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ABSTRACT

Subterranean rodents are able to dig long straight tunnels. Keeping the course of such
“runways” is important in the context of optimal foraging strategies and natal or
mating dispersal. These tunnels are built in the course of a long time, and in social
species, by several animals. Although the ability to keep the course of digging has
already been described in the 1950s, its proximate mechanism could still not be
satisfactorily explained. Here, we analyzed the directional orientation of 68 burrow
systems in five subterranean rodent species (Fukomys anselli, F. mechowii,
Heliophobius argenteocinereus, Spalax galili, and Ctenomys talarum) on the base of
detailed maps of burrow systems charted within the framework of other studies and
provided to us. The directional orientation of the vast majority of all evaluated
burrow systems on the individual level (94%) showed a significant deviation from a
random distribution. The second order statistics (averaging mean vectors of all

the studied burrow systems of a respective species) revealed significant deviations
from random distribution with a prevalence of north-south (H. argenteocinereus),
NNW-SSE (C. talarum), and NE-SW (Fukomys mole-rats) oriented tunnels. Burrow
systems of S. galili were randomly oriented. We suggest that the Earth’s magnetic
field acts as a common heading indicator, facilitating to keep the course of digging.
This study provides a field test and further evidence for magnetoreception and

its biological meaning in subterranean mammals. Furthermore, it lays the foundation
for future field experiments.

Subjects Animal Behavior, Biodiversity, Ecology, Zoology
Keywords Burrow systems, Magnetoreception, Mole-rats, Orientation, Subterranean rodents

INTRODUCTION

Across the globe, about 250 rodent species, belonging to different unrelated taxa

(six families, 38 genera), have convergently adapted to permanent life in self-excavated
extensive underground burrow systems (for review see Begall, Burda ¢ Schleich, 2007;
Lacey, 2000; Nevo, 1999). Burrow systems inhabited by single individuals (solitary species)
or families (social species) can reach lengths of several hundred meters or, in social
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species, even kilometers (Brett, 1991; Skliba et al., 2012; Sumbera et al., 2003, 2008, 2012).
Here, the animals live, communicate, orientate in space and time in a dark, monotonous
sensory environment free of most orientation cues which are available aboveground.
Especially light propagation is highly limited in subterranean burrow systems, so that
vision is of little use for subterranean rodents there (Kott et al., 2014). Since environmental
cues are mostly lacking in the subterranean ecotope, rodents are forced to rely on
idiothetic cues to orientate which are, however, prone to accumulations of errors.
Consequently, an external reference that could be used for orientation and navigation
would be of high value (Moritz et al., 2007). While the question, how these animals
can orientate in their complex underground maze, has been repeatedly addressed
(Burda, 1987; Eloff, 1951; Kimchi, Etienne ¢ Terkel, 2004; Kimchi ¢ Terkel, 2001), one
interesting sensory ecological aspect remained understudied. How do subterranean
mammals manage to keep the course of digging? This question was first raised
approximately 70 years ago in 1951 when Eloff mentioned the “remarkable ability (of
the South-African Cryptomys mole-rat) to follow a direction or find a spot where it
previously bored a tunnel” (Eloff, 1951, p. 145). The African mole-rat’s ability to maintain
its course while digging long, straight tunnels (Eloff, 1951) gave rise to speculations
on possible orientation cues: air currents (De Graaff, 1972; Eloff, 1958; Poduschka, 1978)
and acoustic cues (Eloff, 1951; Miiller & Burda, 1989; Rosevear, 1969) have been
discussed, as well as internal mechanisms based on kinesthetic and/or vestibular cues
(Teroni et al., 1988). However, none of these mechanisms provide a satisfactory
explanation for the highly efficient directional orientation observed in Cryptomys
hottentotus (Eloff, 1951).

Inspired by the mentioned enigmatic ability, about 40 years after Eloff, Burda (1987)
postulated that the mole-rats might use magnetic cues to orientate and navigate,
an ability which was then explicitly proven in the laboratory repeatedly, specifically for the
Zambian Ansell’s mole-rat (Fukomys anselli, formerly assumed to represent the same
species as the South African C. hottentotus and in papers published before 2006 named so)
(Burda, 1987; Burda et al., 1990; Malewski et al., 2018; Marhold, 1997; Thalau et al., 2006;
Wegner, Begall ¢~ Burda, 2006). The phenomenon of magnetoreception, meaning an
animal’s sensory ability to extract information from the Earth’s magnetic field, has been
investigated since the 1960s (for review see Begall, Burda & Malkemper, 2014; Wiltschko &
Wiltschko, 1995). However, studies with the purpose to unravel the function of the
mammalian magnetic sense are still rare (Holland et al., 2006; Kimchi, Etienne ¢ Terkel,
2004). Following the finding that African mole-rats are magnetosensitive (Burda et al,
1990), Lovegrove, Kortner & Kortner (1992) investigated directional orientation of burrow
systems of Damaraland mole-rats (F. damarensis) in the field, inferring that the
“orientation of the burrow system with respect to a specific compass orientation may
represent an intrinsic requirement of successful geomagnetic orientation and direction
finding” (Lovegrove, Kortner ¢» Kortner, 1992, p. 631). However, no correlation between
the Earth’s magnetic field and the burrow system’s orientation was found. Years later,
Schleich & Antinuchi (2004) performed a comparable study on burrow systems of Talas
tuco-tucos (Ctenomys talarum), and achieved also negative results. However, in both
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studies, the data were analyzed by means of a Chi*-test, which does not take the specific
characteristics of circular data into account (e.g., 10° is close to 350°), and which is
therefore less powerful than circular statistics. Furthermore, the previously used
“polygon method” expressed directional alignment of the burrow system through a line
connecting the most distant points of a polygon surrounding the burrow system. Since this
method ignores all the shorter side branches of a burrow system within the circumferential
polygon, a new, more detailed and accurate method would be of avail.

In our study, we revive the question raised by Eloff (1951), and test if subterranean
rodents use the Earth’s magnetic field as a heading indicator to keep a straight course of
digging. Keeping a digging direction, for example, during foraging (Burda, 1987) or during
natal or mating dispersal (Hickman, 1990; Nevo, 1999; Rado, Wollberg ¢» Terkel, 1992)
would be advantageous, as digging curvy tunnels would imply increased or even
devastating energetic costs; note that costs for digging are between 360 and up to
3,400 times higher than if the animal moves the same distance above ground (Vleck, 1979).
We may assume that straight tunnels longer than, for example, one m are not the
product of a single digging bout, and in the case of social species, not even of a single
individual (Jarvis et al., 1994). This fact points out the necessity of a heading indicator to
keep the course of digging. While diverse heading indicators (visual or olfactory
landmarks, sun position, wind direction) can be used to keep the course of locomotion
aboveground, availability of such cues is restricted underground.

