
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/248883815

On bias, precision and accuracy in wildlife aerial surveys

Article  in  Wildlife Research · January 2008

DOI: 10.1071/WR07144

CITATIONS

12
READS

339

1 author:

Some of the authors of this publication are also working on these related projects:

Relationship between management efforts and outcomes View project

Applied Ecology View project

Jim Hone

University of Canberra

100 PUBLICATIONS   3,578 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Jim Hone on 11 March 2015.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/248883815_On_bias_precision_and_accuracy_in_wildlife_aerial_surveys?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/248883815_On_bias_precision_and_accuracy_in_wildlife_aerial_surveys?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Relationship-between-management-efforts-and-outcomes?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Applied-Ecology-2?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jim_Hone?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jim_Hone?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Canberra?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jim_Hone?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Jim_Hone?enrichId=rgreq-f32b2b5dc2c349ded06b10d4ba27fa5d-XXX&enrichSource=Y292ZXJQYWdlOzI0ODg4MzgxNTtBUzoyMDU2MzAxNDE5MzE1MjVAMTQyNjAzNzQ1NDQ2Ng%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

CSIRO PUBLISHING 

www.publish.csiro.au/journals/wr Wildlife Research, 2008, 35, 253–257 

On bias, precision and accuracy in wildlife aerial surveys 

Jim Hone 

Institute for Applied Ecology, University of Canberra, Canberra, ACT 2601, Australia. 
Email: jim.hone@canberra.edu.au 

Abstract. Bias, precision and accuracy have been studied extensively in wildlife population estimation including aerial 
surveys. A review of the literature shows that the concepts of bias and precision are used broadly consistently. Aerial survey 
data from known populations of feral pig carcases and white-tailed deer show that few density estimates are unbiased and 
precise. Research is needed, however, to clarify how much bias and how much precision are enough for the various types 
of wildlife management activities. Accuracy is used in two closely related but different ways. One set of definitions of 
accuracy relates to deviations from the true value (bias) and the second set relates to squared deviations from the true value 
(bias and precision). The implications are that authors are encouraged to clearly state which definition of accuracy they 
use, or focus solely on bias and precision. 

Introduction 

The topics of bias, precision and accuracy have been examined 
in aerial surveys over many years. The use of aerial surveys to 
estimate wildlife abundance or density has progressed from 
early efforts of unknown bias, precision and accuracy to inten-
sive efforts to obtain estimates closer to true density (unbiased) 
and with small variances and standard errors (high precision). 
The reviews of Caughley (1974) and Pollock and Kendall 
(1987) demonstrated the need for closer study of bias as previ-
ous studies showed that many animals were missed even by 
good observers during aerial surveys. Such studies examined 
the topic of how biased estimates of density could be (that is, 
how close to the true value). Other studies in population estima-
tion generally have debated the topic of how unbiased estimates 
should be. For example, one study considered that if estimates 
could get within 10% of true density then many biologists might 
feel this was adequate (Anderson and Southwell 1995). Another 
study considered that if an estimate was underestimating by 
10% then it was not a good estimate (Lancia et al. 2005). Other 
studies of sampling, for example Caughley (1977a) and Sinclair 
et al. (2006), described sampling procedures to achieve high 
precision, such as by sampling without replacement and using a 
high sampling intensity. 

This note reviews the topics of bias, precision and accuracy 
in wildlife aerial survey and their application. The implications 
of the results are then discussed. 

Definitions of bias, precision and accuracy 
A review of the relevant scientific literature shows that bias is 
defined as the difference between a sample mean (m) and the 
true population value (µ) (Cochran 1977, p.13). Other wildlife 
literature, for example, Williams et al. (2002, p. 43), Bart et al. 
(2004, p. 1244), Lancia et al. (2005, p. 108) and Garton et al. 
(2005, p. 51) use a broadly similar definition. Precision is 
defined as the size of deviations from the mean obtained by 
repeated application of the sampling procedure (Cochran 1977, 
p. 16). Other statistical and ecological literature, for example 
Sokal and Rohlf (1981, p. 13), Caughley and Sinclair (1994, p. 

