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Abstract

While raccoons (Procyon lotor) cluster into five genetic populations in Germany, the precise spatial
extent and degree of overlap of these clusters are unknown. The raccoon roundworm (Baylisacaris
procyonis), a parasitic nematode that can cause severe disease in humans, is known to occur in
central Germany in two of these five populations. Here we confirm a close alignment between the
geographic distribution of the roundworm and the spatial extent of the genetic populations of rac-
coons in which the parasite occurs. We found little evidence that linear landscape features substan-
tially limit gene flow between populations. Given the large amount of genetic admixture at cluster
boundaries, the raccoon roundworm is likely to spread to roundworm-free raccoon populations in
the future.

The raccoon (Procyon lotor) is a North and Central American meso-
carnivore that has become invasive in parts of Asia and Europe (Sal-
gado, 2018). Raccoons are especially common inGermany, where their
abundance and geographic distribution increased over the past three
decades. The animals are likely to colonise most of Germany by mid-
century (Fischer et al., 2016). Recent genetic studies have shown that
raccoons in Germany (and Luxembourg) descended from at least five
different founder events (Heddergott et al., 2020; Fischer et al., 2015).
Distinct clusters were inferred to be present in Saxony (eastern Ger-
many), in Brandenburg and adjoining areas (northeastern Germany),
around the Harz low mountains (central Germany), in Hessen and ad-
joining areas (central Germany), as well as in western Germany and
Luxembourg (Fig. 1).
The raccoon roundworm (Baylisacaris procyonis) was introduced

to Europe alongside the raccoon, its definitive host (Heddergott et al.,
2020). The eggs of this parasitic nematode are excreted with raccoon
droppings and, if ingested, can cause severe disease in a range of ver-
tebrates, including humans (Kazacos, 2001). In Germany, the parasite
occurs in the Hessen and Harz raccoon populations, but not elsewhere
(Heddergott et al., 2020). More generally, Stope (2019) speculated that
the different German raccoon founder populations might be character-
ised by distinct (zoonotic) parasite communities. From a public health
perspective, understanding the precise geographic extent of the differ-
ent raccoon populations and their degree of overlap is important to de-
limitate risk areas for specific pathogens.
The sampling in previous population genetic studies was too patchy

to infer the precise spatial extent of the genetic clusters of German rac-
coons (Heddergott et al., 2020; Fischer et al., 2015). We therefore re-
visited the population genetic structure of raccoons in Germany with
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numerous additional samples to (1) infer the spatial extent of the ge-
netic populations and their degree of overlap, (2) to identify landscape
features that limit functional connectivity between clusters, as well as
(3) to compare the geographic distribution of the roundworm to that of
the different raccoon populations.

Between 2011 and 2016, we collected 859 tissue samples from road-
killed or legally harvested raccoons (Fig. 1), including 365 individuals
that had already been analysed by Heddergott et al. (2020) and Fischer
et al. (2015). We followed the methodology outlined by Osten-Sacken
et al. (2018) to generate 17-microsatellite-based genetic profiles. Work-
ing with a subsample of the present dataset, Fischer et al. (2015) found
no evidence for systematic deviations from Hardy-Weinberg and link-
age equilibria in these 17 loci.

We estimated the most likely number of genetic clusters (K) using
STRUCTURE v. 2.3.4 (Pritchard et al., 2000), conducting ten inde-
pendent runs ofK=1-10, with other analysis parameters set as in Osten-
Sacken et al. (2018). The most probable number of clusters was chosen
based on the ten log-likelihood values inferred for eachK and their con-
vergence across runs. After accounting for label switching and con-
firming the lack of multimodality, the assignment probability (q) of
each individual to the detected clusters was averaged across different
runs.