To test the hypothesis of a magnetic heading indicator, we analyzed the directional
orientation of complete burrow systems excavated in the field of five subterranean rodent
species, three of which are already known to be magnetosensitive (Oliveriusovd et al.,
2012): two Fukomys mole-rat species (F. anselli and F. mechowii), the silvery mole-rat
(Heliophobius argenteocinereus), the blind mole rat (Spalax galili), and the Talas tuco-tuco
(C. talarum) by means of two different methods.

MATERIAL AND METHODS

Our dataset consisted of 68 burrow systems of five subterranean rodent species (F. anselli,
F. mechowii, H. argenteocinereus, C. talarum, S. galili), belonging to three nonrelated
families with different geographic distribution, and representing both solitary or

social lifestyles (Table 1). All burrow systems were mapped within the framework of
previous field ecological studies (Ldvy et al., 2015; Schleich ¢ Antinuchi, 2004; Skliba,
Sumbera & Chitaukali, 2010; Skliba et al., 2009, 2012; Sumbera et al., 2003, 2008, 2012),
and the maps were provided to us for this study. They were digitized true to scale by
means of Quantum GIS (QGIS Geographic Information System, www.qgis.osgeo.org) for
burrow systems of silvery mole-rats, Fukomys mole-rats, and Spalax, and by means of
Image] (Schneider, Rasband ¢ Eliceiri, 2012) for burrow systems of Talas tuco-tucos.
We pooled the data of both species of Fukomys mole-rats in order to increase the sample
size. It should be noted that both species are phylogenetically related, live in the same
habitat in the same geographic region and have the same lifestyle. The direction of
magnetic North was noted as accompanying information as usual in geographical
mapping. The data has been collected blindly with respect to the analysis of compass
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Table 1 Tested rodent species (sorted alphabetically by their common names).

Species Social/  Number of Locality Year of Reference, burrow systems
solitary  burrow systems excavation were originally used for

Ansell’s mole-rat Bathyergidae  Social 7 Lusaka East Forest 2010 Skliba et al. (2012)
(Fukomys anselli) Reserve (Zambia)

Giant mole-rat Bathyergidae  Social 2 Ndola Hill Forest 2009 Sumbera et al. (2012)
(Fukomys mechowii) Reserve (Zambia)

Silvery mole-rat Bathyergidae  Solitary 31 Blantyre, Mulanje, 2000, 2005 Skliba et al. (2009), Skliba,
(Heliophobius Mpalaganga (Malawi) Sumbera & Chitaukali (2010),

argenteocinereus)

Talas tuco-tuco
(Ctenomys talarum)

Upper Galilee
Mountains blind
mole rat (Spalax galili)

and Sumbera et al. (2003,
2008), and additional
previously unpublished
burrow systems (cf. raw data)

Ctenomyidae  Solitary 19 Mar de Cobo, Buenos 1988, 1989  Schleich ¢ Antinuchi (2004)

Aires (Argentina)

Solitary 9 Upper Galilee 2012 Lovy et al. (2015)
Mountains (Israel)

Note:

Number of mapped burrow systems, locality and year of excavation, as well as references to the studies describing burrow architecture of the respective species

are listed.

directionality, since the original purpose of the excavation was not to study burrow
orientation, but to obtain data about other aspects of subterranean life (e.g., burrow
architecture). In our study, the systems were digitally analyzed twice, by applying two
different methods: the “polygon method,” which was applied already in previous studies
(Lovegrove, Kortner & Kortner, 1992; Schleich ¢ Antinuchi, 2004), and the “long tunnel
method,” introduced by us here (Fig. S1). Since the animals’ original digging direction
(unidirectional) cannot be deduced from the excavations or drawings, bidirectional
analysis was the method of choice, that is, data are doubled (modulo 360) before being
analyzed, and the resulting mean vector is then back-converted, thus ranging in the
interval (0°; 180°). All axial values are reported as XX°/XX° (N/S).

The “polygon method” (Figs. S1A and S1C) is based on drawing a convex polygon
connecting the outermost points of a burrow system. A diagonal, marking the longest
distance within the polygon, was drawn, representing the main axis of the burrow system.
The direction of the longest distance within the polygon was measured blindly (i.e.,
without knowing the direction of magnetic North) by means of a digital compass rose.
Subsequently, all measured values were unblinded by normalizing the data relative to the
direction of true magnetic North.

The “long tunnel method” (Figs. S1B and S1E) weights the magnetic axial direction of
the branches within a burrow system depending on their length. The underlying
hypothesis concerning this approach was the following: The longer the distance, which was
dug in a specific magnetic direction, the stronger is the animal’s preference for that
particular direction. To apply this method, first, we determined the directions of all straight
tunnels of a burrow system blindly (i.e., the evaluator did not know the direction of
magnetic North). We defined a “straight tunnel” as straight segment including small
turns/curves which ended at a clear change in direction of more than 30° (see Fig. S1E).
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Only straight tunnels that were at least as long as 5% of the polygon’s circumference
were included in our data set. The tunnels’ axial directions were measured by means of a
digital compass rose. After unblinding the data, vector analysis of each straight tunnel
direction weighted by the tunnels’ lengths was performed to calculate the mean
direction for each burrow system separately. Therefore, the vector’s direction was treated
as value and its length as frequency (see frequency editor of Oriana 4.0, Kovach
computing systems).

All drawings of polygons and diagonals as well as their evaluations were performed with
Fiji (Schindelin et al., 2012). Circular statistics (Batschelet, 1981) and vector analyses were
calculated by using Oriana 4.0 (Kovach computing systems). Axial mean values were
calculated for each species and each method (for the “long tunnel method,” the mean vector
(grand mean) was calculated over the mean axial directions of the respective tunnels).
The Rayleigh-test of uniformity was used to test for significant deviations from a random
distribution. Watson-Williams F-test (pairwise comparison) was applied to compare the
burrow systems’ directions achieved by both methods for each species, respectively.

