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Abstract

The growing necessity for evidence-based policy built on rigorous research has never been
greater. However, the ability of researchers to provide such evidence is invariably tied to
the availability of high-quality data. Bias stemming from over-coverage in official popula-
tion registers, i.e. resident individuals whose death or emigration is not registered, can lead
to serious implications for policymaking and research. Using Swedish Population regis-
ters and the statistical framework of multiple systems estimation, we estimate the extent
of over-coverage among foreign-born individuals’ resident in Sweden for the period 2003—
2016. Our study reveals that, although over-coverage is low during this period in Sweden,
we observed a distinct heterogeneity in over-coverage across various sub-populations, sug-
gesting significant variations among them. We also evaluated the implications of omitting
each of the considered registers on real data and simulated data, and highlight the potential
bias introduced when the omitted register interacts with the included registers. Our paper
underscores the broad applicability of multiple systems estimation in addressing and miti-
gating bias from over-coverage in scenarios involving incomplete but overlapping popula-
tion registers.

Keywords Over-coverage - Sweden - Multiple-systems estimation - Population registers -
Foreign born

1 Introduction

The demand for policies grounded in rigorous research and compelling evidence has never
been greater, but the ability of researchers to provide such evidence is highly dependent
upon the availability of high-quality data. In particular, the COVID-19 pandemic has high-
lighted the need for accurate estimates of population sizes, not only for the overall popula-
tion but also for distinct subgroups within it. Sweden has long been known for its excellent
population and vital registration and was one of the first countries to establish a system
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of interconnected registers for administrative and research purposes. For a long time, data
quality was taken for granted, but with increased international mobility, recent findings by
Statistics Sweden and the Swedish National Audit Office (Statistics Sweden 2015; 2018;
Swedish National Audit 2017; Swedish Tax Authorities, 2018) have raised some data qual-
ity concerns and indicated a need to re-evaluate the quality of the population data that
underpins all research and policy decisions.

Over-coverage represents the most salient potential error source for register data systems
that form the basis of official national statistics, population forecasts, academic research
(e.g. Statistics Sweden 2015), and survey sampling (Salentin 2014). Over-coverage occurs
when failing to administrate the emigration or death of individuals, leading to population
overestimation of the resident population (e.g. Monti et al. 2020)! With more countries
having moved to register-based systems in their collection of population data, the relevance
of over-coverage bias is increasing.

Every member of a resident population is subjectable to measurement error. Neverthe-
less, the propensity for error related to emigration is disproportionally higher among popu-
lations that are more mobile and consequently more difficult to capture in data sources,
namely international migrants. In Sweden, international migrants constitute now one fifth
of Sweden’s resident population (Statistics Sweden 2023). Increases in return, onward and
circular migration (De Haas et al. 2019; Jeffery & Murison 2011; Monti et al. 2020) have
surged the potential for over-coverage.

The errors introduced by population over-coverage—and its consequences—should not
be under-estimated. In particular, over-coverage can impact upon three main aspects: the
size, composition and outcomes of national—and especially migrant—populations. Firstly,
we likely over-estimate the number of resident migrants (and consequently the total resi-
dent population) as current estimates include individuals who have already left. Secondly,
if the propensity for over-coverage is selective on key demographic factors, such as age
and sex, then we likely provide an inaccurate picture of the composition and, therefore,
the needs of the migrant population. Thirdly, over-coverage likely introduces bias into
the numerators (if over-coverage is selective on the outcome e.g. if the outcome is educa-
tion and the less educated are more susceptible to over-coverage) and the denominators
(population bases) of national and migrant-specific estimates. This distortion is particularly
misleading when comparing migrants directly with native-born populations, who typically
exhibit lower mobility and are therefore less likely to be over-covered. In a recent study by
Monti et al. (2020), mortality rates among migrants living in Sweden aged 20-30 years
were up to 2.5 times greater when correcting over-coverage; fertility levels were up to 1.5
times greater among immigrants in their 20s. With these magnitudes of error in mind,
over-coverage could undermine most of what we think we know about the outcomes of
migrant populations in their host countries. In the best-case scenario, a specific finding
remains valid, and correcting over-coverage only modifies the size of pre-existing differ-
ences between migrants and native-born populations for a given socio-demographic out-
come. In the worst-case scenario, errors introduced through over-coverage accumulate to

! The primary source of over-coverage is individuals who emigrate without delisting, although we antici-
pate rare occasions of over-coverage due to unrecorded mortality. However, in the context of Sweden,
where this study is conducted, death registration within the country is virtually complete. There are incen-
tives for listing deaths that occur abroad. Nevertheless, unregistered deaths of individuals abroad remain a
part of unregistered emigrations.
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generate differences between migrants and native-born that misdirect research, misinform
policy, and may fuel harmful public narratives.

