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Abstract 

The extent to which individual animals move between habitat units determines 

population spatial structuring, influences social and reproductive systems and has 

important implications for management. However, the extent of inter-area movement 

may be difficult to infer from available data. In order to compare the behavior of five 

indices which may be used to quantify rates of inter-area movement using capture-

recapture data, these were applied in simulations to data generated from a simple 

model. The results suggest that some of the methods that have been presented for 

estimating movement of individual marine mammals between habitats are poor 

predictors of the underlying biological processes and that the Interchange Index in 

particular should not be used. The simulations provide considerable support for use of 

Hilborn’s estimator of transition probability and indicate that it is the most powerful 

and useful technique over a broad range of circumstances. The Movement Index is 

more limited in predictive ability, but may be of use in those situations in which 

comparison of observation with a specific expectation is of interest. 

INTRODUCTION 

Marine mammals typically have a patchy distribution, often demonstrate 

strong fidelity to seasonal high-use habitat, yet are highly mobile (Stevick et al. 2002). 

The extent to which individual animals move between habitat units determines 

population spatial structuring (Stevick et al. 2006), influences social and reproductive 

systems (Whitehead et al. 1998) and has important implications for management 
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(Clapham et al. 2008). The extent of such inter-area movement may be difficult to 

infer from available data, however (Nichols & Kaiser 1999).  

Capture-recapture studies based upon natural markings are commonplace in 

investigations of marine mammal populations. These provide an opportunity to 

estimate between-area movement rates based on re-sightings of individuals in 

multiple areas. Several methods have been used in cetacean studies to attempt to 

quantify movement rates, but most of these have not been tested. I present a 

comparison of five methods using a simple simulation model to test their relative 

performance.  

METHODS 

Indices 

In this paper I compare the properties and behavior of five indices which may 

be of potential use for quantifying rates of inter-area movement using capture-

recapture data. All of these indices can be calculated simply with only two samples.  

The following terminology is used to designate samples: 

 a = number of individuals identified in area A 

 b = number of individuals identified in area B 

 c = number of individuals identified in both areas. 

Note that sample sizes are not designated as ni, nor the number of recaptures 

mij as this terminology may easily be confused with that commonly used in abundance 

estimation. The two should not be treated as equivalent. In abundance estimation it is 

assumed that all animals in the population are equally likely to be captured in the 

second sample whether they were included in the first sample or not (Pollock et al. 

1990). In those cases for which inter-area exchange is of interest this is clearly not the 

case. Where site fidelity is high, for example, the capture probability of marked 

animals in the second sample is artificially low between distant areas, while the 

reverse will be true between adjacent areas.   

The underlying process that all of the estimators are designed to represent is 

the probability that an animal that is present in one area when it is sampled is also 

present in a second area when it is sampled, or alternatively, the proportion of the 

animals present in one are when it is sampled that are also present during a second 
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when sampling is conducted there. The differing sampling intensities in the two areas, 

and thus differences in individual capture probability in these areas, along with 

differing numbers of individuals using each area, influence the ability of the different 

approaches to model this process.   

Simple Proportion – The extent of movement may be presented as the 

proportion (P) of animals from the smaller of the two samples that is also identified in 

the other sample, c/min(a,b). This provides the simplest possible method of estimating 

the overall proportion of animals moving between areas, but is most unlikely to give a 

robust estimation of inter-area transition. I am not familiar with any instances where 

this technique has been used as an indicator of animal movement. It is included here 

simply as a baseline for comparison with the other methods.  

Sub-set Index - Katona and Beard (1990) presented what they referred to as a 

Sub-set Index (S) for comparing movements of individual animals between areas. 

This is the sum of the proportion of recaptured animals in each of the two samples: 

.
b
c

a
cS +=  

Or it could be also be calculated as the mean of those proportions. 

