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Abstract

How geomagnetic field information is collected and processed by insects for orientation and navigation remains elusive.
In social insects, magnetic particles are well accepted as magnetic sensors. Ants have the ability to home and hunt, and
some migratory and nomadic species can migrate or move over long distances for which magnetoreception is an important
mechanism. It was shown previously that ferromagnetic resonance (FMR) spectral parameters of one migratory and one
nomadic ant could be distinguished from Brazilian Solenopsis ant species and that these parameters correlate to the local
geomagnetic field. The present work focuses on genera engaged in long-distance group raids and emigration collected mainly
in the Amazon rainforest. A diversity of specimens of the genus was individually measured by FMR. Cluster analysis of the
occurrence of the FMR Low Field component, associated with large or aggregated nanoparticles, and their spectral angular
dependence resulted in a phylogenetic dendrogram of the genera of ants, principally from the North Brazilian region. The
magnetic material characteristics of ants of the Invertebrate Collection from the Museum Paraense Emilio Goeldi were tested
looking for their relation to ant genera and the local geomagnetic field. The observed spectral differences of the magnetic
particles suggest that they are related to their capacity for adaptation to their environment and/or to displacement behaviour.

Keywords Magnetic material - Ferromagnetic resonance - Phylogenetic analysis - Raiding - Ant adaptability

Introduction

Magnetoreception is a complex animal orientation mech-
anism based on the detection of the geomagnetic field
parameters: intensity (Int), inclination (Incl) and declina-
tion (Decl). At present, there are three hypotheses for the
detection of the geomagnetic field: electromagnetic induc-
tion for aquatic animals, the ferromagnetic one that assumes
magnetic particles as the sensor and the chemical one which
proposes biochemical reactions that involve the formation
of radical pairs (Lohman 2010). Effects of the geomag-
netic field and the presence of magnetic particles have been
observed in a wide variety of animals (Wilstchko and Wil-
stchko 1995; Shaw et al. 2015).
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Geomagnetic orientation has been successfully investi-
gated in insects for which the ferromagnetic hypothesis is
well accepted. Magnetic measurements indicated the pres-
ence of nanoparticles in different ant, bee and termite species
(Wajnberg et al. 2010). Migration of Neoponera marginata
(Roger, 1861) ant, during the dry/cold season, was shown to
be significantly oriented 13° with the magnetic North—South
axis. The geomagnetic field was then suggested as an orien-
tation cue (Acosta-Avalos et al. 2001). Different iron oxide
particles were found inside the tissue of three joints of the N.
marginata antenna that were suggested as a magnetic sensor,
probably incorporated from the soil (Oliveira et al. 2010).
More recently, titanium and iron titanium oxide were also
reported in these joint sections (Wajnberg et al. 2017). Incor-
poration was tested by behavioural experiments with Azta
colombica (Guérin-Ménevele, 1844). It was concluded that
A. colombica also requires contact with soil to incorporate
magnetic particles that can be used as a magnetic compass
(Riveros et al. 2014).

Foraging and nest displacement behaviours, that involve
orientation mechanisms, vary according to genera and
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species (Lanan 2014). Ants’ foraging strategies were clas-
sified into two categories: no recruitment and recruitment
in group. In both cases they make a trail pheromone on the
ground (Billen 1992) which marks all way from the food
source to nest. In the first case, one specimen (scout) leaves
the nest to search for food, and return alone. In the second
one, one scout alone or a group of scouts orients visually
to a food resource. When they orient back home to recruit
the followers, a pheromone trail is laid down on the ground
(Billen 1992) which marks all way from the food source
to the nest. This kind of recruitment occurs in many ant
genera such as poneroid like Neoponera (Emery, 1901) and
Mayaponera (Schmidt and Shattuck 2014); Schmidt 2013;
Fernandes et al. 2014), in formicoid like Solenopsis (West-
wood, 1840) (Holldobler and Wilson 1990), and the dory-
lomorph army ants, as Eciton (Latreille, 1804) and Labidus
(Jurine, 1807) (Lanan 2014; Schmidt 2013).