As official authorities are just recently starting to acknowledge the need for continu-
ous approaches to identify over-coverage (cf. Swedish Tax Authority 2018), no common
approach exists for identifying, let alone correcting, over-coverage across countries, nor for
assessing the potential consequences for funded social science research. Sweden offers an
ideal research context given its world-renowned population registers, extensively used by
the international research community, in conjunction with its diverse migrant population
and relatively high rates of re-emigration (Monti 2020).

Here, we consider the use of generalized linear models for contingency tables, as
employed within the framework of multiple systems estimation (MSE, Bohning et al.
(2017), Bird and King (2018), Cruyff et al. (2021), van der Heijden et al. (2019)). The
MSE modelling approach uses overlapping but incomplete population registers, also
referred to as lists in the literature and in this paper, as variables (covariates), whilst taking
into account individual socio-demographic characteristics, and hence estimates the number
of individuals from each combination of characteristics that are part of the population. This
allows us, for the first time, to identify heterogeneity in over-coverage across sub-popula-
tions. To do so we employ a Bayesian approach, similar to King et al. (2014), relying on
the R package conting (Overstall and King 2014) for inference. Additionally, we repeat
the analysis after omitting each list in turn and quantify the effect on the corresponding
estimate of population size and hence over-overage. We present an extensive simulation
study that highlights the potential bias introduced in the estimation of population size when
omitting a list that interacts with the included lists. Finally, we compare our new findings to
those obtained using existing approaches designed to correct for over-coverage.

2 State-of-the-art

Over-coverage is relevant for all countries that have a sizeable immigrant resident popula-
tion, as accounting for it is necessary to obtain unbiased population estimates. Core parts
of the over-coverage problem are the unknown scale and variation across countries, which
also relates to different definitions of international long-term migrants across countries.

2.1 Previous over-coverage studies

Over-coverage in population registers has created concerns in many different countries,
in particular when population registers are used to estimate the de Jure population; see
for instance Pettersen et al. (2018) for Norway and Statistics Denmark (e.g. 2014) for
Denmark, but no general or unified method has been established on how to deal with
this challenge. Most of the studies did not really focus on creating a replicable measure
of over-coverage. Their methods were specific to their unique data sources used, limit-
ing their transferability to other contexts and aiming only to explain the lower mortality
among migrants vs their host populations (e.g., Syse et al. 2016 for Norway; Wallace and
Kulu 2014 for England and Wales; and Turra and Elo 2008 for US). Following the same
approach, Wallace and Wilson (2022) confirm that around 20-25% of the lower mortal-
ity among migrants could be explained by over-coverage, with substantial variation by
birth country. Recently, complementary approaches have emerged. Rampazzo et al. (2021)

@ Springer



E. Mussino et al.

augmented the UK Labour Force Survey with Facebook’s advertising platform to attempt
to estimate the actual migrant stock even in a context “where there are no ground truth
data”.

There has also been increased attention to this problem in Sweden, a country with a
long standing culture on using register based research. Kirwan and Harrigan (1986) had
access to both Swedish and Finnish data and they found, for Finnish migrants in Sweden,
an over-coverage rate of about 2.5 percent and concluded that an error of that magnitude
is unlikely to bias conclusions for their studied outcomes. Already in the late 1990s, Sta-
tistics Sweden estimated that among Nordic migrants residing in Sweden over-coverage
was about 1 percent, while for other migrants it was about 2.8 percent (Qvist 1999). More
recently, Ludvigsson et al. (2016) concluded that over-coverage is a minor bias for the
entire Swedish population (about to 0.25-0.5%) but substantial among migrants born out-
side the Nordic countries (4-8%). The difference between Nordic and non-Nordic immi-
grants is closely related to different registration procedures and cooperation between the
authorities responsible for the population list in the Nordic countries, as elaborated later.
Monti et al (2020) compared different indicators of over-coverage present in the literature
(see next section) and found that over-coverage in Sweden among foreign-born residents is
increasing over time. Moreover, over-coverage varies by country of origin, reflecting reg-
istered levels of emigration. This variation across subgroups explains how over-coverage
levels appear low when looking at a national scale, but worryingly high when concentrat-
ing at some origin groups (i.e. those with high registered emigration levels). For example,
possible over-coverage rates reached over 14% among highly mobile migrants from US,
Canada, Australia and New Zealand as well as migrants from Denmark within the early
and mid-2000’s (Monti 2020).

