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ABSTRACT

Researchers who use animals in science must balance statistical power with the need to satisfy the three
Rs, whereby researchers are required to reduce numbers of animals, refine what they experience, and use
alternatives to (replace) higher animals where possible. In repeated sampling over time-series studies,
there is potential loss of power as well as ethics implications posed by repeated sampling of individual
animals, where this cannot be managed or avoided. Here, we consider the mathematics of repeated sam-
pling from three perspectives: that of the population at large, from the experience of the individual, and
the conditional probability of sampled individuals being sampled again. The calculations are illustrated
using four theoretical case studies across veterinary epidemiology with different practical implications
and a provided R Shiny tool for researchers. Despite the availability of exact calculations, it is necessary
to also consider the biological factors which may affect capture and recapture rates in sampling studies
such as animal personality and response to capture. Researchers must also choose their question carefully
to avoid inappropriate framing of ethical concerns around repeated sampling.
© 2024 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

When animal populations are subject to repeated sampling in
time-series studies, there is the possibility of sampling the same
animal twice, potentially detrimental to welfare and a possible
cause for ethical concern. In this paper, we show how often indi-
vidual animals might be repeat sampled in several scenarios, and
how many animals are likely to be repeat sampled overall, demon-
strating the framing of the question is important for correct inter-
pretation. An online tool is provided using the R Shiny library that
researchers can use to help guide future experimental design for
animal research that involves repeated sampling.

Introduction

When sampling animal populations in research, theoretical
questions arise in terms of sample size required to achieve ade-
quate statistical power (Krzywinski and Altman, 2013). However,
increased sample size comes with rapidly diminishing statistical
returns, and sampling effort and reward must be balanced against
the Three Rs of animal experimentation (Russell and Burch, 1992;

* Corresponding author.
E-mail address: darren.green@stir.ac.uk (D.M. Green).

https://doi.org/10.1016/j.animal.2024.101352

Tannenbaum and Bennett, 2015), under which auspices there is a
need to reduce animal use, while maintaining statistically valid
experiments, and to refine animal use to minimise suffering. The
cost-benefit analysis of sample-size calculations (which should
include benefits to animals more widely, not just the costs to the
experimental population or sampled individuals) is frequently
misinterpreted or ignored (Bacchetti et al., 2011).

Sampling may be performed with replacement - where after
each sample the individual is replaced and may be sampled again
- or without replacement — where the individual is retained or
destructively sampled and cannot be sampled again. Sampling
without replacement may be more difficult in well-mixed flocks
such as farmed poultry or salmon, where individuals are not rou-
tinely marked, and opportunities for researchers to sample ran-
domly or intentionally target a specific individual or class of
individual (even if marked) may be limited (Marchewka et al.,
2013).

From an ethical perspective, there may be circumstances in
which recapture of individuals over repeated sampling is consid-
ered sub-optimal or may be restricted by animal experimentation
protocols. For example, Hoskonen and Pirhonen (2006) found
growth rate to be reduced in juvenile rainbow trout Oncorhynchus
mykiss through repeat handling, although this effect was less for
anaesthetised individuals. In Norway, the repeated use of animals
and cumulative effect must be disclosed and severity considered
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when applying for approval for experimental animal use
(Landbruks- og matdepartementet, 2015), and repeated sampling
of the same fish in aquaculture and related research is currently
not permitted. The potential for repeated sampling has increased
with the shift away from destructive sampling to satisfy refine-
ment. There is also the concern of potential loss of statistical power
by recapturing individuals previously studied, as the variance of
samples taken with replacement (binomial) is larger than the
equivalent variance for without-replacement sampling (hypergeo-
metric; Wroughton and Cole, 2013), leading to larger standard
errors of means.

To understand fully the ethical and practical concerns arising
from repeat or non-lethal sampling, an important distinction must
be made between the experience of the individual - essentially the
likelihood of being selected again as a sample - and the event itself,
the likelihood of a repeated sampling occurring in a population
(Fig. 1). We can refer to the former as a recapture experience and
the latter as a recapture event. From an ethical perspective, if a
recapture experience, which might produce a bad welfare outcome
for that individual, is very unlikely and the benefit to the popula-
tion significant, then a cost-benefit ethical trade-off may be
favourably balanced.