All army ants are predators and nomadic, and may be sub-
terranean or epigaeic (above-ground). Their aggressive for-
aging behaviour is known as raiding, in which a large num-
bers of ants feed simultaneously over a certain area, such as
in Eciton and Labidus species. Many kinds of animals such
as birds, frogs, lizards, scorpions, spiders, insects and other
invertebrates can be found associated with them building a
very interesting bioecological relation when they are mov-
ing (Willson et al. 2011; O’Donnell et al. 2011; Dejean et al.
2014; Rettenmeyer et al. 2011). Army ants form a bivouac
that is a nest constructed with the bodies of living ant work-
ers to protect the queen and immature ants. The sizes of
these bivouacs varies from 150.000 individuals in Eciton
burchelli (Westwood, 1842) to over one million in Labidus
praedator (Fr. Smith, 1858) and the number is unknown in
Labidus spininodis (Emery, 1890) (Wilson 1971). Neopon-
era commutata (Schmidt and Shattuck 2014) is specialist
predator on termites of the Syntermes genus (Wild 2002). It
is also a migratory ant that, like N. marginata and N. laevi-
gata (Smith, 1858) relocates nest sites at irregular intervals
(Holldobler et al. 1996).

Ferromagnetic resonance (FMR) has proved to be an effi-
cient tool to identify large fractions of intact, non-interacting
bacterial magnetosome chains. A first study systematically
analysed the FMR parameters of dozens of samples of mag-
netite and other materials to group them and identify their
biogenic origin (Weiss et al. 2004). Later, a quantitative
analysis of the magnetic anisotropy in magnetosome chains
of both cultured and natural magnetotactic bacteria, based on
a phenomenological theory, was proposed by fitting of FMR
spectra with model calculations (Charilaou 2017 and refer-
ences therein). Otherwise, in animals the magnetic material
is found in very low concentrations, distributed in all body
parts, but FMR has shown to be a useful technique to study
the variety of magnetic particles in social insects, in particu-
lar, in ants (Wajnberg et al. 2010 and references therein).
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The diversity of the FMR spectra of Brazilian ants (Wajn-
berg et al. 2005) was studied for species collected in different
regions searching for a correlation of the spectral parameters
to the local geomagnetic field components. The spectra of
Sonelopsis (Westwood, 1840) species, a migratory and an
army ant, were studied taking into account the absorption
spectra area and the ratio between the intensity of the two
spectral components associated with different magnetic par-
ticles, the low (LF) and the high (HF) field. Comparative
FMR studies on a variety of insect species are relevant to
determine whether nanoparticle similarities are associated
with a common magnetoreception mechanism. The study of
magnetic material properties in insects still calls for a lot of
work to establish these correlations.

Magnetoreception can play an important role in ant orien-
tation and navigational behaviours such as running, raiding,
homing, colony migration, mainly when other orientation
cues are absent. Ants presenting migratory and nomadic
behaviours are interesting to search for magnetic nanoparti-
cles as possible sensors for magnetoreception. Nomadic ants
lack a permanent nest; instead, colonies alternate between
a stationary stage, during which the queen is enlarged and
laying eggs, and a nomadic phase, during which the colony
often moves long distances in search of food for their vora-
cious larvae. Migratory ants move their nests in steps, that
start by some workers actively excavating the new nest, fol-
lowed by eggs, larvae and pupae transportation by the work-
ers; and ends by relocation of alates, the queen accompanied
by many workers. The aim of this paper was to test the use of
FMR spectral parameters, namely absorption area, LF and
HF intensity ratio and spectral angular dependence, related
to displacement behaviours and local geomagnetic field
parameters in nine species of five ant genera, mainly from
the North Brazilian region. The following hypothesis were
tested: (a) the presence of the LF component and the anisot-
ropy character of the FMR spectra are related to displace-
ment behaviours; b) the spectral area and the HF/LF inten-
sity ratio are related to local geomagnetic field parameters.