We also analysed the data using the Bayesian clustering model im-
plemented in GENELAND v.4.0.8 (Guillot et al., 2005) to incorpor-
ate geographic coordinates during inference. We performed ten initial
runs to infer the optimal number of K, allowing K to vary between
1-10, followed by a further 100 runs with K fixed to the inferred num-
ber of clusters. In each run, we used 106 Markov Chain Monte Carlo
(MCMC) iterations, a thinning interval of 103, a maximum rate of the
Poisson process of 862, a maximum number of nuclei in the Poisson-
Voronoi tessellation fixed at 2586 and an uncertainty attached to the
spatial coordinates of 2 km. The Dirichlet model served as allele fre-
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Figure 1 – Geographic origin of the 859 raccoons included in the study. The pie charts rep-
resent a previous analysis of genetic structure using a sub-sample of the present dataset
(Heddergott et al., 2020), where di�erent colours represent di�erent genetic populations.
The size of the pie chart is indicative of the number of samples analysed per locality.

quency prior. The posterior probabilities of population membership
were averaged across the ten runs with the highest log-likelihood val-
ues. The spatial configuration of the inferred genetic clusters of rac-
coons was visually compared to the presence of major rivers and mo-
torways, which may act as barriers to gene flow (Cullingham et al.,
2009; Santonastaso et al., 2012).
Each individual was assigned to the STRUCTURE cluster for which

it had the highest percentage of membership. We then performed
a factorial correspondence analysis (FCA) in GENETIX v.4.05.2
(Belkhir et al., 2004) to visualise the genetic distance between the
inferred STRUCTURE clusters. The degree of genetic divergence
between STRUCTURE clusters was quantified using FST (Weir and
Cockerham, 1984) in SPAGEDI v.1.5 (Hardy and Vekemans, 2002) and
significant difference from zero was tested with 10,000 permutations of
individual genotypes between clusters. SPAGEDI v.1.5 was also used
to test for the presence of an isolation-by-distance (IBD) pattern by re-
gressing pairwise estimates of Loiselle’s kinship coefficient Fij (Lois-
elle et al., 1995) against the natural logarithm of inter-individual geo-
graphic distances. The slope of this regression, which estimates the
degree of spatial autocorrelation, was tested for significant difference
from zero by 10,000 permutations of the locations of the individuals.
We tested for IBD in the complete dataset and within the inferred ge-
netic clusters.
In order to compare the current range of the raccoon roundworm to

the spatial extent of the genetic clusters of raccoons, we plotted the
roundworm records of Heddergott et al. (2020), obtained from analys-
ing 8,184 raccoons, onto the 10x10k̃m ETRS89-LAEA5210 reference
grid of the European Environment Agency.

STRUCTURE did not provide clear support for a specific number
of clusters (Fig. 2a). The highest log-likelihood values (K=7, K=8)
converged poorly. At K=6, six log-likelihood values converged bet-
ter, but one of the inferred clusters had assignment probabilities of
q≤0.68 and was probably an artefact. When considering the four runs
that converged around the higher log-likelihood value that was detec-

Figure 2 – Analysis of the population genetic structure of raccoons in Germany. STRUC-
TURE analysis: (a) Plot of the number of STRUCTURE clusters K against their estimated
log-likelihood. Crosses represent the results from the ten independent runs performed
for each value of K.(b) Geographic distribution of the genetic clusters inferred with the
STRUCTURE algorithm for K=5. GENELAND results: (c) Results of the ten initial runs per-
formed to infer the optimal number of genetic clusters K, where K varied between 1-10.
(d) Geographic distribution of the five genetic clusters inferred with the GENELAND al-
gorithm. Di�erent colours represent di�erent genetic populations, with the same colour
referring to the same genetic cluster. In each map, pie charts represent the average per
cluster assignment values for all the individual(s) from a specific location and their size is
indicative of the number of samples included.

ted for K=5, STRUCTURE inferred five clusters that appeared to cor-
respond to the previously identified ‘Brandenburg’, ‘Harz’, ‘Hessen’,
‘Luxembourg’ and ‘Saxony’ populations, respectively (compare Fig. 1
to Fig. 2b). Specifically, the Brandenburg cluster was mainly located in
north-eastern Germany and the Saxony cluster in eastern Saxony. The
Hessen cluster contained animals from central and southern Germany
and the Harz cluster extended from central into southern eastern Ger-
many. The fifth cluster was confined to Luxembourg and the surround-
ing German areas. The boundaries between the STRUCTURE clusters
were not clearly defined (especially in the case of the Harz, Hessen and
Saxony clusters) as the program inferred a substantial amount of ad-
mixture at cluster edges (Fig. 2b).