In this paper, we consider the mathematics of repeated sam-
pling in terms of recaptures. The numbers that emerge from such
calculations can be a little surprising, varying over many orders
of magnitude depending upon whether the question asked relates
to a recapture experience or a recapture event. Thus, the research
question must be posed with care: Certain research questions are
more “population focussed” and consider the chance that some-
thing happens globally (recapture event). These can be useful
where any recapture of sample targets is critical and must be
avoided, a precautionary principle is being applied, or where the
welfare implications of repeated sampling are poorly understood,
e.g. on the mucosa of fish (Kelly et al., 2024). Alternatively, we
can focus more on the experiences of individuals within the popu-
lation, which may be more important from an ethical perspective
(recapture experience). Nevertheless, the shared experiences of
many individuals across a large population can still be important,
in the same way that a small improvement in health outcomes
may be unnoticeable by a single person, but significant at the pop-
ulation level, e.g. in excess death statistics. A third perspective is
that of an individual which has just been sampled: what has been

individual
viewpoint

all animals

recaptured animals
(recapture events)
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their prior experience? These conditional probabilities differ from
global or individual-level values.

Our code is made available to the general user in the form of a
deployed R (R Core Team, 2022) Shiny (Chang et al., 2024) applica-
tion that is instantly usable at https://pinkmongoose.shinyapps.io/
ShinyRepeatSampling providing a tool that researchers can use
while planning experimental trials.

Methods
Overall probability of any animal being sampled more than once

The potential of repeated sampling of the same individuals
across a series of sampling events within the population (below,
“flock”) is akin to the well-known birthday problem (Borja and
Haigh, 2007). This is typically stated as the probability that a group
of K people contains at least two people sharing a birthday (below,
a “recapture” to keep the same terminology as above, assuming
365 days per year and all birthdays equally likely). The relatively
high probability of a recapture amongst quite a small population
can feel unintuitive, with only 23 people required for a greater than
50% chance of a shared birthday (recapture event). We can show
that repeated sampling with replacement is a related problem:
The birthday problem considers distributing K random birthdays
with a range 1-365 and counting recaptures amongst those ran-
dom birthdays. This is the same mathematics as labelling our pop-
ulation with unique ID tags 1-N (where N is the flock size),
sampling with replacement K random individual IDs, and counting
recaptures amongst those random IDs.

The exact answer to the classic birthday problem can be
obtained by considering the fraction 1 — p,4,, of possible permuta-
tions of samples which are favourable: i.e. without recaptures
(Borja and Haigh, 2007), where .P, denotes permutation:

Py =xl/(x -y

P
W (M

Next, we consider our focal problem: a repeated sampling study on
an animal population, with repeated sampling of k individuals over
n separate sampling events (below, “repeats”), where sampling
within repeats is without replacement (the most likely situation),
but replacement occurs between repeats (the most likely situation

Dbday = 1-

viewpoint of
population

viewpoint of
sampled
individual

Fig. 1. Viewpoints for consideration of recapture probabilities for repeated sampling, which can be from the perspective of the entire population (recapture events), specific
individuals (recapture experiences), or conditional on individuals having been sampled. We can also consider single sample repeats, or a whole series of sampling events.
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in large flocks). We therefore have total sample attempts K = nk but
not necessarily K unique individuals sampled. Plugging K into Eq.
(1) overestimates the probability of a recapture, as can be seen
where n =1, when no recapture should be possible. Instead, we
need to reformulate the denominator of the equation to reflect
the possible permutations of repeat samples:

NPnk
(WP 2)

A problem with these equations is that even for quite small flock
size N, factorials such as N! exceed representation on even 64-bit
floating-point arithmetic. Instead, we can use the equivalent
gamma function, taking advantage of the log-gamma function
(Wolfram, 2024), which is widely found in office and statistical soft-
ware, for example in Microsoft Excel as the GAMMALN.PRECISE
function or R’s Igamma() function. Products and quotients of large
factorials become additions and subtractions on the log scale, and
such mathematics is used routinely for built-in functions in soft-
ware that handle probability distributions:

InT'(x+ 1) = In(x!)

Drep = 1-

We thus obtain, after replacing binomial coefficients with log-
gamma functions and simplifying,

Prep=1-exp((1-n)In[(N+1)+nInT(N—-k+1)-In[(N-K+1)) (3)

Consecutive repeats

We may also be interested in the easier problem of the proba-
bility that a recapture occurs in two consecutive repeats. This is
simply Eq. (2) above, with n = 2, which simplifies to the hyperge-
ometric distribution, corresponding to sampling without replace-
ment. The notation used here, Hyp(x;a,b,k), denotes the
probability of obtaining x target items in a sample of k items taken
without replacement from a population containing a target items
and b non-—targets.