192), Krebs (1999, p. 7), Ford (2000, p. 134), Williams et al. 
(2002, p. 44), Lancia et al. (2005, p. 108), Garton et al. (2005, 
p. 51), Sinclair et al. (2006, p. 221), and Greenwood and 
Robinson (2006, p. 14) are broadly consistent with this defini-
tion. The fine details of wording may differ between the many 
publications but the essence of the definitions are consistent for 
bias and for precision. 

In aerial surveys data are often used in line-transect or 
mark–recapture analyses to obtain a density estimate and its 
associated variance. Bias is then the difference between the 
estimate and the true density. Precision is related to the size of 
the variance (high variance = not precise, low variance = 
precise). 

The topics of bias and precision are combined in the princi-
ple of parsimony that describes the conceptual trade-off 
between squared bias and variance versus the number of 
estimable parameters in a model (estimator) used to estimate 
wildlife density (Burnham and Anderson 2001, 2002). As the 
number of parameters used to estimate density is increased then 
bias squared decreases but the variance of the estimate increases 
so precision decreases. Analyses such as Akaike’s information 
criterion involve a trade-off between bias and precision. Hence 
the use of such analyses is likely to produce some bias in density 
estimates. Statisticians often caution against ‘overfitting’, 
which corresponds to obtaining density estimates of low preci-
sion (high variance). As a result, and since bias is often 
unknown, Cochran (1977, p. 16) suggested that the focus is 
often on precision, not accuracy. 

Cochran (1977, pp. 12–16) examined an aspect of combin-
ing bias and precision. He showed that the effect of bias on the 
accuracy of an estimate is negligible if the bias is less than one-
tenth of the standard error of the estimate. He stated that if the 
ratio were less than 0.2 the effect was modest. Fewster and 
Buckland (2004) described the result as a useful rule of thumb. 

The definition of accuracy differs between publications, and 
the difference may not be fully acknowledged and appreciated. 
The first set of definitions (Definition 1) is illustrated by the use 
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in an ecological textbook: accuracy is the closeness of a mea-
sured value to its true value (Krebs 1999, p. 7). Similar defini-
tions are given, in general discussions of estimation, not 
specifically wildlife aerial survey, by Sokal and Rohlf (1981, 
p. 13), Bibby et al. (1992, p. 34), Caughley and Sinclair (1994, 
p. 192), Underwood (1997, p. 39), Zar (1999, p. 5), Ford (2000, 
pp. 133–134), Engeman (2005, p. 204), Lancia et al. (2005, 
p. 108), Sinclair et al. (2006, p. 221) and Greenwood and 
Robinson (2006, p. 14). The reviews of bias in aerial surveys by 
Caughley (1974) and Pollock and Kendall (1987) implicitly use 
this definition of accuracy. This definition focuses on bias, 
specifically deviations from the true value. 