2.2 Existing measures of over-coverage in sweden

In numerous OECD countries, coverage surveys are implemented to test for over- and
under-coverage of the census (Brown et al. 2011). This practice is particularly prevalent
in countries that are transitioning from traditional to register based censuses (Bijak et al.
2021; Righi et al. 2021). However, this is not the case of Sweden. Since 2011, following
the development of the dwelling register, the population census in Sweden, akin to other
Nordic countries, is entirely register based.

Throughout the centuries-long evolution of population registers in Sweden, the approach
has been oriented towards estimating the de jure as opposed to the de facto population
(Andersson et al. 2023). Nonetheless, for the 2011 census, the European Commission
(Commission Regulation no. 1151/2010) requested that Member States provide an esti-
mate of under-coverage and of over-coverage of the population census. On this occasion,
Sweden carried out a Post Enumeration Survey (PES) to assess the accuracy of the popu-
lation registration based on the newly formed dwelling register. This aimed to verify the
data quality of household type and household size as recorded by the census register. The
results indicate that the number of smaller households is under-estimated and the number
of larger households is over-estimated in the population registers (Statistics Sweden 2013).

Previously, over-coverage in register-based research has occasionally been addressed
by implementing an income-based exclusion method (Aradhya et al. 2017; Weitoft et al.
1999). Using this exclusion method, it is presumed that every individual without any eco-
nomic activity any given year can be assumed to not live in the country, and thus should be
excluded from the study population. Whilst this relatively straightforward approach might
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seem appealing, the precision is low and might even introduce bias by non-random exclu-
sion of individuals with higher risk of not showing economic activity, as for example newly
arrived immigrants (Monti et al 2020).

More holistic approaches to estimate over-coverage, commonly referred to as “register-
trace” approaches, have been developed by Statistics Sweden. The first of these methods,
that we call the “cross-sectional” register trace approach, tracks a larger number of activi-
ties in different Swedish administrative registers for a given year. Activities added involve
household income, active unemployment, international migration, internal moves, stud-
ies, change of civil statuses, deaths and change of citizenship (Statistics Sweden 2015).
Inactive individuals are considered over-covered. A second method, which we refer to as
the “longitudinal” approach as it uses several observation years, has been developed in an
attempt to refine the model. Using the second method, all individuals not found active in
the first step are further analyzed in relation to 24 “indicators”, scenarios® that would either
strengthen or weaken the suspicion of over-coverage. For example, inactivity followed by
activity at the same address suggests the individual to have lived in the country the whole
time and thus not be over-covered, whereas studies followed by inactivity suggests the indi-
vidual has emigrated and thus has correctly been classified as over-covered. Each indicator
is weighted on a scale of one to three by a subjective notion of their relevance. Individuals
are thereby classified as either belonging to the actual population or being over-covered
based on the weighted sum of indicators.

After further revising their second method, Statistics Sweden (2018) currently dis-
tributes weights using coefficients from a logistic regression, where the 24 indicators are
included as independent variables. The outcome variable in this model is built on the future
status of inactive individuals (Swedish Tax Authority 2018). That is, among the inactive
individuals in a given year, some are eventually found active in the registers in following
years, whilst others are manually de-registered by the Swedish Tax Agency. The future sta-
tus of the either active or de-registered individuals then serves as the outcome variable of
the model, assuming that the status was the same throughout the whole period.

Whilst improving the longitudinal register trace approach by adding the use of paramet-
ric weights, some caveats still apply. First of all, the parametric distribution of weights in a
given year depends on conditions only observed in the future, which necessarily introduces
some degree of error. The method also assumes that those who do not register their emigra-
tion have the same characteristics as those who do register their move. As a consequence
of the necessary waiting time to obtain the required future information, estimates are not
available for the most recent years. After six years (which is the time period used), about
a fifth of individuals are neither found active nor de-registered, and are excluded from the
model (Swedish Tax Authority 2018). Given the non-random processes behind appearing
as active in the registers, become de-registered or not found at all, there is great potential
for biased inference.

In 2020, Monti et al. compared the two register trace approaches in terms of their infer-
ence on estimated prevalence with the zero personal income approach. They found that
using zero personal income alone will likely overestimate over-coverage to a large extent
as compared with the register-trace approaches and that the differences between the
approaches have increased over time. However, although more promising, the register-trace

2 After refining the list of scenarios there are currently 24 scenarios or “indicators” as referred to by official
agencies (Swedish Tax Authority 2018).
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approaches are not immune to similar misclassifications. Moreover, they are difficult to
replicate in countries with lower-quality registration systems.