Dseqz = 1- Hyp(Oka —k, k) (4)

And from this, we can calculate the chance this occurs across any of
the n — 1 pairs of adjacent repeats:

Poeq = 1 = (HYP(Osk,N — k. k)" (5)
noting that when recaptures are rare,
pseq =~ (Tl - 1)Pseq2

due to 1 —x" =~ n(1 —x) when x is close to one.
Probability of a specific individual being sampled more than once

The probability of a specific individual being sampled in any
one repeat is simply given by k/N. Knowing this, we can assume
that the number of times a specific individual is sampled across
all repeats is binomially distributed where B(x; k,q) denotes the
probability of obtaining x target items in a sample of k items taken
with replacement from a population containing a fraction g target
items. From this distribution, all terms other than zero or one
repeat correspond to recapture experiences. Thus, the probability
of a recapture experience is as follows:

Pina =1 —B(0;n,k/N) — B(1;n,k/N) (6)
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Below, we discuss viewpoints such as the relative recapture rate for
animals already sampled. This leads us to consider conditional
probability: Taking the perspective of individuals known to have
been sampled, the conditional probability of at least one recapture
for a sampled individual is as follows:

1-B(0;n,k/N) — B(1;n,k/N) .
1-B(0;n,k/N) @)

Dcond =

Again, we can ask some related simpler questions, such as the prob-
ability of a specific individual being sampled again, conditional on it
having been sampled in the previous repeat, which is simply

Dcondz = k/N (8)

where sampling events are independent.

Expected number of unique individuals sampled amongst all sample
repeats

Finally, we consider the ratio between total sample attempts K
and the estimated number of unique individuals covered by sam-
pling across all repeats U, limited to the range k < U < K. We
address this by iteratively considering the distribution of the num-
ber of unique sampled individuals P, at repeat t + 1, from the con-
volution of the distribution at repeat t and the hypergeometric
distribution for the number of new unique individuals sampled,
starting from an unsampled population at repeat zero through to
time t = n.

k
Pu‘Hl = Zpu—i.t . Hyp(lN —u+ i’ u-— i7 k)
i=0

(Impossible combinations in the equation above implicitly have
zero probability, but some statistics functions may return error
codes such as NA.) From this, we calculate the expected number
of unique individuals sampled, most usefully expressed a propor-
tion of total sample size, q:

K
Ur:ZU'Pu,r
u=k

6= ©)

App deployment

The mathematical formulae introduced above are imple-
mented in the R Shiny platform for deployment, at https://
pinkmongoose.shinyapps.io/ShinyRepeatSampling. The design is
responsive and outputs are recalculated as the user changes
the inputs. The app was used to generate the results for the sce-
narios explored in the results section below, and can be applied
by other users to aid their own experimental design. There are
just three parameters to be specified by the user: the total or
effective population size of the whole population from which
samples are drawn (N), the number of repeated sampling events
(n), and the number of units sampled from the population, with-
out replacement, at each repeated sampling event (k). This app
does not determine a sampling regime or experimental design,
but instead may be used alongside such calculators and tools
such as the NC3Rs Experimental Design Assistant (du Sert
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et al., 2017), when assessing what a particular design would
mean in terms of the potential for recaptures.

Results

We consider several scenarios to contextualise the mathematics
above.

Scenario 1: Salmon: 100 000 Atlantic salmon Salmo salar in a
sea pen are sampled by net each month over 14 months of a
production cycle, with a sample size of 20. The salmon may or
may not be marked upon sampling, e.g. by Panjet tattoo
(Dietrich and Cunjak, 2006), but selecting individuals is not pos-
sible here. In this scenario, the potential concern is how often
recapture might occur, but populations are large and recapture
is expected to be rare.

Scenario 2: Poultry: 5 000 broilers in a unit are sampled each
week for a 6-week production cycle, with a sample size of 30.
As above, the broilers may or may not be marked upon sam-
pling, but selecting individuals is assumed not possible. Here,
the question is similar to Salmon above, but recaptures are
likely to be more frequent and the frequency of sampling is also
more intense.

Scenario 3: Sheep FEC: A flock of 250 sheep is sampled by 10 3-
week faecal-egg-count (FEC) samples, using collection of fresh
faeces from the field, with a sample size of 15, where this sam-
ple size is suggested by the Moredun Research Institute
(Moredun, 2024). We assume the faeces are sufficiently fresh
that sampling is effectively without replacement (there may
be some aspect of replacement sampling), but we do not know
the individual that produced each faecal sample. Here, there is
no particular ethical issue, but a concern might be the degree to
which recapture reduces our effective sample size of indepen-
dent sheep.