RESULTS

By applying the “long tunnel method,” the axial orientation of the vast majority of all
evaluated burrow systems (94%) showed a significant deviation from a random
distribution, that is, in 64 out of the 68 analyzed tunnel systems the straight tunnel
segments were oriented significantly in a certain axial compass direction (Fukomys: 100%;
H. argenteocinereus: 90%; C. talarum: 95%; S. galili: 100%). Considering the second
order statistics (averaging the mean vectors of all analyzed burrow systems of a respective
genus or species), a significant deviation from random orientation was found for the
Fukomys mole-rats, the silvery mole-rat, and the Talas tuco-tuco (Fig. 1). An axial
directional preference for the North-South axis was observed for the silvery mole-rat
(Fig. 1A), while it was slightly shifted to NNW/SSE in the Talas tuco-tuco (Fig. 1B). The
Fukomys mole-rats showed a preference for the NE/SW (Fig. 1C). No prevailing magnetic
direction of the studied burrows was found in the blind mole rat (S. galili) (Fig. 1D).
Since most burrow systems (N = 31) were available for the silvery mole-rats,
we analyzed whether the tunnel systems’ lengths and locality of excavation (Blantyre,
Mpalaganga, Mulanje; Table 1) had an effect on the orientation of the mean axial direction.
A significant deviation from random orientation was found for systems which were
shorter than 100 m (N = 15, p = 1/181°, SD = 31°, P = 0.007; mean length = 57 m,
SD = 26 m), in contrast to systems which were longer than 100 m (N = 16, p = 15/195°,
SD = 48°, P = 0.406; mean length = 192 m, SD = 68 m). With respect to the locality
of excavation, a significant deviation from random orientation was only observable in one
out of three localities (Blantyre: N = 17, p = 5/185°, SD = 34°, P = 0.015; Mpalaganga:
N =10, p = 169/349°, SD = 52°, P = 0.702; Mulanje: N = 4, p = 20/200°, SD = 30°,
P = 0.272). Furthermore, we did not find statistical sex-dependent differences in mean
orientation for any of the solitary species (statistics not shown). The “polygon method”
revealed that the alignment of the burrow systems of the Talas tuco-tuco deviated
significantly from random orientation (Fig. 1F). A similar strong tendency was
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Figure 1 Burrow system’s orientation. Directional orientation of the burrow systems (estimated by the
“long tunnel method,” A-D) and the prevailing direction of burrows (estimated by the “polygon
method,” E-H) of the tested rodent species—the silvery mole-rat H. argenteocinereus (A, E), Talas
tuco-tuco C. talarum (B, F), Fukomys mole-rats Ansell's mole-rat F. anselli and the giant mole-rat
F. mechowii (C, G), and the Upper Galilee Mountains blind mole rat S. galili (D, H) (sorted by sample
size)—relative to magnetic North (0°). Two mirrored dots represent the axial direction of one burrow
system, which is in case of the long tunnel method an axial mean vector calculated over all directions of
straight tunnel segments weight by the segments’ lengths. The double-headed arrow indicates the (grand)
mean vector, and the inner circle marks the significance level of 0.05 (Rayleigh test). Sample size (N),
mean axial direction (p), circular standard deviation (SD), and P-value are given for each tested species.
Full-size k&) DOT: 10.7717/peerj.5819/fig-1
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observable for the silvery mole-rat’s systems (Fig. 1E). The burrow systems of the Fukomys
mole-rats (Fig. 1G) and the blind mole rat (Fig. 1H) showed random directional
orientation using the “polygon method”.

The axial directional orientation of the burrow systems as assessed by the “polygon
method” (Figs. 1A-1D) and the prevailing direction of the burrows estimated by the
“long tunnel method” (Figs. 1E-1H) did not differ significantly except for the Fukomys
mole-rats (Watson-Williams F-test (pairwise comparisons for each species): Fukomys
mole-rats: P = 0.042, silvery mole-rat: P = 0.423, tuco-tuco: P = 0.455, blind mole rat:

P = 0.636), however, a greater scatter was observable by applying the “polygon method.”

DISCUSSION

Figure 1 illustrates that the “polygon method” provides less consistent results than the
“long tunnel method.” Since the “polygon method” has been employed in previous studies
(Lovegrove, Kortner ¢ Kortner, 1992; Schleich & Antinuchi, 2004), we decided to use
this method and present its results for the sake of comparability, too. However, the
“polygon method” is generally suitable only for rather linear instead of circular burrow
systems, where the long diagonal within a polygon represents the directional alignment
of the whole burrow system. In a more circular system, several diagonals of similar lengths
can be drawn (Fig. S1D). Various ecological factors influence the geometry of a burrow
system. Radiality (high branching) of a burrow system is expected to increase with
uniformity and predictability of food resources, age of the burrow system, and with

the number of inhabitants (Romaiiach et al., 2005; Sichilima et al., 2008; Thomas,
Swanepoel ¢ Bennett, 2016). Moreover, the architecture of burrow systems can vary
seasonally and in dependence on the inhabitant’s sex (e.g., dispersing and mate-seeking
individuals might build more linear tunnels) (Antinuchi ¢ Busch, 1992; Nevo, 1999; Skliba
et al., 2012; Sumbera et al., 2003, 2008, 2012). Indeed, the index of circularity (formula:
41 (area)/perimeter2, 0 = linear, 1 = circular; Romariach et al., 2005) identifies 60% of
the studied burrow systems of the solitary silvery mole-rats (Fig. 2A) and 70% of the
systems of the solitary tuco-tucos as being rather linear (with an index <0.7 as exemplarily
defined threshold separating the upper third as being circular), while all systems of the
social Fukomys mole-rats exhibited values >0.7 (Fig. 2B).