3 Data and methods

We use administrative register data of the total Swedish population, including the annual
registers of Register of Total Population (RTB), the Longitudinal Integrated Database for
Health Insurance and Labor Market Studies (LISA), the Intergenerational register as well
as event registers of birth, death, international migration and internal moves (Statistic Swe-
den 2017a, b, 2019, 2022). The registers comprise detailed annual information on the reg-
istered population, including registered immigration and emigration, collected by different
agencies and provided by the Swedish national institute of statistics (Statistic-Sweden-
SCB). In Sweden, all individuals with the actual or planned primary residence within the
country for at least one year (and with the legal right to do so) are required to register their
presence within the Swedish Tax Authority. Incentives to register are very high, since prac-
tically all formal contact with public authorities and institutions as well as the capacity to
participate in society, for example by opening a bank account or obtaining a mobile phone,
will require individuals to have a personal identification number, given upon registration.
Hence, under-coverage of the de jure population is minimal, and restricted to individuals
waiting for the administrative filing of their immigration. Upon emigration from Sweden,
individuals are equally required to de-register from the population registers if planning on
living outside the country for at least one year. However, the knowledge and incentives to
de-register are much lower than for immigration.

Our observation period covers the years 2003-2016" For each year, the study population
consists of those foreign-born individuals aged 18 and older with registered presence in the
country on the 31st of December of the previous year, excluding those who emigrated or
died in the current year.

To detect over-coverage, we initially follow the cross register-trace approach proposed
by Statistics Sweden (2018), placing an emphasis on compiling evidence of individual
presence in the country by looking at officially recognized activities across the differ-
ent registers during one year. This approach reasoned that if someone resides in Sweden,
some form of activity should be visible in at least one of the registers (see Statistic Swe-
den 2015; Monti et al 2020). We include in our models the following activities/registers:
internal moves, citizenship acquisition, marriage, divorce, the birth of a child, employment,
active unemployment, enrollment in higher education and household income” (see Table 1
in the Appendix). Secondly, we consider a model based on MSE (see next section) that
estimates the number of undetected individuals, that is individuals who do not appear in
any register (referred to as lists in the MSE framework) even though they were resident that
year, given their characteristics (age, sex, region of origin and time in Sweden). The total
population size is then estimated as the number of individuals detected in at least one list,
plus the number of estimated undetected individuals. The register trace approach would

3 We start from 2003 because from this year all the definitions of the lists used in the paper are constant
and the quality of the registers considered good (Statistic Sweden 2019).

4 Differently from previous approaches, we did not use death and emigration as lists but instead we use
them to define the population. This was a modelling issue. These variables do not overlap with any other
lists by design, so they cannot be considered in this analysis.
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classify these undetected individuals as over-covered because they do not appear in any of
the considered lists. In our paper, we refer to these (estimated) undetected individuals as
false positives, because with previous approaches, that do not consider the probability of
not detecting individuals even though they are present, they would have been falsely classi-
fied as over-covered and hence excluded from any subsequent analysis.

To summarize, we have the official total population present in RTB at the end of each
year (Fig. 6 in the appendix). We expect that there will be individuals present in RTB who
emigrated previously and have not deregistered. Thus, the number of individuals in RTB
provide an upper bound for the number of individuals present (UBP). This quantity forms
our denominator in our calculation of over-coverage.

Then for each year we obtain the estimate of the population size from the register trace
approach, which corresponds to the number of individuals that are seen in at least one reg-
ister that year (lower bound of the population size: LBP). The over-coverage for the register
trace approach is then calculated as (UBP—LBP)/UBP.

Finally, our MSE model estimates the probability that individuals, based on their demo-
graphic characteristics, appear in any list (register) combination, and hence also the prob-
ability that they do not appear in any list, and therefore estimates the number of unseen
individuals for every combination of categorical covariate values (estimated population of
undetected individuals: EP). Our new probabilistic model yields estimates of the number of
individuals falsely classified as over-covered: false positive. Our estimate of total popula-
tion in the country year is given by LBP +EP, which is in between the lower bound and the
upper bound. Our over-coverage estimate is calculated as 1—(LBP + EP)/UBP.

For each individual we also have information about their sex, age, region of birth and
time since migration. Previous studies have found that these are important factors to esti-
mate in the probability of leaving the country (Monti 2020) as well as to do not de-register
upon emigration (Monti et al 2020). Because we are considering contingency tables (see
below), all variables need to be treated as categorical factors. Given their age, individu-
als were grouped in three intervals: between 18 and 35, between 36 and 60 and more than
60 years old. Regarding their time in Sweden, we considered three categories: between
0 and 5, between 6 and 10 and more than 10 years in the country. Countries of birth are
also grouped as (1) Denmark and Norway, (2) Iceland and Finland, (3) Eastern Europe, (4)
Western, Europe, (5) Middle East and North Africa (MENA), (6) United States of America
(USA), Canada and Oceania and (7) rest of the World.

