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1. Introduction

Chao (1987) estimator is used in a wide variety of contexts to estimate population sizes after repeated sampling. Chao
estimator has several advantages, including ease of computation. The most attractive property is that it is guaranteed to
be asymptotically conservative under any form of unobserved heterogeneity. Much interest has been devoted to Chao and
Chao-like estimators, e.g., see Chao (1989), Mao (2006), Mao and Lindsay (2007), Rivest and Baillargeon (2007), B6hning
and van der Heijden (2009), B6hning (2010), Lanumteang and Bohning (2011), Bohning et al. (2013), Farcomeni (2018),
Dotto and Farcomeni (2018), Puig and Kokonendji (2018), and Chao and Colwell (2017) for a review.

The premise of this work is the fact that one approximation in the original Chao (1987) proof might not be accurate in
several cases. Indeed, a step in the proof involves approximating the binomial distribution through a Poisson distribution,
which is acceptable only with low sampling probability and large number of sampling occasions S. This makes Chao
estimator conservative only, in some sense, after a double asymptotics argument according to which both the sample
size and number of sampling occasions diverge. In applied scenarios, nevertheless, the number of sampling occasions is
fixed and can be as low as S = 2. We put forward a different proof of the same result, which does not rely on the Poisson
approximation, and that results in a simple correction factor. Our corrected Chao estimator has the same advantages of
the original Chao estimator, and it is conservative under any form of unobserved heterogeneity for large sample sizes
regardless of the number of sampling occasions.

It shall be noted that our argument is mostly based on the Cauchy-Schwarz inequality for a binomial mixture. It
more generally holds for members of the power series mixtures family, see Bohning (2015) and Bohning et al. (2019)
for a detailed discussion. Interestingly, the very same correction factor can be derived as a special case (when there is
no time effect) of the log-linear formulation in Rivest and Baillargeon (2007), and indeed it is implemented in function
closedpCI.t in R library Rcapture (Baillargeon and Rivest, 2007).
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The rest of the paper is as follows: in the next section we briefly set up our setting, and introduce our correction
for Chao estimator. We confirm our theoretical findings in a brief simulation study in Section 3, where it is shown that
classical Chao estimator is indeed not conservative even with large sample sizes. In Section 4 we discuss two real data
examples. Concluding remarks are given in Section 5.

2. Finite efforts correction

Let f, j = 1,...,S, denote the number of subjects observed exactly j times in a discrete-time closed-population
capture-recapture experiment based on S sampling occasions. We assume each of the n = Zj f; subjects is sampled
from a finite population of unknown size N, with heterogeneous subject-specific probabilities. Consequently, for the ith
subject the number of sightings n; follow a binomial distribution with

px(6i) = Pr(n; = x| = 6;) = (i)ﬁi‘(l -6y

Random subject-specific parameters can arise from any distribution F(-) with support in the unit interval. Clearly, then,

1
Pr(n; = x) = (i) / 0%(1 — 6~ dF(6). (1)
0

Let now E[fy] = my = N Pr(n; = x). Under certain assumptions, Chao (1987) shows that
2
mo = oL, )
2m2
Plug-in of f; as an empirical estimate of mj, j = 1, 2, gives Chao estimator IQC =n +f]2/(2f2). The law of large numbers
guarantees that Chao estimator IQC < N, without any further assumption on F(-). In order to show the result, Chao
(1987) replaces the binomial with the Poisson kernel in ( ). It is clearly stated that the approximation is valid under
two conditions: first, that S is large; and secondly, that f dF(0) is small for p* such that the Poisson approximation is
not good for p > p*.
In practice, it is well known that Chao estimator might not be conservative even with large sample sizes. In the
following, we show that a corrected Chao estimator of the kind

(S — 1
256

is asymptotically conservative for all S > 1, and without any assumption on the tail of F(-).
To this end, note that

POF _ S0P s s

2p2(0)  S(S—1)02(1—06)2 S—1 T S—-1

Consequently,

1 1 2
5= PO(Q)dF(Q)Z/ PUOY iy = M
0

Ncc =n+ (3)

po(0).