In contrast to the “polygon method,” the “long tunnel method” revealed constant
results for different species independent from the respective indices of circularity.
Having applied this method, we found a significant deviation from random axial
orientation for burrowing longer straight tunnels along a certain axis, which was specific
for each burrow system. Moreover, the second order statistics (averaging mean vectors
of all burrow systems of a respective genus or species) revealed significant deviation
from random orientation in all the tested species but S. galili (Fig. 1), including a
prevalence of NNW/SSE in case of Talas tuco-tucos and NE-SW in case of Fukomys
mole-rats. The fact that the studied burrow systems have been uncovered in different
regions (even continents) and areas (e.g., grassland, woodland, mountainous areas), and
thus accompanying different habitats, as well as in different years (1988-2012; Table 1),
support the assumption that the Earth’s magnetic field seems to be a globally common and
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)

Figure 2 Examples of burrow systems of a (A) solitary (here Heliophobius argenteocinereus) and (B)
social species (here Fukomys anselli). Index of circularity (0 = linear, 1 = circular; Romariach et al., 2005)
for (A) = 0.42, and (B) = 0.83. Full-size k&l DOIL: 10.7717/peer;j.5819/fig-2

stable potential heading indicator. Accordingly, we suggest that the studied species use
magnetic cues as heading indicator to keep the course of digging. This hypothesis does not
exclude that the animals use also further, locally available heading indicators, for this
purpose. Indeed, magnetoreception has been proved in the laboratory for F. anselli (Burda
et al., 1990; Marhold, Wiltschko ¢ Burda, 1997), F. mechowii (Oliveriusovd et al., 2012),
and H. argenteocinereus (Oliveriusovd et al., 2012). Interestingly, magnetoreception was
not proved in laboratory maze experiments in C. talarum (Schleich & Antinuchi, 2004),
which, however, could have been due to an inappropriate experimental design as discussed
by the authors themselves (Schleich ¢» Antinuchi, 2004). On the other hand,
magnetoreception has been proven in Spalax judaei (Kimchi & Terkel, 2001; Marhold

et al., 2000), a close relative of S. galili for which no directional preference for digging
was found here. The reasons, why no directional digging preference was found in S. galili,
can be manifold. All analyzed burrow systems originate from a single small area in the
Upper Galilee Mountains, and six of nine examined burrow systems were located in
basaltic soils. Basaltic soils are generally characterized by rather strong magnetic signatures
and the studied region is known for magnetic anomalies (Eppelbaum, Ben-Avraham ¢
Katz, 2004) that might compromise magnetic orientation. Furthermore, the population
density in basaltic soil is five times higher than in rendzina soil (Lovy et al., 2015).

The avoidance of crossing a neighboring burrow system might influence the burrow
systems orientation and thus possibly override orientation via magnetic cues. Therefore, it
is of great interest to analyze comparative data on directionality of burrow systems of
Spalax from other geographic regions and other habitats (cf., Nevo et al., 1995; Reyes,
Nevo & Saccone, 2003; Savic, 1973; Yagci, Coskun & Asan, 2010).

The burrow systems of Heliophobius analyzed here (N = 31) were excavated at three
different localities, characterized by different landscapes (Blantyre, N = 17: grassland;
Mpalaganga, N = 10: woodland; Mulanje, N = 4: mountainous) and thus habitats.

A significant deviation from random axial orientation was only observable for the systems
from Blantyre. The larger scatter of mean vectors at Mulanje might be partially explained
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by the lower sample size. Secondly, at Mpalaganga and Mulanje, several systems were
excavated in cultivated areas, where higher density and uniformity of food resources might
have had influenced foraging strategies and thus also the burrow architecture. Another
factor, which seems to affect the burrow system’s orientation of silvery mole-rats is

the system’s length—while shorter systems (<100 m) were oriented significantly in
North-South direction (every other direction would have been equally plausible), longer
systems (>100 m) were not. This is, however, not surprising, considering that the larger a
system becomes, the stronger an original alignment might be overridden or masked.
Trying to explain these findings, we have to consider that a system’s size presumably grows
with its age. Consequently, a system’s axial orientation may rather be observable when it is
shorter (in statu nascendi) compared to when it is longer and older.

While using a magnetic compass as a heading indicator, in general, the animals could
follow every direction, and indeed, species-specific differences in chosen nest-building
directions were already reported repeatedly (for review see Oliveriusova et al., 2012).
However, the North-South axis might be the direction of choice. A preference for this
axis, as observed in our study for silvery mole-rats and Talas tuco-tucos, is common in
studies on magnetic orientation (Malkemper et al., 2015; Oliveriusovd et al., 2014; Phillips,
1986) and magnetic alignment (for review see Begall et al., 2013; Malkemper, Painter &
Landler, 2016), and is observable in diverse contexts: landing in waterfowl (Hart et al,
2013), escape in roe deer (Obleser et al., 2016), activity in cattle and deer (Begall et al.,
2008), flamingos (Novdkova et al., 2017), corvids (Pleskac et al., 2017), wild boars and
warthogs (Cerveny et al., 2017), carps (Hart et al., 2012). Considering that species-specific
burrowing behavior in North American Peromyscus rodents was reported to have a
genetic basis (Dawson, Lake & Schumpert, 1988; Hu ¢ Hoekstra, 2017; Metz et al., 2017;
Weber, Peterson ¢ Hoekstra, 2013), we would like to point to the possibility that
“magnetic digging” might be genetically determined, too, representing a highly interesting
research question.

Since magnetic and further orientation cues are not exclusive, apart from the
Earth’s magnetic field, several other cues might influence the alignment of the burrow
systems. The most crucial external cues might be food resources (Heth et al., 2002;
Romaiiach et al., 2005), soil condition (implying the presence of stones and other obstacles)
(Ebensperger ¢ Bozinovic, 2000; Kimchi, Reshef & Terkel, 2005; Luna, Antinuchi &

Busch, 2002; Zuri & Terkel, 1997), and landscape characteristics (e.g., dunes, vegetation,
slopes, water currents), and even subsurface geological fractures might function as
orientation cues (Olson ¢ Pollard, 1989). Presence of food resources influences
goal-directed burrowing at shorter distances (Eloff, 1951; Voigt, 2014). Since geophytes
are usually clumped, and can be located at a limited distance by smelling plant kairomones
diffused in the soil (Heth et al., 2002; Lange et al., 2005), an optimal foraging strategy is
expected to involve digging straight scouting tunnels with perpendicular shorter
branches in fertile areas (following kairomone cues). Although season is expected to
affect the digging activity (Sichilima et al., 2008) and general architecture of the burrow
system (Sumbera et al., 2003), it is highly unlikely that its main orientation, if present,
changes seasonally, wherefore we do not assume significant seasonal influences.
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CONCLUSION AND OUTLOOK

To conclude, the Fukomys mole-rats, the silvery mole-rat, as well as the Talas tuco-tuco
were shown to dig their burrow systems with respect to a certain axis, and are assumed
to use the Earth’s magnetic field as a possible heading indicator. In future studies, animals
might be released at a new site so that the genesis of the new burrow system might be
monitored in situ as, for example, done by Voigt (2014). Furthermore, digging experiments
should be performed under controlled laboratory conditions to unequivocally
experimentally demonstrate that subterranean rodents use magnetic cues to keep a
heading direction during digging.