Another set of definitions of accuracy (Definition 2) uses 
different wording, and they represent something very similar 
but distinctly different. Cochran (1963, p. 15) and Cochran 
(1977, p. 15) discuss the use of the mean square error (MSE) as 
a criterion of accuracy of an estimator. MSE is the sum of the 
variance and the squared bias (Eqn 1) and is derived from the 
expected value of squared deviations from the true value 
(Cochran 1977, p. 15). Cochran (1953) did not discuss the topic. 
In drawing an analogy between population estimation and rifle 
bullets hitting a target, Overton and Davis (1969, p. 406–407) 
state ‘The accuracy of the estimator is analogous to the spread 
of the group about the bull’s-eye. MSE is used to measure this 
property, and the greater the value of MSE, the less the accuracy 
of the estimator’. Note that the literature appears to use mean 
square error and mean squared error as synonymous. Note also 
that mean square error, as discussed above, is not to be confused 
with error mean square, which is the denominator of the F ratio 
in a fixed-factor analysis of variance. The definition of accuracy 
using the MSE is used elsewhere, for example, Ratti and Garton 
(1994, p. 9), Levy and Lemeshow (1999, p. 38), Williams et al. 
(2002, p. 45), Bart et al. (2004, p. 1242), Lancia et al. (2005, 
p. 108) and Garton et al. (2005, p. 51). The latter publication 
states that ‘if an estimate is both unbiased and precise, we say it 
is accurate (defined as an estimator with small mean-squared 
error, Cochran 1963)’. Similarly, McCallum (2000, p. 23) con-
sidered that lack of bias, together with precision, is often termed 
accuracy, and Ramsey et al. (2005, pp. 232, 235) viewed accu-
racy as bias and precision. Hence, Definition 2 of accuracy 
combines the concepts of bias and precision. In contrast, 
Definition 1 of accuracy relates only to bias. The differences 
follow from focusing on the deviations from the true value (first 
set) or squared deviations from the true value (second set). 
A related, but different, perspective is given by Seber (1982, 
p. 5), who describes the coefficient of variation (standard devi-
ation divided by the mean) as a ‘useful measure of the ‘accu-
racy’ of’ an estimate. 

MSE = variance + bias2 (1) 

The analogy of the rifle shot hits of the target is used by 
several authors, with agreement on many aspects but one impor-
tant difference that highlights the conceptual difference between 
definitions. White et al. (1982, fig. 2.4, p. 22) shows four targets 
and classifies the shot patterns as (a) unbiased and precise, 
(b) unbiased but not precise, (c) biased but precise, and 
(d) biased and not precise. Ratti and Garton (1994, fig. 2, p. 9) 
and Garton et al. (2005, fig. 3, p. 51) have the same diagram and 
use the same wording, except they each add an extra component 

to the wording with the figures. The figure named ‘unbiased but 
not precise’ (Part b of the figures in all three publications) has 
the extra words ‘not accurate’ included. White et al. (1982) did 
not use those extra words within their fig. 2.4. In contrast, Bibby 
et al. (1992, p. 28) in box 2.5 used the number line to graphically 
illustrate the same four combinations of bias and precision. The 
‘unbiased but not precise’ combination of White et al. (1982) 
was labelled ‘imprecise and accurate’ by Bibby et al. (1992). 
Hence Bibby et al. (1992) equate unbiased with accurate, and 
separate precision and accuracy. 

The concepts of bias and precision can also be illustrated in 
a graph, as shown in Fig. 1. The solid diagonal line in Fig. 1 
illustrates points with equal numerical value of the MSE, asso-
ciated with different combinations of bias squared and variance. 
Definition 2 of accuracy describes all such points of equal MSE 
as being of equal accuracy. 

A survey of a wildlife population that provides a total count 
has no bias and a variance of 0 (exceptionally high precision 
from sampling without replacement of all possible samples), so 
corresponds to the origin in Fig. 1. This is unlikely to occur in 
aerial surveys of wildlife because of cost and practical issues 
such as the need for very accurate navigation and animals 
moving in response to aircraft, so the MSE is expected to be 
greater than zero. A survey that is biased and not precise (high 
variance, top right of Fig. 1) may be useless for wildlife man-
agement. High variance (low precision = not precise) could 
occur from sampling with replacement and using a low sam-
pling intensity. 