3.1 MSE approach

The modelling approach considered in this paper corresponds to the so called multiple
systems estimation (MSE) method, where individuals that are uniquely identifiable appear
in one or more lists (registers), which are incomplete but overlapping, and interest lies in
estimating the number of individuals that do not appear in any of the available lists i.e. the
undetected individuals. MSE has gained a lot of attention recently for estimating the size
of cryptic populations, such as drug users (King et al. 2014), victims of human trafficking
(Cruyff et al. 2017) and victims of modern slavery (Silverman 2020).

We consider probabilistic models using the theory of MSE, based on log-linear mod-
els for contingency tables (Bird and King 2018). All lists are binary, with value 1 cor-
responding to the event of being observed in that list. Categorical variables correspond to
individual characteristics and can have more than two levels. Each cell in the contingency
table in this case corresponds to the number of people with a certain combination of the
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categorical variables and the lists considered, jointly referred to here as covariates. The
log-linear model framework allows us to estimate the main effects of the covariates, as
well as of all the two-way interactions, on the expected number of individuals in each cell.
This gives rise to an estimate of the number of people in the unobservable cells, which cor-
responds to the individuals who have not appeared in any list in a given year (undetected).
We note here that the number of unobservable cells is equal to the number of combinations
of the categorical variables in the data set, i.e. if there are C categorical variables, with
variable X; having k; levels, there are U = H(Ci:”ki unobservable cells and hence corre-
sponding estimated numbers of undetected individuals.

In the case of L lists and C categorical variables, there are D = 2LU cells, with cell d
having count n,, d =1, ..., D. We model n, as a realization of a Poisson distribution with
mean p,, with p being the vector of means. In our model we assume log y = Xf, where X
corresponds to the design matrix, with columns including the dummy variables represent-
ing the levels of the different covariates, including the interaction terms, and f the param-
eter vector of the log-linear model.

We obtain our parameter estimates considering a Bayesian approach, using the R pack-
age conting (Overstall and King 2014, version 1.7), where our estimates are based on sam-
ples from the posterior distribution of the parameter vector. This parameter vector includes
the model coefficients, f, as well as the vector with the number of individuals in each of
the U unobservable cells. For each one of these U we have then an estimate of undetected
individuals based on the posterior mean of our draws of the posterior distribution. As for
the total number of individuals present each year, this is estimated as the number of indi-
viduals observed in at least one list (LBP), plus the sum of the posterior means of the
inferred counts in the U cells. We summarize the uncertainty around our estimates using
95% posterior credible internals.

We study the importance of each used list in the estimation of over-coverage by remov-
ing one list at a time for the year of 2015 and estimating the over-coverage without the
information for that particular list. This is a similar study to the one considered by Sharifi
Far et al. (2020), who analysed data on modern slavery. In turn, we remove one list at a
time from the set of the covariates, and hence all the interactions in which that list was
involved, in our probabilistic model, as if this information was not available in the data. As
a consequence, in this study, all the quantities discussed previously such as LBP and EP
change accordingly. This analysis provides the information on how the removal or omis-
sion of the different lists available can have an impact on the estimates of over-coverage.

Additionally, to validate our model and to test its performance when the model consid-
ered is correctly specified, as well as when it is mis-specified by omitting one of the lists,
we performed an extensive simulation study, presented in the supplementary material.

4 Results

Figure la shows the trend of over-coverage in Sweden between 2003 and 2016 accord-
ing to the cross register-trace approach (black line) and our MSE- approach (blue line).
An initial comparison between the deterministic and probabilistic approaches shows that
over-coverage has been overall low during this period in Sweden, with both methodolo-
gies depicting very similar temporal trends. The MSE approach provides, as expected, a
consistently lower estimate than the register-trace approach. This reflects the robustness
of the MSE approach, with the disparity between the two estimates fluctuating within a
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a) Overall trend of over-coverage in 2003-2016 b) Estimated number of false positives in 2003-2016

Over-coverage (%)

Estimates of the number of false positives

2004 2008 2012 206 : 004 2000 %2
year year

Fig.1 a Overall trend of over-coverage in 2003-2016 b Estimated number of false positives in 2003-2016
Note Own elaborations using Swedish population registers a The register-trace approach is represented by
the black line and the MSE approach by the blue line. b The solid line is the sum of the posterior mean for
all U unobservable cells in each year, while the dashed lines represent the corresponding 95% posterior
credible interval

consistent range over the years, despite the models being estimated independently. A peak
in over-coverage is observed for both approaches in 2010, which is likely due to the con-
tinued consequences of the economic crisis, for example increased re-emigration Alderotti
et al 2022). In the final years of our observation period, over-coverage has been decreasing,
with the MSE providing an estimation of approximately 3% "overestimation" for the most
recent years. Figure 1b shows the estimated number of false positives for the same period,
which is calculated as the difference in number of individuals over-covered between the
two approaches.