ACKNOWLEDGEMENTS

We thank R. Sumbera and M. Lovy for providing most of the data and for their

helpful comments on the manuscript. Further thanks are due to J. Skliba for offering digital
maps of tunnel systems of the Ansell’s mole-rats, W. N. Chitaukali, V. Dvorakova,

M. Elichova, E. Hrouzkova, H. Konvickova, O. Kott, J. Kubova, V. Mazoch, J. Ritter as
well as all local helpers who assisted in the field, and N. Oberste for assistance with

the analyses.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

S. Malewski was funded by a PhD fellowship of the German National Academic
Foundation (Studienstiftung des deutschen Volkes). H. Burda and S. Begall received
support funded by grant “EVA4.0,” No. CZ.02.1.01/0.0/0.0/16_019/0000803 financed

by OP RDE and H. Burda the Grant Agency of the Czech Republic (project. nr.
15-21840S). We acknowledge support by the Open Access Publication Fund of the
University of Duisburg-Essen. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

PhD fellowship of the German National Academic Foundation (Studienstiftung des
deutschen Volkes).

“EVA4.0”: No. CZ.02.1.01/0.0/0.0/16_019/0000803.

Grant Agency of the Czech Republic (project. nr. 15-21840S).

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Sandra Malewski conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 10/15


http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

Peer/

e Sabine Begall conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

e Cristian E. Schleich performed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, approved the final draft.

e Carlos D. Antenucci performed the experiments, analyzed the data, contributed
reagents/materials/analysis tools, approved the final draft.

e Hynek Burda conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, authored or reviewed
drafts of the paper, approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data are provided at https://www.uni-due.de/imperia/md/images/tb10_bio/
allgemeine_zoologie/Malewski_et_al._raw_data.xIsx.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5819#supplemental-information.

REFERENCES

Antinuchi CD, Busch C. 1992. Burrow structure in the subterranean rodent Ctenomys talarum.
Zeitschrift fiir Sdugetierkunde 57(3):163-168.

Batschelet E. 1981. Circular statistics in biology. New York: Academic Press, 371.

Begall S, Burda H, Malkemper EP. 2014. Magnetoreception in mammals. Advances in the Study
of Behavior 46:45-88 DOI 10.1016/B978-0-12-800286-5.00002-X.

Begall S, Burda H, Schleich CE. eds. 2007. Subterranean Rodents—News from Underground.
Berlin, Heidelberg, New York: Springer, 398.

Begall S, Cerveny J, Neef J, Vojtéch O, Burda H. 2008. Magnetic alignment in grazing and
resting cattle and deer. Proceedings of the National Academy of Sciences of the United States of
America 105(44):13451-13455 DOI 10.1073/pnas.0803650105.

Begall S, Malkemper EP, Cerven}'r J, Némec P, Burda H. 2013. Magnetic alignment in mammals
and other animals. Mammalian Biology—Zeitschrift fiir Sdugetierkunde 78(1):10-20
DOI 10.1016/j.mambio.2012.05.005.

Brett RA. 1991. The ecology of naked mole-rat colonies: burrowing, food, and limiting factors.
In: Sherman PW, Jarvis JUM, Alexander RD, eds. The biology of the naked mole-rat.

New Jersey: Princeton University Press, 137-184.

Burda H. 1987. Magnetische Navigation bei den Graumullen, Cryptomys hottentotus
(Bathyergidae)? Zeitschrift fiir Sdugetierkunde 61(Suppl.):12.

Burda H, Marhold S, Westenberger T, Wiltschko R, Wiltschko W. 1990. Magnetic compass
orientation in the subterranean rodent Cryptomys hottentotus (Bathyergidae). Experientia
46(5):528-530 DOI 10.1007/bf01954256.

Cerven)" J, Burda H, Jezek M, Kusta T, Husinec V, Novakova P, Hart V, Hartova V, Begall S,
Malkemper EP. 2017. Magnetic alignment in warthogs Phacochoerus africanus and wild
boars Sus scrofa. Mammal Review 47(1):1-5 DOI 10.1111/mam.12077.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 11/15


https://www.uni-due.de/imperia/md/images/fb10_bio/allgemeine_zoologie/Malewski_et_al._raw_data.xlsx
https://www.uni-due.de/imperia/md/images/fb10_bio/allgemeine_zoologie/Malewski_et_al._raw_data.xlsx
http://dx.doi.org/10.7717/peerj.5819#supplemental-information
http://dx.doi.org/10.7717/peerj.5819#supplemental-information
http://dx.doi.org/10.1016/B978-0-12-800286-5.00002-X
http://dx.doi.org/10.1073/pnas.0803650105
http://dx.doi.org/10.1016/j.mambio.2012.05.005
http://dx.doi.org/10.1007/bf01954256
http://dx.doi.org/10.1111/mam.12077
http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

Peer/

Dawson WD, Lake CE, Schumpert SS. 1988. Inheritance of burrow building in Peromyscus.
Behavior Genetics 18(3):371-382 DOI 10.1007/bf01260937.

De Graaff G. 1972. On the mole-rat (Cryptomys hottentotus damarensis) (Rodentia) in the
Kalahari Gemsbok National Park. Koedoe 15(1):25-35 DOI 10.4102/koedoe.v15i1.665.

Ebensperger LA, Bozinovic F. 2000. Energetics and burrowing behaviour in the semifossorial
degu Octodon degus (Rodentia: Octodontidae). Journal of Zoology 252(2):179-186
DOI 10.1111/j.1469-7998.2000.tb00613..x.

Eloff G. 1951. Orientation in the mole-rat Cryptomys. British Journal of Psychology
42(1-2):134-145 DOI 10.1111/§.2044-8295.1951.tb00285.x.

Eloff G. 1958. The functional and structural degeneration of the eye of the South African rodent
moles, Cryptomys bigalkei and Bathyergus maritimus. South African Journal of Science
54(11):293-302.

