient of 
Group P/A % error N variation 

1. Insectivores 0.86 0.109 6 35.6 
2. Birds 1.29 0.030 9 15.3 
3. Small mammal 1.51 0.126 8 28.8 

communities 
4. Other mammals 3.14 0-278 56 29.6 
5. Fish and social insects 9-77 0.890 22 29.7 
6. Non-insect invertebrates 25.0 3-671 73 36.8 
7. Non-social insects 40.7 2-036 61 20.7 

Non-insect invertebrates: 
8. Herbivores j 20.8 1-38 15 24.9 
9. Carnivores l 27-6 5.09 11 41.2 

10. Detritivores 1 36.2 4.82 23 34.3 
Non-social insects: 
11. Herbivores | 38.8 1-93 49 20*7 
12. Detritivores | 47.0 1.64 6 17.0 
13. Carnivores I 55*6 0*64 5 9.5 
Groups 1-7: Homogeneity x2 = 127.48 P < 0.005; ANOVA, F = 97.83, 
P < 0-001. Groups 8-10; Homogeneity x2 6*315,0.05 > P > 0.025; 
ANOVA, F = 3.541, 0.05 > P > 0-025. Groups 11-13: Homogeneity x2 = 
1.608; 0-5 > P > 0.1; ANOVA, F = 4.230, 0-025 > P > 0.01. Groups 1, 3 
and 4: HomogeneityX2 = 1.212, 0-9 > P > 0-5. Group 1 = 3, 1 # 4, 3 # 4 

(SNK P < 0-05). 

sufficient insectivores present to affect markedly the community P/A ratio. Comparison 
of the methodologies used to derive community and single species budgets is beyond the 
scope of this paper but separation of community from single species budgets in mammals 
does raise questions as to the validity of the bird line which is based mainly (7 of 9 
budgets) on community studies. 

Poikilotherms separation clearly into three groups (fish and social insects, non-insect 
invertebrates and non-social insects). The latter two groups could also be separated into 
arthropod and non-arthropod species but the resulting regressions had wider confidence 
intervals so I have retained the former division. 

The arthropods but not the invertebrates (both excluding social insects) could be 
separated into long and short lived species and the latter had the lower production 
efficiencies. This separation is mainly due to the long lived arthropods belonging to the 
non-insect invertebrate group which have already been separated from the non-social 
insects. However, many of the former group are molluscs which probably have long life 
cycles but have been excluded from the analysis as insufficient information is available 
in the sources. The separation of the non-insect invertebrates from the non-social insects 
may be due to the difference in average life cycle within the groups; but this is probably 
not the case as two other groups (crustacea and general invertebrates), despite both 
containing mainly short lived species, are not separable from the molluscs. While 
accepting McNeill & Lawton's (1970) arguments concerning the effects of longevity and 
cost of overwintering stages on production efficiency it would appear that the resolution 
of the budgets is insufficient to distinguish the effects. The separation of insects from 
other invetrebrates appears to be real and not a function of trophic type, longevity or 
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habitat. Insects are not the 'particularly poor converters' suggested by Calow (1977), at 
least in natural populations. 

Shorthouse (1971) separated aquatic from terrestrial poikilotherms; I was unable to 
separate any of the invertebrate groupings (excluding social insects) according to habitat. 
This again indicates the low resolution of energy budgets as terrestrial insects (mainly 
orthoptera and hemiptera) tend to have low cost resting stages (eggs) while aquatic 
species tend towards high cost overwintering stages (larvae). In this they contrast with the 
non-insect invertebrates which mostly fall into one group with high cost overwintering 
stages (mollusca, crustacea and arachnids) and are longer lived. 

I present the groups only as the best available division for predictive purposes; when 
more data are available some of my groupings may be shown to result from the distribu- 
tion of data presently available and it may be possible to more clearly describe the effects 
of habitat, longevity, trophic type and taxa on the relationship between P and R. 

With either P or R as the dependent variable the non-insect invertebrates separate into 
trophic categories (detritivores, herbivores and carnivores: for y = P, P = 0.038; for 
y = R, P = 0.022) with the main contribution to the separation being between herbivores 
and detritivores (P = 0.006). The same comparison for the non-social insects gave 
marginal significance in each case (for y = P, P = 0.102; for y = R, P = 0.058). When 
the intercepts were calculated for the common slope within each analysis herbivores had, 
in each case, the lowest production efficiency (P/A) and carnivores the greatest in three of 
four analyses. When trophic comparisons were made directly from P/A without regard 
to the magnitude of P or R (Table 7) rather similar results were obtained; however the 
analysis was strengthened for the non-social insects which gave significant separation 
while having homogeneous variances between trophic groups. These results do not 
support the contention that detritivores have low P/A because of their poor quality food 
(Macfadyen 1967), that P/A is inversely related to trophic level (Kozlowski 1968) or that 
high conversion efficiency is associated with herbivory (Calow 1977). 