A density index is a relative value of true density. A precise 
index may have substantial bias and low variance (biased but 
precise, bottom right of Fig. 1) and an index with low bias and a 
higher variance occurs in the top left of Fig. 1. In the literature 
on wildlife population estimation the use of an index is 
described (Caughley 1977b, pp. 12–25; Seber 1982) and dis-
couraged (Anderson 2001). A whole issue of Wildlife Research 
(2005, volume 32, issue 3) was devoted to density indices and 
the issues were examined and debated therein. So where do 
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Fig. 1. A classification of wildlife density estimates based on the variance 
of a density estimate (as a measure of precision) and the bias squared. The 
solid diagonal line represents estimates of equal numerical value of the 
mean square error. The numerical values on the axes are hypothetical. 
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density estimates obtained by aerial survey occur in the para- 1.4 
meter space of Fig. 1? 

101.2 

Methods 1
1 

5
0.8

Two studies are examined in which aerial survey was used to 
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eestimate density and true density was also known. Hence bias 
and precision can be assessed. The bias assessment uses a 
simple version of that described by Cox (2006) based on knowl-

6
0.6 212

9edge of true density. The first study was of carcases of feral pigs 0.4 8
7 3(Sus scrofa) (Hone 1988) and the second of white-tailed deer 

(Odocoileus virginianus) (Potvin and Breton 2005). The pig 
130.2 

4
carcase study used eight line-transect estimators (Cox’s method 
using two different strip widths, Fourier series, exponential 
power series, half-normal, negative exponential, exponential 
polynomial, hermite polynomial and hazard rate), and four 
strip-transect estimates during one aerial survey. The latter used 
strip widths of 0–25 m, 0–50 m, 0–75 m and 0–100 m (Hone 
1988) and did not attempt to correct for visibility bias. The 
white-tailed deer study used two estimators, but for this note 
only one, the visual double-count (mark–recapture) estimator, 
was examined. Five surveys were conducted in August and one 
in January. True density was estimated from population recon-
struction using harvest data and estimates of winter mortality. 
Ideally, true density should be estimated from complete removal 
counts or by placing known numbers of animals in enclosures 
and surveying them soon thereafter. Further details of surveys 
are described in the original publications.  Related studies of 
mule deer (Odocoileus hemionus) (White et al. 1989) and black 
rhinoceros (Diceros bicornis) (Brockett 2002) had known den-
sities but reported results as relative bias (%), not absolute bias, 
so the results were not used in the present analysis. The results 
are graphed using the same axes as shown in Fig. 1 and used to 
illustrate the concepts of bias, precision and accuracy. 

Results 
Estimates of carcases of feral pigs were obtained during one 
aerial survey. A plot of the variance of each estimate and bias 
squared shows a scatter of points with several estimates being 
unbiased (on, or very close to, the vertical axis in Fig. 2). 
The most precise estimate had high bias (Fig. 2). The population 
of white-tailed deer was surveyed six times and density esti-
mates obtained from a visual double-count estimator. The graph 
of variances of estimates and bias squared shows a scatter of 
points with no estimate being unbiased and precise (Fig. 3). 

The numerical scales on the x (bias squared) and y (variance) 
axes in Figs 2 and 3 show that estimates of MSE (Eqn 1) would 

0 
0 0.5 1 1.5 2 2.5 3 3.5 

Bias squared 

Fig. 2. The variances of density estimates and the bias squared of esti-
mates of carcase density of feral pigs. The numbers in the figure correspond 
to the various density estimators: 1, ratio 0–25 m; 2, ratio 0–50 m; 3, ratio 
0–75 m; 4, ratio 0–100 m; 5, Cox 25 m; 6, Cox 50 m; 7, Fourier series; 
8, exponential power series; 9, half-normal; 10, negative exponential; 
11, exponential polynomial; 12, hermite polynomial; and 13, hazard rate. 

the estimates of variances and biases have large sources of vari-
ation. Such variation could include observers misidentifying 
animals, double counting, errors in estimating distances that 
were used in analyses, use of single versus multiple observers, 
different estimators and differing numbers of parameters used in 
various estimators. Rigorous standardisation of procedures is 
encouraged to reduce such variation. Obviously, the results here 
come from only two studies and discussion of the generality of 
the results requires results from many more such studies. 