Scenario 4: Sheep saliva: Saliva from a flock of 50 sheep is ran-
domly sampled as part of a study on stress, on three occasions,
with a sample size of 15. Sampling can be performed without
replacement, and in a small flock could be individually
focussed, but random sheep are assumed here. Nevertheless,
the sheep are ear-tagged so individual IDs are known. Here, a
concern might be that recaptures could affect the stress state
of the animals, affecting the experimental conditions them-
selves, and therefore, the degree of recapture is of interest.

The probabilities of recaptures taken across the three view-
points for each scenario are shown in Table 1. As expected, given
the general birthday problem results, the probability of a global
recapture tends towards unity quite quickly with decreasing pop-
ulation size, and recaptures are inevitable in both Sheep FEC and
Sheep saliva scenarios, and nearly so for the Poultry scenario.
Even for the Salmon scenario, they are sufficiently likely to occur

Table 1
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as to raise attention if any recapture were disallowed or the pre-
cautionary principle applied.

As the number of repeats increases, the options for global recap-
tures rise faster than the options for adjacent recaptures, and this is
partly reflected in the greater difference between (3) and (5) for
scenarios with higher n such as Salmon. Sampling is sufficiently
infrequent in the Salmon scenario that global adjacent sampling-
period recaptures rather than global recaptures may be of interest
to the researchers; however, protocol may also depend on any
additional disturbance experienced by either husbandry or
research purposes, such as grading or initial stocking. For the Poul-
try scenario, the relatively frequent global adjacent recaptures may
still be of concern, depending on the severity of the procedures
applied.

For the individual recapture probabilities, the larger difference
compared with global recapture can be seen clearly where the pop-
ulations are large, such as the Salmon and Poultry scenarios. This
shows that at the individual-animal level, the probability of a
recapture is vanishingly small, whereas it is noticeable in the smal-
ler population of the Sheep saliva scenario. Nevertheless, these
probabilities do not consider the cumulative impact across the
whole population, which is where the conditional recapture calcu-
lations are helpful.

The conditional recapture (single) viewpoint (7) provides mag-
nitudes of probabilities intermediate between the global recapture
and individual recapture values, and is possibly the most easily
interpretable statistic, answering the question of the likelihood of
the recapture experience. As with the global probabilities, restrict-
ing to adjacent repeats is more conservative and provides lower
probabilities (Table 1) particularly where recaptures are rare and
the numbers of repeats are higher. For the Salmon scenario, recap-
ture from the perspective of a captured fish is still rare, which
might be considered during experimental design where the alter-
native is destructive sampling. For the Sheep saliva scenario,
recapture is still seen to be a frequent experience for the animals.

Finally, Table 1 provides the proportion of uniquely sampled
individuals g (9). This is useful in terms of diagnosing if our sam-
pling schedule is inefficient at capturing different individuals (val-
ues substantially lower than one), but less easily interpreted as a
diagnostic for the proportion of recaptures amongst sampled indi-
viduals. We can see that this is close to one for the Salmon and
Poultry scenarios, but noticeably less efficient for both sheep sce-
narios. We can consider here how repeated sampling effectively
creates pseudoreplicates rather than true replicates where popula-
tion statistics are the goal: In both cases, the coverage of unique
individuals is only about three—quarters of the sample size.

Discussion

Though we derive exact calculations for the probabilities above,
biological factors not accounted for in these equations may have a

Recapture probabilities for repeated sampling where sampling is without replacement within repeats, and with replacement between repeats. Equation references are given in
parentheses. Four scenarios are considered as described in the main text: Salmon, Poultry, Sheep FEC (faecal egg count) and Sheep.

Item Salmon Poultry Sheep FEC Sheep saliva
Sample size k 20 30 15 15
Sample repeats n 14 6 10 3
Population size N 100 000 5 000 250 50
Total sample attempts K = nk 280 180 150 45
Global recapture pye, (3) 0.305 0.935 1.00 1.00
Global adjacent recapture pgeq, (single)(4) 0.00399 0.166 0.616 0.999
— all repeats pgq (5) 0.0507 0.596 0.9998 1.000
Individual recapture pj,q (6) 3.63x10°° 531 x 10°° 0.118 0.216
Conditional recapture (single p.nq) (7) 0.0013 0.0150 0.255 0.329
Conditional adjacent recapture (single pynq2) (8) 200 x 1076 0.0060 0.060 0.300
Proportion of uniquely sampled individuals q (9) 0.9987 0.985 0.769 0.730
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strong impact in practice. First, individuals within the flock might
have unequal likelihood of being sampled, for example due to their
individual personalities or states of health. Where heterogeneity
correlates capture rate to the target variables of the study (e.g.
health status), this is especially problematic for experimental
design and may lead to bias (de Blas et al., 2020). Clustering likely
increases the frequency of recaptures compared with the equations
presented above, heightening ethical concerns: Most forms of
heterogeneity will likely increase the probability of recaptures, also
demonstrated in generalised forms of the standard birthday prob-
lem (Munford, 1977).