Being based upon the proportions of re-sightings in each sample, the 

theoretical basis of this method is clear. If presented as the mean, it takes the form of a 

proportion with values of the index bounded by 0 and 1, though the value is heavily 

dominated by the proportion of the smaller sample (P), and in practice it rarely 

exceeds half of the theoretical maximum value.  

Movement Index - Another way to quantify movement between areas is to 

compare the observed number of animals identified in both areas to the expected 

number given the sample sizes if movement were random throughout the population 

(Baker et al. 1985, Whitehead & Glass 1985, Baker et al. 1986). Using this approach, 

Stevick et al. (2003) developed a Movement Index (M) based on the standardized 

deviate from the expected number of recaptures.  

The probability of identifying an individual in a (random) sample is the 

reciprocal of the number of individuals in the population from which the sample is 

drawn, so: 

N
p 1
= .  

Where: 
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  p = probability of identification 

N = abundance  

If animals mix randomly within the overall area in which the N animals occur, 

then the product of any two sample sizes and the individual probability of capture 

yields the expected number of re-sightings between those two samples: 

N
abpab ˆ

ˆ = . 

Therefore, deviations from this expected value indicate deviation from this 

behavior pattern, i.e., positive deviates indicate higher than expected exchange 

between samples. The expected value may be used to compare observed and expected 

values statistically (for example by χ2) or as an index of movement. Because absolute 

deviates are influenced by the magnitude of the expected value, standardized deviates 

may be calculated as: 

M = (observed-expected)/expected0.5. 

Rates of movement that approximate random mixing will have a value of M 

near 0. This can be seen by noting that if mixing were random then these samples 

would then be appropriate for use in a Petersen estimator and the capture probability 

would be ab
c . Thus the expected number of re-sightings is: 

c
ab
cab =⎟
⎠
⎞

⎜
⎝
⎛ .   

So the observed and expected number of recaptures is the same leading to a deviate of 

0. There are no theoretical limits on the range of this index; it can take large values 

both positive and negative.   

Interchange Index – Several studies (Calambokidis et al. 1997, Urbán R et al. 

2000, Calambokidis et al. 2001, Acevedo et al. 2007) have used an Index of 

Interchange (I) (also referred to as a Match Index (Calambokidis et al. 2001), though 

that term is not used here to avoid confusion with the Movement Index). This is 

presented as: 

ab
cI = . 

All values are positive, and are generally extremely small. In simulations (see 

below), the value rarely exceeded 0.01. Thus multiplying the index x1000 or x100 

depending on observed rates clarifies presentation.  
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The origin and theoretical basis of this index is unclear. Calambokidis et al. 

(1997) and Urbán R et al. (2000) cite the index as being developed and used by Baker 

et al. (1985, 1986) The formulation is used in those papers for calculating expected 

values for chi-square analysis (similar to the approach used in calculating M), but it 

does not appear to be used in either as an index of movement. In cases where the 

samples involved meet the assumptions of capture-recapture abundance estimation it 

comprises the inverse of the Petersen estimator, and therefore the inverse of estimated 

abundance. This, in turn represents an estimate of the capture probability of an 

individual (see above). In comparing movement between two areas with limited 

exchange, however, the assumptions of capture-recapture theory are clearly not met, 

and the index simply represents the number of re-sightings per comparison of 

identified individuals. This rate may be influenced by factors other than movement; a 

high rate of successful comparison may indicate either a small population size or a 

high rate of movement (Calambokidis et al. 2001).  

Hilborn’s method – Hilborn (1990) developed a powerful and flexible 

technique for estimating population and movement parameters from mark-recapture 

data using maximum likelihood methods. This method has been further developed by 

Whitehead (2001). This approach can be used to directly estimate the transition 

probability between areas (t), and has been used to estimate the extent of movement 

between areas in cetacean studies (Whitehead 2001, Stevick et al. 2006). The method 

does not provide a closed-form estimator for t. However, t for movement between two 

areas can easily be estimated easily using any spreadsheet software.  