GENELAND inferred the presence ofK=5 genetic clusters in nine of
the ten initial runs (with the remaining one inferringK=6; Fig. 2c). The
five inferred clusters corresponded essentially to five STRUCTURE
clusters (compare Figs. 2b & 2d). Visual inspection suggested that the
boundaries of the GENELAND clusters did not correspond to linear
landscape features (Fig. 2d), with the possible exception of the bound-
ary between the Harz and the Saxony clusters, which appeared to be
associated with the course of a major river, the Elbe (Fig. 2d).

In the FCA (Fig. 3), the Brandenburg, Harz and Hessen clusters were
distinct, but the Saxony cluster overlapped somewhat with the Branden-
burg and Harz clusters. The Luxembourg cluster overlapped com-
pletely with Hessen. PairwiseFST estimates ranged fromFST=0.034 to
FST=0.141 (Tab. 1). The lowest genetic differentiation was observed
between the Harz, Hessen and Saxony clusters (0.034≤FST≤0.048).
The whole dataset was characterised by a significant IBD pattern (slope
± s.e.= -0.0183± 0.0030, p60.001). However, compared to the overall
dataset, the slope of the IBD pattern was less steep within three clusters
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Figure 3 – Factorial correspondence analysis of the microsatellite-based genetic profiles
generated for 859 raccoons from Germany. The percentage of the total variation explained
by each of the two axes is indicated.

(Brandenburg: slope ± s.e.=-0.0053 ± 0.0011, p60.001; Harz: slope
± s.e.=-0.0028 ± 0.0007, p60.001; Hessen: slope ± s.e.=-0.0026 ±
0.0007, p60.001) and even not significantly different from zero in the
case of the Saxony cluster (slope ± s.e.=-0.0015 ± 0.0007, p=0.231).
There generally was a close match between the geographic distribu-

tion of B. procyonis in Germany and the Hessen and Harz raccoon ge-
netic clusters (Fig. 4). However, in the admixture area between the Harz
and Saxony clusters in southern eastern Germany (eastern Thuringia
and western Saxony), a larger number of raccoons assigned to the
STRUCTURE Harz cluster were located to the east of the B. procy-
onis distribution area. Also, the north-eastern edge of the B. procyonis
distribution range slightly extended into the Brandenburg cluster in an
area of admixture between the Harz and Brandenburg clusters (Fig. 4).
The Bayesian clustering methods inferred the presence of the same

five genetic populations as previously identified by Heddergott et al.
(2020) and Fischer et al. (2015) and referred to as ‘Brandenburg’,
‘Harz’, ‘Hessen’, ‘Saxony’ and ‘Luxembourg’, respectively. The results
generally support the conclusion of Fischer et al. (2015) that the clusters
arose from independent introduction events. While the whole data-
set was characterised by a significant IBD pattern, the pattern within
clusters was much weaker. This result suggested that the IBD pat-
tern observed across the entire study area resulted from the presence
of genetic discontinuities between clusters rather than from a true IBD
gradient. Both of these effects (and combinations thereof) can lead to a
significant regression between the geographic and the genetic distance
matrices (Guillot et al., 2009). Also, there was generally little over-
lap between the different FCA clusters and all FST estimates were high
(FST≥0.034) compared to estimates reported from rural populations in
the species’ native range (FST=0.0019-0.0220; Côté et al., 2012; Cull-
ingham et al., 2009; Dharmarajan et al., 2009; Root et al., 2009). While

Figure 4 – Comparison of the geographic distribution of the raccoon roundworm with
the spatial extent of the STRUCTURE clusters inferred for K=5. The roundworm data are
based on the analysis of 8,184 raccoons (Heddergott et al., 2020) and presence/absence of
the parasite are plotted using the 10x10 km ETRS89-LAEA5210 EEA reference grid.

Santonastaso et al. (2012) reported higher FST estimates (0.057-0.078)
for raccoon populations in an urban area, these authors speculate that
these values resulted from the presence of migrant or translocated rac-
coons.