Figure 2 illustrates the same trend for each of the main socio-demographic characteris-
tics included in our model. In general, it seems that over-coverage is proportionally higher
among men, young adults, recent migrants, and migrants from neighboring countries such
as Norway and Denmark, as well as those from regions such as the United States of Amer-
ica, Canada and Oceania. However, we observe a contrasting pattern of lower over-cover-
age for migrants from Finland.

While over-coverage is more prevalent among men, the overall trends are similar in
both sexes. We also observe distinct historical patterns by age and time since migration.
Trends in over-coverage vary greatly by time since migration. Among newly arrived, over-
coverage is highest, peaking in 2010, and decreasing sharply afterwards. Among migrants
who lived in the country for six to 10 years we observe a considerably lower level of over-
coverage, which is slowly increasing over time. Among migrants who have been in Sweden
for more than 10 years we observe a very low and stable proportion of over-coverage. The
stark contrasts between the three groups might reflect changes in the composition of the
immigration pattern throughout the observation period in Sweden’ as well as the effect
of the Swedish introduction program (Qi et al. 2021). The 2010 reform of the program
introduced several changes aimed to make refugees’ integration quicker and more effective,
which potentially affected the propensity of those migrants to be active in society and con-
sequently be part of population registers.

> Different inflows by country of origin also reflect different propensities of emigration.
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Fig.2 Trend of over-coverage in 2003-2016 by sociodemographic characteristics Note Own elaborations
using Swedish population registers the register-trace approach is represented by a black line) and our MSE
by a blue line

The results by country of birth are in line with previous research (Monti et al 2020):
over-coverage is lowest among Finnish migrants as well as among migrants from MENA
countries or “other” countries of origin. It is highest among migrants from Norway and
Denmark, followed by migrants from Western Europe and the US / Canada / Oceania.
Among Eastern-European migrants, over-coverage has been increasing slowly since the
enlargement of the European Union, probably because circular migration and return migra-
tion are generally facilitated in a context of free mobility.

Figure 3 shows the comparison in estimated over-coverage between the register trace
approach (dashed line) and our MSE approach (solid line) considering all the possi-
ble combinations of the sociodemographic characteristics (sex, age, region of birth, and
time since migration) for each region of origin, where the upper-bound of the popula-
tion size (UBP) in each of these combinations is shown in appendix Figure 7. Over-
coverage tends to be highest among recently arrived migrants for most regions of origin,
particularly within the oldest age bracket. However, this group of migrants also tends
to be the smallest. Migrants from neighboring Norway and Denmark demonstrate con-
sistently higher over-coverage, even for those migrants who stayed in Sweden for less
than 10 years across all age categories. Similar trends are found for Western European
migrants. For migrants from Iceland and Finland, we observed higher over-coverage
only for older migrants and soon after their arrival. Similar observations can be made
for migrants born in Eastern Europe. However, since the expansion of the European
Union, the percentage of over-coverage increased also among younger individuals that
stayed in the country for less than 10 years. Intriguingly, for migrants from the US and
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Canada, even if there is a decreasing trend over time, it appears that those who migrated
as children or young adults and who have resided in Sweden for a relatively extended
period can still exhibit over-coverage. For migrants coming from MENA, over-coverage
is very low, except at the beginning of the observation period and for older migrants
who stayed in Sweden for more than 5 years. However, the trend decreases over time.
Comparing males to females, over-coverage is usually higher in the latter group in the
youngest age groups and generally residing in the country for less than 10 years. This
difference is less pronounced in Western European migrants. For most years, the esti-
mate of over-coverage is usually larger for the female population for migrants who are
over 60 years, with the exception of Nordic countries.

Figure 4 and Table 2 show the estimates of over-coverage using MSE when each of
the lists is removed in turn. In Fig. 4, the solid line shows the estimate with all the lists
being considered, while each point denotes the estimate when we remove that particular
list. The idea is that both approaches presented in this paper, the existing register-trace
and the new MSE approach, require information on a number of lists that might not
be accessible to all researchers. Figure 4 shows the contribution of each single list and
helps other researchers understand the magnitude of disparity between estimates that
are expected when that list is not considered in the analysis. In the x-axis, the lists are
ordered according to the increasing lower bound of the population size (LBP) values
when each list is removed, i.e., when we remove household income we have the lowest
number of individuals appearing in at least one list, while when we remove informa-
tion about marriages we have the largest number of individuals seen at least once. The
largest effect in terms of the estimate of over-coverage is observed when the largest
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list, which is household income, is removed from the analysis. Not including this list
would lead to an estimate of over-coverage of more than 15% in Sweden in 2015. Simi-
lar results have been found for all the years studied in this paper. Overall, removing any
list would give higher estimates of over-coverage (difference between the line and the
different dots), though this result can be different when we look at all the possible com-
binations of the socio-demographical variables, available in the appendix (Fig. 8). The
ordering of LBP when we remove each list does not explain entirely the biases observed
in Fig. 4 (values of this figure available in the appendix, Table 2). For instance, although
the analysis without the register of internal moves gives the second lowest LBP, the bias
without this list is not the second largest, as this seems to be the case with the removal
of the register related to studies. As demonstrated in our simulation study, shown in the
supplementary material, the effect of list omission is influenced not only by the size of
the list, or the level of overlap between lists, but also whether the omitted list interacts
with the lists included in the analysis.