S—1 S—1 2p,(60) 2m,
where the last inequality follows from Jensen’s’ inequality. Summarizing the above result,
my > (§ — 1)my .
25m2

The inequality above can be replaced to (2), which holds only for large S. The rest of the proof in Chao (1987) can be seen
to hold without further modifications, leading to conclude that (3) is asymptotically conservative for all S > 1. A similar
correction factor shall be used to adjust the standard error. A consequence is that the standard error of Nec will always
be smaller than that of Nc.

Interestingly enough, a different reasoning leads (Chao, 1989) to the same factor. The estimator finally proposed in Chao
(1989) involves the approximation (S — 1)/S = 1. We deem it is important to recognize the factor as a correction factor;
which is essential to guarantee that the estimator is asymptotically conservative (in N).

We conclude this section discussing bias correction. The bias-corrected version of Chao estimator NB = n+
f21((;1 = 1)) guarantees existence, and has different advantages. It is by definition smaller than NC, but it still is not
guaranteed to be asymptotically conservative. The theory in Bohning et al. (2019) can be directly applied to obtain a

corrected-bias-corrected estimator NBC =n+ stlgl Hl) A comparison will be shown in the next section.
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Table 1

Simulation study. For Chao (NC), bias-corrected Chao (NB). the proposed corrected Chao (NCC) and corrected-bias-corrected (NBC) estimators:
probability of being conservative Pr(N < N), bias B(-), standard deviation (in brackets below the bias). For these settings, n; ~ Unif(—3, —1).
Results are averaged over B = 1000 replicates, biases and standard errors are relative to the population size.

(a) : N = 1000
N B(Nc) B(Np) B(Npc) B(Ncc) P(Nc <N) P(Np < N) P(Npc < N) P(Nec < N)
2 0.644 0.587 —0.061 —0.03 0 0 0.7 0.62
0.72) (0.66) (0.16) 0.17)
3 0.3 0.267 —0.056 —0.03 0.07 0.09 0.69 0.63
(0.37) (0.34) (0.15) (0.15)
5 0.129 0.106 —0.054 —0.04 0.22 0.26 0.7 0.63
(022) (02) (0.14) (0.14)
10 0.037 0.019 —0.052 —0.04 0.42 0.48 0.69 0.64
(0.15) (0.14) (0.14) (0.14)
(b) : N = 5000
B(Nc) B(Ng) B(Ngc) B(Ncc) P(Nc < N) P(Ng < N) P(Ngc < N) P(Ncc < N)
2 0.604 0.593 —0.058 —0.05 0 0 0.81 0.78
(0.62) (0.61) (0.09) (0.08)
3 0.273 0.267 —0.056 —0.05 0 0 0.82 0.81
(0.29) (0.28) (0.08) (0.08)
5 0.11 0.105 —0.055 —0.05 0.05 0.06 0.83 0.81
(0.13) (0.13) (0.08) (0.08)
10 0.021 0.017 —0.054 —0.05 0.39 0.41 0.84 0.83
(0.07) (0.06) (0.08) (0.08)
(©) : N = 10000
S B(Nc) B(N3p) B(Npc) B(Ncc) P(Nc <N) P(Np < N) P(Npc < N) P(Nec < N)
2 0.608 0.603 ~0053 —005 0 0 085 0.83
(0.62) (0.61) (0.07) (0.07)
3 0.275 0.271 —0.053 —0.05 0 0 0.88 0.86
(0.28) (0.28) (0.07) (0.07)
5 0.11 0.108 —0.053 —0.05 0.01 0.01 0.9 0.89
(0.12) (0.12) (0.07) (0.07)
10 0.02 0.018 —0.052 —0.05 0.34 0.36 0.89 0.89
(0.05) (0.05) (0.07) (0.07)
(d) : N = 100000
S B(Nc¢) B(Ng) B(Nsc) B(Ncc) P(Nc < N) P(Ng < N) P(Ngc < N) P(Ncc < N)
2 0.598 0.597 ~0.056 —0.06 0 0 1 1
(0.6) (06) (0.06) (0.06)
3 0.268 0.268 —0.055 —0.06 0 0 1 1
(027) (027) (0.06) (0.06)
5 0.106 0.106 —0.055 —0.05 0 0 1 1
0.11) 0.11) (0.06) (0.06)
10 0.017 0.017 —0.054 —0.05 0.11 0.12 1 1
(0.02) (0.02) (0.06) (0.06)