The literature on bias and precision is broadly consistent 
with respect to definitions. Clearly, differences exist in how the 
concept of accuracy is defined and used. Authors are encour-
aged to clearly state their definition of accuracy when using the 
concept, in particular whether their use relates solely to bias, as 
described by Krebs (1999) and others, or to bias and variance 
combined, as in mean square error, as described by Cochran 
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be dominated by bias squared, as the numerical scale for bias 
squared shows a greater range than that for the variances. This 
is particularly so in Fig. 3 for deer. 

10 

8

Discussion 
Aerial surveys for estimating wildlife density and abundance 
have undergone tremendous change over the last four decades. 
The early reviews and results of Caughley (1974, 1977a) and 
Pollock and Kendall (1987) were very useful. However, this note 
demonstrates that there is still scope for further research on the 
combined topics of bias, precision and accuracy. The empirical 
results from the two aerial survey studies show that few density 
estimates are unbiased and precise (Figs 2, 3), and suggest that 
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Fig. 3. The variances of density estimates and the bias squared of esti-
mates of the density of white-tailed deer. 
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(1963) and others. Alternatively, authors should focus only on 
bias and precision, an approach consistent with the principle of 
parsimony (Burnham and Anderson 2002). 

One aspect of bias not addressed here is availability bias. 
Some animals may be unobservable in an aerial survey as they 
are hidden, such as by vegetation or boulders, and no estimator 
can correct for their being missed by observers. Extra time to 
observe and extra observers will not decrease the bias. Hence 
the estimated density will be negatively biased (underestimation 
occurs). 

The implications for aerial surveys are that there is a need to 
address the issue of how much bias is acceptable and how 
precise estimates need to be for a variety of wildlife manage-
ment applications, namely conservation, harvest and pest 
control. In practice, this corresponds to asking: where in the 
parameter space of Fig. 1 should a density estimate occur to be 
useful for a specific wildlife management application? The lit-
erature discussing bias, for example Anderson and Southwell 
(1995) and Lancia et al. (2005), demonstrate differences of 
opinion. The required levels of relative accuracy, discussed 
implicitly as bias, can differ between preliminary studies, man-
agement uses and research studies (Seber 1982, p. 64; Krebs 
1999, p. 29), with the lowest levels needed in preliminary 
studies and the highest levels in research studies. Such results 
were suggested for mark–recapture studies, so their relevance to 
wildlife aerial surveys needs further study. Ford (2000, p. 134) 
suggested that researchers must judge what level of accuracy is 
necessary to test a given postulate. The required level of preci-
sion is often investigated, to estimate sample size (Manly 1992) 
and using a power analysis (Stirrat et al. 2001) to estimate how 
many surveys are needed to be, say, 95% confident of detecting 
a 20% decrease in density. This does not provide guidance on 
the required levels of bias. Further research on the topics of bias, 
precision and accuracy is encouraged. 

Acknowledgements 
I thank Peter Fleming and John Tracey for the invitation to participate in the 
aerial survey symposium at the 2006 annual meeting of the Australasian 
Wildlife Management Society. I thank the University of Canberra for 
support, and D. Ramsey and D. Pederson for statistical advice. P. Caley, 
C. Krebs and D. Pederson provided useful comments on a draft manuscript. 

References 
Anderson, D. R. (2001). The need to get the basics right in wildlife field 

studies. Wildlife Society Bulletin 29, 1294–1297. 
Anderson, D. R., and Southwell, C. (1995). Estimates of macropod density 

from line transect surveys relative to analyst expertise. Journal of 
Wildlife Management 59, 852–857. doi:10.2307/3801966 

Bart, J., Droege, S., Geissler, P., Peterjohn, B., and Ralph, C. J. (2004). 
Density estimation in wildlife surveys. Wildlife Society Bulletin 32, 
1242–1247. doi:10.2193/0091-7648(2004)032[1242:DEIWS]2.0.CO;2 

Bibby, C. J., Burgess, N. D., and Hill, D. A. (1992). ‘Bird Census 
Techniques.’ (Academic Press: London.) 