Eppelbaum L, Ben-Avraham Z, Katz Y. 2004. Integrated analysis of magnetic, paleomagnetic
and K-Ar data in a tectonic complex region: an example from the Sea of Galilee. Geophysical
Research Letters 31(19):L19602 DOI 10.1029/2004g1021298.

Hart V, Kusta T, Némec P, Blahova V, Jezek M, Novakova P, Begall S, Cerven)" J, Hanzal V,
Malkemper EP, Stl’pek K, Vole C, Burda H. 2012. Magnetic alignment in carps: evidence
from the Czech christmas fish market. PLOS ONE 7(12):e51100
DOI 10.1371/journal.pone.0051100.

Hart V, Malkemper EP, Kusta T, Begall S, Novakova P, Hanzal V, Pleskac L, Jezek M, Policht R,
Husinec V, Cerveny J, Burda H. 2013. Directional compass preference for landing in water
birds. Frontiers in Zoology 10(1):38 DOI 10.1186/1742-9994-10-38.

Heth G, Todrank J, Begall S, Koch R, Zilbiger Y, Nevo E, Braude SH, Burda H. 2002.
Odours underground: subterranean rodents may not forage “blindly”. Behavioral Ecology and
Sociobiology 52(1):53-58 DOI 10.1007/s00265-002-0476-0.

Hickman GC. 1990. Adaptiveness of tunnel systems features in subterranean mammal burrows.
In: Nevo E, Reig OA, eds. Evolution of Subterranean Mammals at the Organismal and Molecular
Levels. New York: Wiley-Liss, 185-210.

Holland RA, Thorup K, Vonhof M]J, Cochran WW, Wikelski M. 2006. Navigation—Bat
orientation using Earth’s magnetic field. Nature 444(7120):702 DOI 10.1038/444702a.

Hu CK, Hoekstra HE. 2017. Peromyscus burrowing: a model system for behavioral evolution.
Seminars in Cell & Developmental Biology 61:107-114
DOI 10.1016/j.semcdb.2016.08.001.

Jarvis JUM, O’riain M]J, Bennett NC, Sherman PW. 1994. Mammalian eusociality—a family
affair. Trends in Ecology & Evolution 9(2):47-51 DOI 10.1016/0169-5347(94)90267-4.

Kimchi T, Etienne AS, Terkel J. 2004. A subterranean mammal uses the magnetic compass for
path integration. Proceedings of the National Academy of Sciences of the United States of America
101(4):1105-1109 DOI 10.1073/pnas.0307560100.

Kimchi T, Reshef M, Terkel J. 2005. Evidence for the use of reflected self-generated seismic waves
for spatial orientation in a blind subterranean mammal. Journal of Experimental Biology
208(4):647-659 DOI 10.1242/jeb.01396.

Kimchi T, Terkel J. 2001. Magnetic compass orientation in the blind mole rat Spalax ehrenbergi.
Journal of Experimental Biology 204:751-758.

Kott O, Moritz RE, Sumbera R, Burda H, Némec P. 2014. Light propagation in burrows of
subterranean rodents: tunnel system architecture but not photoreceptor sensitivity limits light
sensation range. Journal of Zoology 294(1):68-76 DOI 10.1111/jz0.12152.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 12/15


http://dx.doi.org/10.1007/bf01260937
http://dx.doi.org/10.4102/koedoe.v15i1.665
http://dx.doi.org/10.1111/j.1469-7998.2000.tb00613.x
http://dx.doi.org/10.1111/j.2044-8295.1951.tb00285.x
http://dx.doi.org/10.1029/2004gl021298
http://dx.doi.org/10.1371/journal.pone.0051100
http://dx.doi.org/10.1186/1742-9994-10-38
http://dx.doi.org/10.1007/s00265-002-0476-0
http://dx.doi.org/10.1038/444702a
http://dx.doi.org/10.1016/j.semcdb.2016.08.001
http://dx.doi.org/10.1016/0169-5347(94)90267-4
http://dx.doi.org/10.1073/pnas.0307560100
http://dx.doi.org/10.1242/jeb.01396
http://dx.doi.org/10.1111/jzo.12152
http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

Peer/

Lacey EA. 2000. Spatial and social systems of subterranean rodents. In: Lacey EA, Patton JL,
Cameron GN, eds. Life Underground: The Biology of Subterranean Rodents. Chicago and
London: University of Chicago Press, 257-293.

Lange S, Neumann B, Hagemeyer P, Burda H. 2005. Kairomone-guided food location in
subterranean Zambian mole-rats (Cryptomys spp., Bathyergidae). Folia Zoologica
54(3):263-268.

Lovegrove BG, Kortner G, Kortner G. 1992. The magnetic compass orientation of the burrows of
the Damara mole-rat Cryptomys damarensis (Bathyergidae). Journal of Zoology 226(4):631-633
DOI 10.1111/j.1469-7998.1992.tb07505 x.

Lovy M, Skliba J, Hrouzkova E, Dvofikova V, Nevo E, Sumbera R. 2015. Habitat and burrow
system characteristics of the blind mole rat Spalax galili in an area of supposed sympatric
speciation. PLOS ONE 10(7):e0133157 DOI 10.1371/journal.pone.0133157.

Luna F, Antinuchi CD, Busch C. 2002. Digging energetics in the South American rodent
Ctenomys talarum (Rodentia, Ctenomyidae). Canadian Journal of Zoology 80(12):2144-2149
DOI 10.1139/z02-201.

Malewski S, Malkemper EP, Sedlacek F, Sumbera R, Caspar KR, Burda H, Begall S. 2018.
Attracted by a magnet: exploration behaviour of rodents in the presence of magnetic objects.
Behavioural Processes 151:11-15 DOI 10.1016/j.beproc.2018.02.023.

Malkemper EP, Eder SHK, Begall S, Phillips JB, Winklhofer M, Hart V, Burda H. 2015.
Magnetoreception in the wood mouse (Apodemus sylvaticus): influence of weak
frequency-modulated radio frequency fields. Scientific Reports 5(1):9917 DOI 10.1038/srep09917.

Malkemper EP, Painter MS, Landler L. 2016. Shifted magnetic alignment in vertebrates:
evidence for neural lateralization? Journal of Theoretical Biology 399:141-147
DOI 10.1016/}.jtbi.2016.03.040.

Marhold S. 1997. Magnetic orientation in common mole-rats from Zambia. In: Orientation and
Navigation—Birds, Humans and Other Animals. Oxford: Royal Institute of Navigation, 5.1-5.9.