3. Simulation study

We conduct a simulation study to empirically compare the corrected Nce and corrected-bias-corrected Npc estimators
with classical Chao estimator Nc and its bias-corrected version Nz. We generate data for N subjects, with N €
{1000, 5000, 10000, 100 000}, with S € {2, 3,5, 10} capture occasions. Subject specific capture probabilities p;, i =
1,2,..., N, are defined as p; = exp{—log(S) + .57;}/(1 + exp{— log(S) + .57n;}). We let p; depend on S in order to have a
comparable sampling ratio .2 < n/N < .4 across difference scenarios. As far as unobserved heterogeneity is concerned,
we let n; ~ N(—4, 1) in one setting, and n; ~ U(—3, —1) in another one. Note that there is a one-to-one relationship
between 7; and 6; in (1), due to the invertible logistic transformation we use to specify p; in this section. We finally
obtain 32 scenarios, and, for each scenario, generate the data B = 1000 times. In Table 1 we report probability of being
conservative, bias, and standard deviation of the estimates relative to the population size; with Gaussian latent variables.
In Table 2 the same is shown for uniform latent variables. A visual account is also given in Fig. 1, where we report the
distributions of N, and Ncc for different values of N, with therefore 8 scenarios collapsed in each panel. Ny and Npc are
not reported in Fig. 1 as their distribution almost overlaps with that of Nc and N, respectively.

As expected, it can be seen that as N grows the corrected Chao estimator is more and more likely to be conservative.
This does not necessarily apply to the classical Chao estimator and to its bias-corrected version, which would also require
S to be large and/or the unobserved latent variable to concentrate probability mass around zero. There is not much
difference in these settings between N, and Ny, with the latter being slightly more likely to be conservative; at the price
of slightly larger bias.
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Table 2

Simulation study. For Chao (NC), bias-corrected Chao (NB). the proposed corrected Chao (NCC) and corrected-bias-corrected (NBC) estimators:
probability of being conservative Pr(N < N), bias B(-), standard deviation (in brackets below the bias). For these settings, n; ~ N(—3, 2). Results are
averaged over B = 1000 replicates, biases and standard errors are relative to the population size.

(a) : N = 1000

N B(Nc) B(Np) B(Npc) B(Ncc) P(Nc < N) P(Np < N) P(Npc < N) P(Nec < N)

2 0.275 0.267 —0.089 —0.08 0 0 0.95 0.95
(0.29) (0.28) 0.1) ©.1)

3 0.094 0.09 —0.081 —0.08 0.07 0.09 0.94 0.93
(0.12) (0.11) (0.09) (0.09)

5 0.011 0.007 —0.075 —0.07 0.46 0.48 0.94 0.93
(0.06) (0.06) (0.09) (0.09)

10 —0.032 —0.035 —0.07 —0.07 0.74 0.76 0.92 0.92
(0.06) (0.06) (0.08) (0.08)

(b) : N = 5000

S B(Nc) B(Ng) B(Ngc) B(Ncc) P(Nc <N) P(Ng < N) P(Ngc < N) P(Ncc < N)

2 0.267 0.266 —0.089 —0.09 0 0 1 1
(027) (0.27) (0.09) (0.09)

3 0.088 0.087 —0.083 —0.08 0 0 1 1
(0.09) (0.09) (0.09) (0.09)

5 0.006 0.005 —0.077 —0.08 0.42 0.43 1 1
(0.03) (0.03) (0.08) (0.08)

10 —0.036 —0.037 —0.072 —0.07 0.94 0.95 1 1
(0.04) (0.04) (0.07) (0.07)

(c) : N =10000

S B(Nc) B(Ng) B(Ngc) B(Ncc) P(Nc < N) P(Np < N) P(Npc < N) P(Ncc < N)

2 0.267 0.266 —0.089 —0.09 0 0 1 1
(027) (027) (0.09) (0.09)

3 0.088 0.087 —0.083 —0.08 0 0 1 1
(0.09) (0.09) (0.08) (0.08)

5 0.005 0.005 —0.077 —0.08 0.4 0.4 1 1
(0.02) (0.02) (0.08) (0.08)

10 —0.037 —0.037 —0.072 —0.07 0.99 0.99 1 1
(0.04) (0.04) (0.07) (0.07)

(d) : N = 100000

N B(Nc) B(Np) B(Npc) B(Ncc) P(Nc <N) P(Np < N) P(Npc < N) P(Nec < N)

2 0.265 0.265 —0.09 —0.09 0 0 1 1
(027) (0.26) (0.09) (0.09)

3 0.086 0.086 —0.083 —0.08 0 0 1 1
(0.09) (0.09) (0.08) (0.08)

5 0.004 0.004 —0.077 —0.08 0.23 0.23 1 1
(0.01) (0.01) (0.08) (0.08)

10 —0.037 —0.037 —0.072 —0.07 1 1 1 1
(0.04) (0.04) (0.07) (0.07)

4. Examples

We revisit in this section three real data examples: two of them belong to the field of epidemiology , while the third
is a benchmark dataset in ecology.