Brockett, B. H. (2002). Accuracy, bias and precision of helicopter-based 
counts of black rhinoceros in Pilanesberg National Park, South Africa. 
South African Journal of Wildlife Research 32, 121–136. 

Burnham, K. P., and Anderson, D. R. (2001). Kullback–Leibler information 
as a basis for strong inference in ecological studies. Wildlife Research 
28, 111–119. doi:10.1071/WR99107 

Burnham, K. P., and Anderson, D. R. (2002). ‘Model Selection and 
Multimodel Inference. A Practical Information-Theoretic Approach.’ 
2nd edn. (Springer: Berlin.) 

Caughley, G. (1974). Bias in aerial survey. Journal of Wildlife Management 
38, 921–933. doi:10.2307/3800067 

Caughley, G. (1977a). Sampling in aerial survey. Journal of Wildlife 
Management 41, 605–615. doi:10.2307/3799980 

Caughley, G. (1977b). ‘Analysis of Vertebrate Populations.’ (John Wiley & 
Sons: New York.) 

Caughley, G., and Sinclair, A. R. E. (1994). ‘Wildlife Ecology and 
Management.’ (Blackwell: Oxford.) 

Cochran, W. G. (1953). ‘Sampling Techniques.’ (John Wiley & Sons: New 
York.) 

Cochran, W. G. (1963). ‘Sampling Techniques.’ 2nd edn. (John Wiley & 
Sons: New York.) 

Cochran, W. G. (1977). ‘Sampling Techniques.’ 3rd edn. (John Wiley & 
Sons: New York.) 

Cox, D. R. (2006). ‘Principles of Statistical Inference.’ (Cambridge 
University Press: Cambridge.) 

Engeman, R. M. (2005). Indexing principles and a widely applicable 
paradigm for indexing animal populations. Wildlife Research 32, 
203–210. doi:10.1071/WR03120 

Fewster, R. M., and Buckland, S. T. (2004). Assessment of distance sam-
pling estimators. In ‘Advanced Distance Sampling’. (Eds 
S. T. Buckland, D. R. Anderson, K. P. Burnham, J. L. Laake, D. L. 
Borchers, and L. Thomas.) pp. 281–306. (Oxford University Press: 
Oxford.) 

Ford, E. D. (2000). ‘Scientific Method for Ecological Research.’ 
(Cambridge University Press: Cambridge.) 

Garton, E. O., Ratti, J. T., and Giudice, J. H. (2005). Research and experi-
mental design. In ‘Techniques for Wildlife Investigations and 
Management’. 6th edn. (Ed. C. E. Braun.) pp. 43–71. (The Wildlife 
Society: Bethesda, MD.) 

Greenwood, J. J. D., and Robinson, R. A. (2006). Principles of sampling. In 
‘Ecological Census Techniques: A Handbook’. 2nd edn. (Ed. 
W. J. Sutherland.) pp. 11–86. (Cambridge University Press: Cambridge.) 

Hone, J. (1988). A test of the accuracy of line and strip transect estimators 
in aerial survey. Australian Wildlife Research 15, 493–497. 
doi:10.1071/WR9880493 

Krebs, C. J. (1999). ‘Ecological Methodology.’ 2nd edn. (Addison Wesley 
Longman: Menlo Park, CA.) 

Lancia, R. A., Kendall, W. L., Pollock, K. H., and Nichols, J. D. (2005). 
Estimating the number of animals in wildlife populations. In 
‘Techniques for Wildlife Investigations and Management’. 6th edn. (Ed. 
C. E. Braun.) pp. 106–153. (The Wildlife Society: Bethesda, MD.) 