However, the effect of omitting different lists also varies according to socio-demo-
graphic characteristics. Figure 5 shows that the exclusion of the household income, in
particular, affects the estimation of over-coverage by age, duration of stay, and sex. Older
migrants are less economically active and the omission of this list would over-estimate the
over-coverage, while the impact for younger individuals is more similar to the other lists.
Despite over-coverage being higher among new and medium-term migrants, the effect of
omitting the family household list is much stronger for longstanding migrants. Not surpris-
ingly, inference on the number of women present is more affected by the removal of this
specific list. If we examine country of birth, this list appears less relevant for migrants that
from MENA and other parts of the world, while its effect is greater for those coming from
Iceland and Finland.

To validate our approach, demonstrate its generalizability and highlight the effects of
list omission under different scenarios, we present an extensive simulation study in the
supplementary material where we simulated data for three different sizes of lists, one
small, one medium and one large in terms of the proportion of individuals that appear
in each list. Our findings demonstrate that, if the lists are independent of each other, that
is if the probability of appearing in a list does not depend on whether an individual has
appeared in any other list, then removing any of the lists does not introduce bias in the
estimation. However, it increases uncertainty, as expected, since removing a list leads
to a lower number of detected individuals. On the other hand, if there is dependence
between the list that is removed and at least one of the other two lists that are consid-
ered in the model, then there can be substantial bias in the estimation of the population
size, and hence of over-coverage as we define it in this paper. Our simulation shows
that the size of the bias depends on both the size of the list that is removed as well as
on the size of the dependence between the lists, while the direction of the bias is not
consistent across the different scenarios that we considered. Therefore, our results dem-
onstrate that, as is the case with any statistical model, the validity of the results depends
on whether the model is correctly specified, which in the case of log-linear models for
contingency tables is linked to the dependence between lists and whether that is being
modelled correctly.
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5 Discussion

This study contributes to the well-known challenge of measuring international migration
stocks and flows (Bilsborrow et al 1997; Bijak and Wisniowski 2010; Willekens 1994,
1999). In particular, we aim to estimate the over-coverage of the migrant population in the
Swedish Population Registers and to identify heterogeneity in over-coverage in sub-popu-
lations. This is a timely problem because it has been argued that the change and the prolif-
eration of the migration process with increases in return-, onward-, and circular migration
(Castles et al. 2009; Jeffery and Murison 2011) might affect the count of the migrant resi-
dent population and the potential for errors. This is due to the fact that in many countries,
including Sweden, incentives to register emigration are comparably low. Additionally,
many countries are moving towards register-based data collection systems including reg-
ister-based censuses. Thus, the Swedish case, with high quality and long-term experience
with population registers and a comparably high share and heterogeneity of immigrants
offers a great case study to estimate over-coverage.

Using a multiple systems estimation (MSE) approach, we estimate the number of unde-
tected individuals each year, that is a direct measure of over-coverage, and compare it with
the cross register-trace approach used in the literature (Monti et al 2020; Statistic Sweden
2018), and study the variation across socio-demographic characteristics.

This paper contributes to the literature in several ways. First, we demonstrated how the
general class of log-linear models within the MSE framework can be used to estimate the
number of individuals that were not observed in a given year using population registers.
These models are typically employed in the context of populations that are difficult to be
monitored, such as drug users or victims of modern slavery (King et al. 2014; Silverman
2020). However, their use with population registers, which as previously noted are now
widely used in social science, is uncommon.