4.1. HIV prevalence

Abeni et al. (1994) collected data about HIV-1 infected in the Lazio region in Italy in 1990. Patient lists were from
S = 4 centers in the city of Rome, with n = 1896, f; = 1774, f, = 115, f; = 7 and f; = 0. A general agreement, using
log-linear models or more complex approaches (Wang et al., 2005; Baillargeon and Rivest, 2007; Farcomeni, 2016) is that
the true population size is between 11,000 and 13,000. For this data set, Nc = 15579, which is at odds with previous
analyses and unlikely to be a lower bound for the true population size. On the other hand, Ncc = 12 158, which is much
more reasonable.

4.2. Multiple sclerosis prevalence

Farcomeni et al. (2018), Farcomeni (2020) report data about Multiple Sclerosis (MS) in the metropolitan area of Rome.
Data arise from treatment lists in S = 6 centers, with n = 1007, f; = 894, f, = 105, fs = 8. It is well known that

4
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Fig. 1. Simulation study. Observed distribution of Nc and Ncc for different values of N. Each panel reports the 8000 estimates obtained for each
estimator across settings with the same value of N.

Italy is a high risk country for MS, with an expected prevalence in Lazio region between 110 (the national average) and
140 per 100,000 inhabitants (e.g., Bargagli et al. (2016)). For the data at hand, Chao estimator gives N = 4813, which
would lead to an estimated prevalence of about 150 per 100,000 inhabitants. Once again, this is possibly slightly too large,
and unlikely to be a lower bound in the face of other works dealing prevalence of MS in the area. On the other hand,
Nce = 4179, leading to the reasonable estimated prevalence of 129 per 100,000.

4.3. Cottontail abundance

Edwards and Eberhardt (1967) report data about Cottontail Rabbits (Sylvilagus floridanus). For this data, the true
population size N = 135 is known. A sample of n = 76 rabbits are observed in S = 18 capture occasions, with f; = 43 and
f = 16. For these data, Nc = 134 with 95% confidence interval (87 — 181); while Ncc = 131 with 95% confidence interval
(86 — 175). As S is quite large, there is not much difference between the point estimates; with Nc being conservative and
therefore automatically closer to the true population size than N¢c. Nonetheless, the correction leads by construction to
a smaller standard error, and consequently to a confidence interval that is 5 units narrower.

5. Concluding remarks

While the simple correction factor that we put forward in this work is not less than 0.5 (when S = 2) and linearly
increases to the unity, it is important to remark that it is a multiplicative factor. If the term f12 /(2f>) is large (e.g., for
large population sizes, when f, is small, when there is one-inflation) the corrected and original Chao estimators can differ

5
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substantially. It shall be remarked that the approximation does not apply in continuous-time experiments, which indeed
one can recover by letting S — oc. In all other cases in which the number of capture occasions is finite we recommend
using the proposed correction factor. We have seen in simulated and real data scenarios that the classical Chao estimator,
when S is moderately small, can lead to unreasonably large estimates for the population size. These are then believed by
the researcher to be lower bounds, due to theoretical properties that might not hold. Our correction guarantees that the
final estimator is conservative regardless of S, as N increases. The MSE will compare variably with that of the uncorrected
Chao estimator. When the original Chao estimator is not conservative, the MSE of the corrected version can be expected
to be lower; but clearly the reverse might apply as soon as indeed Nc < N.

As further work, we mention extensions of our reasoning to the case of lower-bound estimation without replace-
ment (Chao and Lin, 2012) or using higher-order frequency counts (Chiu et al., 2014). On the other hand, we expect the
correction factor to extend to the case of covariates (Bohning et al., 2013; Farcomeni, 2018) directly.
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