Clustering might occur in the Salmon scenario, depending upon
the sampling procedure used: Net sampling is likely to favour the
selection of some individuals over others. Such effects on sample
biases have been previously noted in aquaculture (Nilsson and
Folkedal, 2019); however, alleviating such bias can be challenging.
It may be sufficient for precautionary reasons to use a coverage-
adjusted population size, e.g. by assuming only a fraction of the
population can be captured (Aebischer, 1986) and substitute this
value for N. Parallel concerns occur in wildlife sampling, and mul-
tiple authors have considered models for estimating density from
mark-recapture data (e.g. McClintock, 2015), and clustering could
occur in the Sheep FEC scenario if the sheep do not evenly use their
living space.

Under some circumstances, the sampling process itself may
alter the probability of recapture on subsequent samplings, in
either direction. For example, sampled individuals may become
“trap shy” and be less likely to be sampled later, or alternatively
may become “trap happy” (Ghosh and Norris, 2005), increasing
the probability of a recapture. Such statistical behaviour may also
result from physiological rather than behavioural factors. Where
this is not known in advance, sampling studies themselves may
provide some answers to these questions.

In this paper, we have considered a range of scenarios and
points of view involving potentially small probabilities, combined
with large numbers. As with any analysis of risk, it is worth consid-
ering the statistical fallacies and cognitive biases that may present
when farmers or researchers are presented with such information,
that might lead to misinterpretation of outputs of experimental
design software or decision-making that does not fully address
all concerns. Scope neglect occurs where a risk is evaluated without
due consideration of both the frequency and the severity of a haz-
ard, in particular by failing to appreciate the cumulative impact of
small effects at the individual level across very large numbers of
individuals. For example, a small inconvenience to a single sam-
pled animal may equate to an observable problem when consid-
ered at population level (Dickert et al, 2015). Without a
mathematical treatment, potentially through a risk-analysis
framework, e.g. impact = frequency x effect, humans may struggle
to cope with considering risks to “thousands”, “millions”, or “bil-
lions” of individuals, leading to flawed decisions. This is more dif-
ficult for studies involving large population sizes such as our
Salmon or Poultry scenarios.

Base-rate neglect and the prosecutor fallacy are caused by the
failure to appreciate the background rate of events when consider-
ing a particular event (Bar-Hillel, 1980). Above, we contrast the
frame of reference of animals already subject to a prior sampling
event (recapture experiences) with those of the general population
(recapture events). Misusing these frames can lead to some incor-
rect interpretations, e.g. where the chance of a recapture event is
reported as one in a hundred, where one in ten is the correspond-
ing rate of a recapture experience. Again, this is particularly note-
worthy for the Salmon and Poultry scenarios with their large
population sizes: Focusing on Salmon, the probability of a recap-
ture event (0.305) is several orders of magnitude higher than the
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probability of a capture experience (3.63 x 107%), with the condi-
tional probability of recapture intermediate (0.0013).

Finally, we must avoid the cognitive biases of framing by focus-
ing only on the negatives of sampling where these are perceived to
be present (Tversky and Kahneman, 1981), and consider both the
costs and the benefits to sampling a population, i.e., to balance
the potentially small impact of recaptures amongst the sampled
individuals against the wider ethical benefits posed to the whole
population in monitoring population health and welfare. After all,
without an assumption of benefit, we would not be sampling at
all, but different stakeholders in animal experimentation research
may have varied perceptions of these benefits (Cabaret and
Fortin, 2022).

To conclude, some simple mathematics can help predict when
researchers are likely to recapture the same individuals while sam-
pling a population, which can assist them in planning trials and
considering ethics. However, such models need to be interpreted
with care, with the right question asked prior to experimental
design selection. Beyond mathematics, biological factors can affect
recapture probability, both through innate physiological and beha-
vioural differences amongst the sampled individuals, and the
effects of sampling itself.
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