The use of these models with population registers brings new challenges to this model-
ling effort, as the choice of lists and covariates has an impact on the estimation process.
Different than in other applications of MSE, the number of lists available is unusually
large, which increases the number of parameters to be estimated, taking into account all
the possible interactions between the lists and covariates. In our application, the choice
of lists and covariates was based on prior knowledge of the system, as well as on practical
considerations. The removal of deaths and emigration as one of the lists, for instance, was
due to the fact that these lists did not have any intersection with others by construction and
this hampered the estimation of the interaction terms. We considered all two-way inter-
actions between covariates (including lists), but no higher-order interactions, and did not
consider variable-selection methods. The models fitted for each year are considerably high-
dimensional (300 + parameters/latent variables), so any higher-order interactions would
substantially increase computational cost. The R package we employed includes the option
of Bayesian variable selection through reversible jump MCMC (Green 1995), which can be
used to explore the model space. However, in our case, the dimension of the contingency
table and hence of the model space resulted in very slow mixing of the algorithm and pos-
terior model probabilities that were low (<20%) for all models, hence not providing sup-
port for any particular model in this case.

Second, this paper not only estimates the prevalence of over coverage and socio-demo-
graphic variations, it also includes an intersectional perspective considering all these
aspects in the same model. Our results are in line with previous studies (Monti et al 2020;
Statistic Sweden 2018). We found large variations in over-coverage by region of origin and
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we confirm that a higher prevalence of over-coverage can be observed in the context of
free mobility and in particular among neighboring countries such as Norway and Denmark,
where it is easy to regularly, or even daily, cross the border. Despite Nordic agreements
in place to automatically report all intra-Nordic migration, this is only partially reflected
by our results. On one hand, we have low over-coverage levels for Finnish and Icelandic-
born migrants. Conversely, in the cases of Norway and Denmark —countries not only in
close geographic proximity to Sweden but also with population centers favorably situated
to facilitate daily migration and transnational life —the system appear to be less effective
in detecting a significant number of erroneous registrations.

Previous research discussed that errors in the registration system might accumulate
at older ages (Monti et al 2020), however, this current study shows that over-coverage is
lowest among individuals 60+ and among migrants who resided in Sweden for more than
10 years.

Third, this study investigated the effect of omitting each list in turn in terms of estima-
tion of over-coverage. In this case, removing household income, the largest list consid-
ered, also had the largest effect. The generalizability of this third finding may be subject
to scrutiny. As of now, a data infrastructure set up that also includes a household or family
list, is common only in the Nordic countries and few other select countries. Nonetheless,
we anticipate this will not remain the case in the near future, with many countries (e.g.
Italy) progressing towards a similar population register collection infrastructure. Addition-
ally, our simulation study confirmed that estimation using MSE is reliable when the model
is correctly specified, regardless of what included lists represent. Therefore, this approach
holds potential applicability in different contexts, as it does not solely rely on this specific
list of lists but just on a set of incomplete yet overlapping lists.

Fourth, comparing the deterministic approach, such as the register-trace, with our MSE
approach, we are able to estimate the number of false positives, which is individuals that
despite not being active in Sweden they are still living there and would be classified as
over-covered by existing approaches. This is an advantage of the MSE model, which allows
us to estimate probabilities of being observed in the country, based on the information of
age, duration of stay and region of origin.

Lastly, this paper also contributes to the political debate: first it shows how over-cover-
age impacts our understanding of society, underscoring the necessity for knowing the pop-
ulation under study and the administrative processes of data collection to mitigate potential
bias. Additionally, it contributes to the debate on the suitability of the definition of a ‘usual
resident’. Showing how definitions and administrative processes become greatly important
if we consider residents in regions that are close to the national borders, or transnation-
ally mobile people. As such, the findings are relevant in the context of compiling data and
making statistical comparisons between countries within the European Union, as it illus-
trates the ambiguities behind definitions related to de jure and de facto populations. Pres-
ently, register-based systems of population data build largely on those legally registered in
a country (e.g. Sweden), whereas the EU definition relies on who can de facto be consid-
ered living in a country. Thirdly, this paper demonstrates how existing registers can work to
overcome issues related to de jure/de facto definitions, by showing how certain individuals
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are de facto active though not registered as such in a country. Hence, the paper showcases
the potential of population registers for self-validation.

Appendix

See Figs. 6, 7, 8 and Tables 1 and 2.
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Fig.6 Total foreign-born population aged 18 and older present in RTB at the end of each year Note Our
elaborations using Swedish population registers
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Table 2 Overall effects of removing a list in 2015

List removed Register trace% MSE approach% 95% Credible interval

None 3.9565 3.1559 3.3021 3.0014
Fam. Income 24.3844 19.8357 20.2345 19.4359
Int. Move 4.3886 3.6129 3.7719 3.4598
Studies 4.1838 3.7449 3.8560 3.6312
Unemp 4.1156 3.6523 3.7629 3.5435
Emp 4.0505 3.6879 3.7848 3.5922
Child 3.9900 3.6239 3.7221 3.5207
Divorced 3.9874 3.6997 3.7857 3.6098
Swed. Cit 3.9793 3.6749 3.7619 3.5818
Married 3.9790 3.6551 3.7472 3.5567
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