The log-likelihood that c of the a animals sampled in area A were also 

identified from the b animals sampled in area B is given as the Poisson approximation 

(Whitehead 2001): 

L = c log(ĉ) - ĉ + constant 

where the expected number of re-sightings given a total of n individuals present in 

areas A and B is: 

  ĉ = tab/n. 

 These equations provide a formula for calculating the likelihood given the 

observed values of a, b and c and any pair of values for t and n. All that is needed to 

estimate t for any set of observed parameters, therefore, is to calculate a large number 

of likelihood values, L, using randomly selected probability values for t, and randomly 
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selected estimates for the animals using the sampled areas for n. The result with the 

largest value for L provides the best parameter estimate for t (and n).  

 The method can be expanded to use observed sightings histories to estimate a 

wide range of parameters for geographically structured populations, including 

estimation of transition probability from multiple sites and multiple sampling 

occasions (Hilborn 1990, Whitehead 2001). It can even be used for analysis of 

movement over continuous space (Whitehead 2001). However, only the simplest case 

with two samples is considered here.  

Simulations 

In order to compare the behavior of these indices, they were applied in 

simulations to data generated from a simple model constructed in two stages using R 

software (R Core Development Team 2005). Initially the numbers of individuals 

using each of two areas, designated A and B, were selected randomly from a uniform 

distribution, and ranged from 30 to 500. The number of individuals occurring in both 

areas was calculated as the product of the mean sample size and a randomly selected 

transition probability, also selected from a uniform distribution. Instances where the 

number in common to the two areas exceeded the smaller regional abundance, the 

number in common to the two samples was set equivalent to the smaller sample. From 

each of these simulated areas, a sample of between 20 animals and the total 

abundance of the area was selected randomly (designated a and b respectively), and 

the recaptures between the two samples were identified (designated c).    

The five indices were calculated for each of 5,000 replicates of the simulation. 

S was calculated as the mean, I was calculated x100 and M assuming an overall 

abundance of 1,000. Hilborn’s estimator for t was determined based on selection of 

5,000 random parameter values. Values for t were selected from a uniform 

distribution (0-1), while n was selected from a normal distribution with an unbiased 

estimate of the combined number of individuals in areas A and B for the mean and a 

CV of 0.2. These indices were then compared with the transition probability from the 

simulation using simple linear regression to see how well they represented the 

underlying movement process.  
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RESULTS & DISCUSSION 

All five models show a strong positive relationship between the index value 

and the true transition probability. As expected with the very large sample size, all 

relationships were very highly significant. However, the indices by no means 

performed equally well (Table 1). Hilborn’s method provided the most reliable 

indicator of the underlying movement process. As anticipated, the simple proportion 

provided a poor estimate of movement. However, the Interchange Index performed 

even less well.  

There was a remarkably weak relationship between the transition probability 

from the simulation model and the Interchange Index, with by far the lowest R2 and F 

values of any index considered; substantially lower even than a simple proportion. 

The Interchange Index produced many values that were well above the overall trend, 

leading to some large positive residuals (Figure 1). This method is influenced by 

regional abundance as well as movement. Indeed, given complete sampling and the 

same proportional rate of movement, an order of magnitude increase in the regional 

abundances results in a corresponding order of magnitude decrease in the index. This 

is the most probable cause of the poor predictive ability of this index.  

Due to the exceedingly poor performance of the Interchange Index in 

predicting movement of animals compared with the other indices, the influence of 

abundance as well as movement on the index and questions concerning its 

mathematical and theoretical basis, the use of this index is clearly not advisable. 

Given the relatively widespread application of this method this is of some concern. 

Re-analysis of results that have been calculated using it may be warranted.  

The Sub-set Index was a better predictor of animal movement than the simple 

proportion, and a far better estimator than the Interchange Index. However, it was 

substantially out-performed by the Movement Index and Hilborn’s method, and there 

would not appear to be any particular advantage to its use.  