Levy, P. S., and Lemeshow, S. (1999). ‘Sampling of Populations. Methods 
and Applications.’ 3rd edn. (John Wiley & Sons: New York.) 

Manly, B. F. J. (1992). ‘The Design and Analysis of Research Studies.’ 
(Cambridge University Press: Cambridge.) 

McCallum, H. (2000). ‘Population Parameters. Estimation for Ecological 
Models.’ (Blackwell Science: Oxford.) 

Overton, W. S., and Davis, D. E. (1969). Estimating the numbers of animals 
in wildlife population. In ‘Wildlife Management Techniques’. 3rd edn 
(rev.). (Ed. R. H. Giles.) pp. 403–455. (The Wildlife Society: 
Washington.) 

Pollock, K. H., and Kendall, W. L. (1987). Visibility bias in aerial surveys: 
a review of estimation procedures. Journal of Wildlife Management 51, 
502–510. doi:10.2307/3801040 

Potvin, F., and Breton, L. (2005). Testing 2 aerial survey techniques on deer 
in fenced enclosures – visual double-counts and thermal infrared 
sensing. Wildlife Society Bulletin 33, 317–325. doi:10.2193/0091-
7648(2005)33[317:FTFTAS]2.0.CO;2 

Ramsey, D., Efford, M., Ball, S., and Nugent, G. (2005). The evaluation of 
indices of animal abundance using spatial simulation of animal trapping. 
Wildlife Research 32, 229–237. doi:10.1071/WR03119 



 

 

Bias, precision and accuracy in aerial surveys Wildlife Research 257 

Ratti, J. T., and Garton, E. O. (1994). Research and experimental design. In 
‘Research and Management Techniques for Wildlife and Habitats’. 
5th edn. (Ed. T. A. Bookhout.) pp. 1–23. (The Wildlife Society: 
Bethesda, MD.) 

Seber, G. A. F. (1982). ‘Estimation of Animal Abundance and Related 
Parameters.’ 2nd edn. (Charles Griffin & Company: London.) 

Sinclair, A. R. E., Fryxell, J. M., and Caughley, G. (2006). ‘Wildlife 
Ecology, Conservation and Management.’ 2nd edn. (Blackwell: 
Oxford.) 

Sokal, R. R., and Rohlf, F. J. (1981). ‘Biometry.’ 2nd edn. (W.H. Freeman & 
Co.: New York.) 

Stirrat, S. C., Lawson, D., Freeland, W. J., and Morton, R. (2001). 
Monitoring Crocodylus porosus populations in the Northern Territory of 
Australia: a retrospective power analysis. Wildlife Research 28, 
547–554. doi:10.1071/WR00079 

Underwood, A. J. (1997). ‘Experiments in Ecology. Their Logical Design 
and Interpretation using Analysis of Variance.’ (Cambridge University 
Press: Cambridge.) 

White, G. C., Anderson, D. R., Burnham, K. P., and Otis, D. L. (1982). 
‘Capture–Recapture and Removal Methods for Sampling Closed 
Populations.’ (Los Alamos National Laboratory: Los Alamos, NM.) 

White, G. C., Bartmann, R. M., Carpenter, L. H., and Garrott, R. A. (1989). 
Evaluation of aerial line transects for estimating mule deer densities. 
Journal of Wildlife Management 53, 625–635. doi:10.2307/3809187 

Williams, B. K., Nichols, J. D., and Conroy, M. J. (2002). ‘Analysis and 
Management of Animal Populations.’ (Academic Press: New York.) 

Zar, J. H. (1999). ‘Biostatistical Analysis.’ 4th edn. (Prentice Hall 
International Inc.: London.) 

Manuscript received 14 September 2007, accepted 17 December 2007 

http://www.publish.csiro.au/journals/wr 

View publication statsView publication stats

https://www.researchgate.net/publication/248883815


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (CSIRO print no crops.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 779.528]
>> setpagedevice