Marhold S, Beiles A, Burda H, Nevo E. 2000. Spontaneous directional preference in a
subterranean rodent, the blind mole-rat, Spalax ehrenbergi. Folia Zoologica 49(1):7-18.

Marhold S, Wiltschko W, Burda H. 1997. A magnetic polarity compass for direction finding in a
subterranean mammal. Naturwissenschaften 84(9):421-423 DOI 10.1007/s001140050422.

Metz HC, Bedford NL, Pan YL, Hoekstra HE. 2017. Evolution and genetics of precocious
burrowing behavior in Peromyscus mice. Current Biology 27(24):3837-3845
DOI 10.1016/j.cub.2017.10.061.

Moritz RE, Burda H, Begall S, Némec P. 2007. Magnetic compass: a useful tool underground.
In: Begall S, Burda H, Schleich CE, eds. Subterranean Rodents—News from Underground. Berlin,
Heidelberg, New York: Springer, 161-174.

Miiller M, Burda H. 1989. Restricted hearing range in a subterranean rodent, Cryptomys
hottentotus. Naturwissenschaften 76(3):134-135 DOI 10.1007/bf00366611.

Nevo E. 1999. Mosaic evolution of subterranean mammals: regression, progression, and global
convergence. New York: Oxford University Press, 448.

Nevo E, Filippucci MG, Redi C, Simson S, Heth G, Beiles A. 1995. Karyotype and genetic
evolution in speciation of subterranean mole rats of the genus Spalax in Turkey. Biological
Journal of the Linnean Society 54(3):203-229 DOI 10.1111/j.1095-8312.1995.tb01034.x.

Novakova P, Koranova D, Begall S, Malkemper EP, Pleskac L, Capek F, Cerven)" J, Hart V,
Hartova V, Husinec V, Burda H. 2017. Direction indicator and magnetic compass-aided
tracking of the sun by flamingos? Folia Zoologica 66(2):79-86
DOI 10.25225/f0z0.v66.12.a2.2017.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 13/15


http://dx.doi.org/10.1111/j.1469-7998.1992.tb07505.x
http://dx.doi.org/10.1371/journal.pone.0133157
http://dx.doi.org/10.1139/z02-201
http://dx.doi.org/10.1016/j.beproc.2018.02.023
http://dx.doi.org/10.1038/srep09917
http://dx.doi.org/10.1016/j.jtbi.2016.03.040
http://dx.doi.org/10.1007/s001140050422
http://dx.doi.org/10.1016/j.cub.2017.10.061
http://dx.doi.org/10.1007/bf00366611
http://dx.doi.org/10.1111/j.1095-8312.1995.tb01034.x
http://dx.doi.org/10.25225/fozo.v66.i2.a2.2017
http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

Peer/

Obleser P, Hart V, Malkemper EP, Begall S, Hola M, Painter MS, Cerven}'l J, Burda H. 2016.
Compass-controlled escape behavior in roe deer. Behavioral Ecology and Sociobiology
70(8):1345-1355 DOI 10.1007/s00265-016-2142-y.

Oliveriusova L, Némec P, Kralova Z, Sedlacek F. 2012. Magnetic compass orientation in two
strictly subterranean rodents: learned or species-specific innate directional preference?
Journal of Experimental Biology 215(20):3649-3654 DOI 10.1242/jeb.069625.

Oliveriusova L, Némec P, Pavelkova Z, Sedlacek F. 2014. Spontaneous expression of magnetic
compass orientation in an epigeic rodent: the bank vole, Clethrionomys glareolus.
Naturwissenschaften 101(7):557-563 DOI 10.1007/s00114-014-1192-0.

Olson J, Pollard DD. 1989. Inferring paleostresses from natural fracture patterns: a new method.
Geology 17(4):345-348 DOI 10.1130/0091-7613(1989)017<0345:ipfnfp>2.3.co;2.

Phillips JB. 1986. Magnetic compass orientation in the eastern red-spotted newt
(Notophthalmus viridescens). Journal of Comparative Physiology A 158(1):103-109
DOI 10.1007/bf00614524.

Pleskac¢ L, Hart V, Novakova P, Painter MS. 2017. Spatial orientation of foraging corvids
consistent with spontaneous magnetic alignment responses observed in a variety of
free-roaming vertebrates. Folia Zoologica 66(2):87-94 DOI 10.25225/f020.v66.i2.a3.2017.

Poduschka W. 1978. Abwehhrreaktionen der Mullratte, Cryptomys hottentottus (Lesson, 1826).
Sdugetierkundliche Mitteilungen 26:260-274.

Rado R, Wollberg Z, Terkel J. 1992. Dispersal of young mole rats (Spalax ehrenbergi) from the
natal burrow. Journal of Mammalogy 73(4):885-890 DOI 10.2307/1382211.

Reyes A, Nevo E, Saccone C. 2003. DNA sequence variation in the mitochondrial control region of
subterranean mole rats, Spalax ehrenbergi superspecies, in Israel. Molecular Biology and
Evolution 20(4):622-632 DOI 10.1093/molbev/msg061.

Romaiiach SS, Seabloom EW, Reichman OJ, Rogers WE, Cameron GN. 2005. Effects of
species, sex, age, and habitat on geometry of pocket gopher foraging tunnels. Journal of
Mammalogy 86(4):750-756 DOI 10.1644/1545-1542(2005)086[0750:e0ssaa]2.0.co;2.

Rosevear DR. 1969. The rodents of West Africa. London: British Museum of Natural History, 604.

Savi¢ IR. 1973. Ecology of the species Spalax leucodon Nordm. in Yugoslavia. Natural Science 44:5-70.

Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S,
Rueden C, Saalfeld S, Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K,
Tomancak P, Cardona A. 2012. Fiji: an open-source platform for biological-image analysis.
Nature Methods 9(7):676-682 DOI 10.1038/nmeth.2019.

Schleich CE, Antinuchi CD. 2004. Testing magnetic orientation in a solitary subterranean rodent
Ctenomys talarum (Rodentia: Octodontidae). Ethology 110(6):485-495
DOI 10.1111/j.1439-0310.2004.00981 x.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to Image]J: 25 years of image analysis.
Nature Methods 9(7):671-675 DOI 10.1038/nmeth.2089.