The Movement Index performed well over a range of sample sizes and 

sampling intensities. Unlike the previous indices it compares observed movement 

against expectation based upon assumptions about abundance and individual 

behavior. This comparison of observation and expectation lends itself to certain types 

of statistical comparison in a manner which the other approaches do not. Additionally, 

when there are a small numbers of recaptures all other indices are constrained to 0, 
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while M provides information on how this level of movement compares with 

expectation given population and sample sizes (Figure 1).  

Hilborn’s estimator substantially out-performed the other methods. It is the 

only method that provides a direct estimate of t rather than of proportional movement, 

and provided a good approximation of the simulation value for t across a wide range 

of animal abundances and sampling intensities. It can also be adapted to work with 

situations of increasing spatial and temporal complexity (Whitehead 2001).  

Calculation of M is made using an estimate of N, or the population size against 

which deviation from random movement is to be tested, local, regional or ocean-wide 

depending on the question being addressed, and t requires input values for n, the 

number of individuals using the two areas sampled. Thus these indices may be 

sensitive to the input values provided. Estimates of these values may be unavailable, 

and if available may be highly imprecise and are likely to also be biased.  

Hilborn’s method estimates n in addition to t, so with a large enough range of 

input values and a large enough number of replicates, the technique should not be 

influenced by the choice of input values. However, if the range of random values 

provided for n is severely biased or inadequately precise, the values for t and n that 

provide the maximum overall likelihood may not be selected together even over 

several thousand replicates. Setting the mean for n to twice and three times the actual 

value, while keeping the cv at 0.2 reduced the r2 from 0.654 to 0.556 and 0.424 

respectively. In simulations where a much lower precision (sd=0.5) was used for 

selecting n, the estimator also performed substantially less well (r2 = 0.471 for an 

unbiased mean and r2 = 0.290 for biasx2). A potential solution to the problem of 

uncertainty regarding appropriate input values for n is to estimate t iteratively, 

conducting an initial trial using a broad range of parameter values, and using these 

results to help select a more appropriate range of values for n (and also possibly t) to 

be used in the final estimation of t.  

The value of M explicitly compares the degree of movement observed to that 

expected given random movement in a population of a given size (N), and is therefore 

contingent of the choice of input value for N. Fortunately, while variations in the 

abundance estimates used will influence the absolute value of the M, relative values 

are not particularly sensitive to the value of N selected, allowing comparison of M 

between areas to be relatively unaffected. Calculating M for Ns of 8000, 1200 and 800 

gave r2 values of 0.490, 0.555 and 0.541 respectively. The circumstances in which this 
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index would appear to have advantages in comparison with Hilborn’s method are 

primarily those in which the utility of conducting a comparison of observation and 

expectation would infer that N was known with some degree of precision.   

The simulations conducted here suggest that some of the methods that have 

been presented for estimating movement of individual marine mammals between 

habitats are poor predictors of the underlying biological processes and that the 

Interchange Index in particular should not be used. The simulations provide 

considerable support for use of Hilborn’s estimator of transition probability and 

indicate that it is the most powerful and useful technique over a broad range of 

circumstances. The Movement Index is more limited in predictive ability, but may be 

of use in those situations in which comparison of observation with a specific 

expectation is of interest.  
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Method R-square F P Outliers 
Hilborn’s t 
Movement Index 
Sub-set Index 
Proportion 
Interchange Index 

0.6535 
0.5544 
0.4825 
0.4122 
0.2934

9428 
6219 
4661 
3505 
2075

*** 
*** 
*** 
*** 
***

6 
5 
0 
0 

44 
 
Table 1. Regression results indicating the fit of different indices to the probabilities 

assigned in the simulation model. Outliers are defined as records having 
studentised residuals with an absolute value greater than four.  
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Figure 1. The relationship between four two-sample movement indices and the 

transition probability between areas derived from 5,000 replicates of a simulation 

model described in the text.  
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