The lowest FST estimates were obtained for comparisons involving
the Harz, Hessen and Saxony clusters. STRUCTURE inferred a sub-
stantial amount of admixture at the joint boundaries of the three
clusters. Moreover, raccoons in eastern Saxony have mitochondrial
control region haplotypes not observed elsewhere in Germany (Frantz
et al., 2013) and historical records support an independent introduc-
tion of raccoons in the Harz Mountains (Stubbe, 1975). Additionally,
the raccoon roundworms in Hessen and around the Harz also form two
distinct genetic populations (Osten-Sacken et al., 2018). Considering
all this evidence, the Harz, Hessen and Saxony clusters probably res-
ulted from independent introduction events, but were genetically less
differentiated because of admixture with adjoining populations.

While the IBD pattern within clusters was relatively weak, it may
explain the artificial clusters observed with program STRUCTURE at
K>5. STRUCTURE infers genetic populations by minimising devi-
ations from Hardy-Weinberg and linkage equilibria within a dataset.

Table 1 – Estimates of pairwise genetic di�erentiation between the STRUCTURE-inferred cluster. FST estimates according to Weir and Cockerham (1984) below diagonal, significance values
above diagonal.

Cluster Brandenburg Harz Hessen Luxembourg Saxony

Brandenburg <0.001 <0.001 <0.001 <0.001
Harz 0.088 <0.001 <0.001 <0.001

Hessen 0.090 0.034 <0.001 <0.001
Luxembourg 0.141 0.077 0.090 <0.001

Saxony 0.058 0.048 0.041 0.119
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The algorithm can thus identify artificial clusters when faced with de-
viations from random mating that do not result from genetic discon-
tinuities, as is the chase in a dataset characterised by IBD (Frantz et al.,
2009). In order to provide biologically meaningful information about a
species, IBD analyses should be limited to individuals of reproductive
age, as the inclusion of pre-dispersal juveniles biases the results towards
greater correlation between spatial and genetic distances (Coltman et
al., 2003). Since we did not have information on the age categories of
the raccoons, it was not possible to make robust inferences about the
species’ genetic neighbourhood size and its potential influence on dis-
ease transmission (e.g., Storfer et al., 2017).
Visual inspection of the association of genetic boundaries with linear

landscape features provided very little evidence for landscape features
acting as a substantial barrier for raccoon dispersal. There appeared to
be a closematch between cluster boundaries and the river Elbe in south-
ern eastern Germany, but animals assigned to the same cluster were
found on both side of the river Elbe further to the north. The river Elbe
may thus represent a barrier, but its permeability may change along
its course. Genetic studies from the raccoons’ native range in North
American have shown that large rivers may act as movement barriers,
but the strength of the barrier effect depends on a river’s physical char-
acteristics (Côté et al., 2012; Cullingham et al., 2009). Other studies
from North America did not find evidence of the genetic structure at a
local scale in rural areas being affect by landscape barriers (Dharma-
rajan et al., 2009; Root et al., 2009, see also Santonastaso et al., 2012).
Explicitly modelling the landscape resistance using a genetics-based
approach (e.g. Kimmig et al., 2020) would help to empirically infer
the permeability of the river Elbe to raccoon movement and perhaps
identify other landscape features that affect gene flow in raccoons.
The close match between the geographic distribution of B. procyonis

and the Harz and Hessen raccoon clusters supports the hypothesis that
the presence of the parasite in an introduced raccoon population is de-
pendent on the initial infection status of the founder individuals (Hed-
dergott et al., 2020). However, the apparent lack of effective barriers
(with the possible exception of the river Elbe) and the large amount of
admixture in contact areas between populations suggest a likely spread
of the nematode into roundworm-free populations in the near future.
Indeed, our results suggested that dispersing raccoons have already
spread B. procyonis into areas that were previously roundworm-free. It
is not clear at present whether the parasite has established itself in these
areas or whether these findings were incidental and limited to immig-
rants. In the longer term, it appears likely that the parasite fauna of the
different raccoon populations will homogenise. A continuous monitor-
ing ofB. procyonis, along with public health awareness efforts, ought to
be considered in previously roundworm-free areas, especially in areas
of contact between the different genetic populations.
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