Sichilima AM, Bennett NC, Faulkes CG, Le Comber SC. 2008. Evolution of African mole-rat
sociality: burrow architecture, rainfall and foraging in colonies of the cooperatively
breeding Fukomys mechowii. Journal of Zoology 275(3):276-282
DOI 10.1111/j.1469-7998.2008.00439.x.

Skliba J, Mazoch V, Patzenhauerova H, Hrouzkova E, Lovy M, Kott O, Sumbera R. 2012. A
maze-lover’s dream: burrow architecture, natural history and habitat characteristics of Ansell’s
mole-rat (Fukomys anselli). Mammalian Biology 77(6):420-427
DOI 10.1016/j.mambio.2012.06.004.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 14/15


http://dx.doi.org/10.1007/s00265-016-2142-y
http://dx.doi.org/10.1242/jeb.069625
http://dx.doi.org/10.1007/s00114-014-1192-0
http://dx.doi.org/10.1130/0091-7613(1989)017%3C0345:ipfnfp%3E2.3.co;2
http://dx.doi.org/10.1007/bf00614524
http://dx.doi.org/10.25225/fozo.v66.i2.a3.2017
http://dx.doi.org/10.2307/1382211
http://dx.doi.org/10.1093/molbev/msg061
http://dx.doi.org/10.1644/1545-1542(2005)086[0750:eossaa]2.0.co;2
http://dx.doi.org/10.1038/nmeth.2019
http://dx.doi.org/10.1111/j.1439-0310.2004.00981.x
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1111/j.1469-7998.2008.00439.x
http://dx.doi.org/10.1016/j.mambio.2012.06.004
http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

Peer/

Skliba J, Sumbera R, Chitaukali WN. 2010. What determines the way of deposition of
excavated soil in a subterranean rodent? Acta Theriologica 55(3):271-277
DOI 10.4098/j.at.0001-7051.099.2009.

Skliba J, Sumbera R, Chitaukali WN, Burda H. 2009. Home-range dynamics in a solitary
subterranean rodent. Ethology 115(3):217-226 DOI 10.1111/§.1439-0310.2008.01604.x.

Sumbera R, Burda H, Chitaukali WN, Kubova J. 2003. Silvery mole-rats (Heliophobius
argenteocinereus, Bathyergidae) change their burrow architecture seasonally.
Naturwissenschaften 90(8):370-373 DOI 10.1007/s00114-003-0439-y.

Sumbera R, Mazoch V, Patzenhauerova H, Lovy M, Skliba J, Bryja J, Burda H. 2012.

Burrow architecture, family composition and habitat characteristics of the largest social African
mole-rat: the giant mole-rat constructs really giant burrow systems. Acta Theriologica
57(2):121-130 DOI 10.1007/s13364-011-0059-4.

Sumbera R, Skliba J, Elichova M, Chitaukali WN, Burda H. 2008. Natural history and burrow
system architecture of the silvery mole-rat from Brachystegia woodland. Journal of Zoology
274(1):77-84 DOI 10.1111/j.1469-7998.2007.00359.x.

Teroni E, Portenier V, Maurer R, Etienne AS. 1988. The control of spatial orientation by
self-generated and visual cues in the golden hamster. Sciences et Techniques de L’Animal de
Laboratoire 13:99-102.

Thalau P, Ritz T, Burda H, Wegner RE, Wiltschko R. 2006. The magnetic compass mechanisms
of birds and rodents are based on different physical principles. Journal of the Royal Society
Interface 3(9):583-587 DOI 10.1098/rsif.2006.0130.

Thomas HG, Swanepoel D, Bennett NC. 2016. Burrow architecture of the Damaraland mole-rat
(Fukomys damarensis) from South Africa. African Zoology 51(1):29-36
DOI 10.1080/15627020.2015.1128355.

Vleck D. 1979. The energy cost of burrowing by the pocket gopher Thomomys bottae.
Physiological Zoology 52(2):122-136 DOI 10.1086/physzo0l.52.2.30152558.

Voigt C. 2014. An example of burrow system architecture of dispersing Damaraland mole-rats.
African Zoology 49(1):148-152 DOI 10.3377/004.049.0118.

Weber JN, Peterson BK, Hoekstra HE. 2013. Discrete genetic modules are responsible for
complex burrow evolution in Peromyscus mice. Nature 493(7432):402-405
DOI 10.1038/naturel1816.

Wegner RE, Begall S, Burda H. 2006. Magnetic compass in the cornea: local anaesthesia impairs
orientation in a mammal. Journal of Experimental Biology 209(23):4747-4750
DOI 10.1242/jeb.02573.

Wiltschko R, Wiltschko W. 1995. Magnetic Orientation in Animals. Berlin, Heidelberg:
Springer, 297.

Yagci T, Coskun Y, Asan N. 2010. The tunnel structure of blind mole rats (genus Spalax)
in Turkey. Zoology in the Middle East 50(1):35-40 DOI 10.1080/09397140.2010.10638409.

ZuriI, Terkel J. 1997. Summer tunneling activity of mole rats (Spalax ehrenbergi) in a sloping field
with moisture gradient. Mammalia 61(1):47-54 DOI 10.1515/mamm.1997.61.1.47.

Malewski et al. (2018), Peerd, DOI 10.7717/peerj.5819 15/15


http://dx.doi.org/10.4098/j.at.0001-7051.099.2009
http://dx.doi.org/10.1111/j.1439-0310.2008.01604.x
http://dx.doi.org/10.1007/s00114-003-0439-y
http://dx.doi.org/10.1007/s13364-011-0059-4
http://dx.doi.org/10.1111/j.1469-7998.2007.00359.x
http://dx.doi.org/10.1098/rsif.2006.0130
http://dx.doi.org/10.1080/15627020.2015.1128355
http://dx.doi.org/10.1086/physzool.52.2.30152558
http://dx.doi.org/10.3377/004.049.0118
http://dx.doi.org/10.1038/nature11816
http://dx.doi.org/10.1242/jeb.02573
http://dx.doi.org/10.1080/09397140.2010.10638409
http://dx.doi.org/10.1515/mamm.1997.61.1.47
http://dx.doi.org/10.7717/peerj.5819
https://peerj.com/

	Do subterranean mammals use the Earth's magnetic field as a heading indicator to dig straight tunnels?
	Introduction
	Material and Methods
	Results
	Discussion
	Conclusion and Outlook
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