While it has been possible to separate objectively a number of groups with differing 
production efficiencies there is no longer the clear separation of homoiotherms and 
poikilotherm data (Fig. 1) seen in McNeill & Lawton (1970: Fig. 1). The production 
efficiencies of animal populations form a continuum and there has been no quantum 
jump between poikilotherms and homoiotherms in the evolution of production efficiency. 

Any departure of the slope of the regression equations from unity would imply that the 
magnitude of P or R affects the production efficiency; if this were the case some cogent 
theory would be needed to account for the effect. The common slope for the original 
fourteen taxonomic groups (y = P) does not differ from unity nor does that for the 
twelve parallel lines when y = R. In contrast to McNeill and Lawton (1970) who found 
the slope for the short lived poikilotherms but not the homoiotherms had a slope differing 
from 1.0, I find the reverse to be the case. Using the more appropriate GM regressions it 
is clear that the slopes do not differ from unity; when many species are considered the 
magnitude of P or R does not influence production efficiency. Intraspecific effects are 
considered later. 

McNeill & Lawton (1970) suggested two reasons for the departure of their regression 
from unity for short lived poikilotherms; animals for some reason limited to low produc- 
tivity may compensate by having maximum production efficiency, or the slope may 
reflect the distribution within their analysis of data from species of differing longevity and 
overwintering costs. Several factors may influence P/A: the energetic cost of competition 
may increase at high intraspecific productivity levels where species numbers are reduced 
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and competition tends to be intraspecific and should be most intense; conversely P/A 
may be reduced in rare species (low density and low productivity) by the energetic 
requirements of finding resources. Such hypothesis are relative to the species concerned. 
If productivity influences P/A then different species should be affected over different 
ranges of P or'R depending on their normal values for population density or productivity. 
The sum effects on the regression lines would not be expected to cause the slope to depart 
from unity. 

The size class structure of a population has an identifiable effect on P/A; young animals 
tend to have greater P/A than old ones (Calow 1977) so that growing populations with a 
high proportion of young individuals have greater P/A than stable or declining popula- 
tions. While this should not cause a departure of the regression from unity, at least 
within one metabolic class of animals, it may explain the separation of the non-social 
insects from the non-insect invertebrates. The former tend to have individuals developing 
rapidly from eggs within one or two seasons and short reproductive life which should 
give high P/A; most non-insect invertebrates do not have this phenology and would 
have lower P/A. 

The firmest evidence I have shows that the slopes of the regression equations do not 
depart from unity; until a body of theory is developed and firm empirical evidence 
obtained to suggest otherwise, I recommend the use of a slope of 1.0 for all the predictive 
equations in Table 6. 

It has been suggested that P/A is greater in high density populations (high production) 
(Bobek 1969; W. Grodzin'sky & N. R. French personal communication). Examination 
of the trend in the relationship between P/A and P in species for which there are available 
more than two energy budgets does not support this contention. Five of seven homoio- 
thermic species show no trend in the relationship while six of eleven poikilothermic 
species have a direct relationship and three have no trend in the relationship. 

None of the five taxa considered showed a significant relationship between adult live 
weight and production efficiency. The increased efficiency of resource utilization sug- 
gested (Cody 1966) for more K-selected and hence larger (Southwood 1976) species is 
not achieved through changes in production efficiency (or P/C; unpublished) within 
the groups I considered. In addition the field data do not support Fenchel's (1974) view 
that R/A is directly related to body size. 

Despite the larger data base used here the confidence intervals within any regression 
line do not improve on those of McNeill & Lawton (1970) and in some cases they are 
wider. Nevertheless the predictive power of the regressions is improved by there being 
more specific metabolic groups from which to choose. While the failure to improve on the 
confidence intervals partly reflects my lack of data selection they are a real measure of the 
innate variability of energy budgets and of the variance introduced by differing method- 
ologies and assumptions. Methodological differences may give at least a twofold variation 
in the estimate of R (Humphreys 1978); this would give 1.59-1.77 and 1 .764184 fold 
variation in P/A for non-social insects and non-insect invertebrates at production 
efficiencies in Table 7. This variation compares with 2.7 and 3.2 fold variation in P/A 
within the 95%/ confidence intervals in Table 6 for non-social insects and non-insect 
invertebrates respectively. These methodological differences prevent any true measure 
of within group plasticity of P/A in animal populations. The contention that the noise 
introduced into energy budgets by methodological differences may prevent separation 
of many groups (Humphreys 1978) is clearly incorrect. However, the resolution is low and 
some subdivisions that would be expected cannot be found. 
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CORRIGENDUM 

 
To: Humphreys, W.F., 1979. Production and respiration in animal populations. Journal of Animal 

Ecology 48: 427-453. 

 

On page 439 both references to Calow (1977) are incorrect and should be deleted. Calow was 
referring to individual efficiencies and not population efficiencies as implied by the context. 
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