Materials and methods
Samples

Ants of the Invertebrate Collection from the Museum Par-
aense Emilio Goeldi were analszed by Ferromagnetic Reso-
nance. It includes 39 individuals that belong to nine species
of the five genera: Mayaponera, Neoponera, Eciton, Labidus
and Solenopsis. They are from six federal states in Brazil
(Table 1) and were collected from 1974 to 2011. All indi-
viduals analysed are workers, except for three soldiers, two
of the E. hamatum (Emery, 1894) and one of E. burchelli
species (a in Table 1). The specimens were collected on the
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Table 1 Specimen identification, collecting details and spectral anisotropy: Aniso pos: anisotropic in position, Aniso int: anisotropic in intensity
and Iso: isotropic

Label Collection number Specie Collect place Collect date Latitude/longitude Incl (°) Spectral character
Eb1 11,513,796 Eciton burchelli Lago Verde (MA) 04/18/81 03°57'25"S/44°49'19"0  2.41889  Aniso pos
Eb2 11,513,840 Eciton burchelli®  Ji-Parana (RO) 08/12/84 10°53'07"S/61°57'06"0  2.86889  Iso
Eb3 11,516,818 Eciton burchelli Parauapebas (PA) 07/03/85 06°04'04"S/49°54'07"0  2.49306  Iso
Eh4 11,513,885 Eciton hamatum ~ Ourém (PA) 10/27/90 01°33'07"S/47°06'52"0  5.80694  Aniso pos
EhS 11,513,881 Eciton hamatum®  Ji-Parana (RO) 08/10/84 10°53'07"S/61°57'06"0  2.86972  Anisot int
Eh6 11,513,846 Eciton hamatum®  Ji-Parana (RO) 08/12/84 10°53'07"S/61°57'06"0  2.86889  Aniso int
Lel 11,513,992 Labidus coecus®  Conceigéo do 11/17-21/1979  08°15'28"S/49°15'53"0O  —0.12444 TIso
Araguaia (PA)
Lcla 11,513,992 Labidus coecus®  Conceigdo do 11/17-21/1979  08°15"28"S/49°15'53"0O  —0.12444 No signal
Araguaia (PA)
Lc2 11,514,004 Labidus coecus Bujart (PA) 04/20/74 01°30'54"S/48°02'41"0  12.13750 No signal
Le3 11,514,115 Labidus coecus®  Lago dos Rodri-  05/25/79 04°36'32"S/44°58'48"0  2.12833  Not obs
gues (MA)
Lc3a 11,514,115 Labidus coecus®  Lago dos Rodri-  05/25/79 04°36'32"S/44°58'48"0  2.12833  Iso
gues (MA)
Lc4 11,514,018 Labidus coecus Belém (PA) 04/18/97 01°2721"S/48°30'14"0  5.23028  Iso
Lp5 11,514,046 Labidus praedator Brasilia (DF) 05/04/79 15°47'38"S/47°52'58"0  —14.0806 Iso
Lp6 11,514,001 Labidus praeda-  Conceigao do 11/17-21/1979  08°15"28"S/49°15'53"0  —0.12444 Iso
tor* Araguaia (PA)
Lp6a 11,514,001 Labidus praeda-  Conceicdo do 11/17-21/1979  08°15'28"S/49°15'53"0  —0.12444 TIso
tor® Araguaia (PA)
Lp7 11,514,119 Labidus praedator Lago dos Rodri-  05/24/79 04°36'32"S/44°58'48"0  2.12833  Iso
gues (MA)
Ls8 11,514,146 Lahicbius spinino-  Melgaco (PA) 11/11/96 01°48'16"S/50°42'44"0  7.14472  Iso
dis
Ls8a 11,514,146 Labii)ius spinino-  Melgaco (PA) 11/11/96 01°48'16"S/50°42'44"0  7.14472  Iso
dis
Ls9 11,514,135 Labidus spini- Oiapoque (AP) 05/03/79 03°50"35"N/51°50'07"0  22.95778 Iso
nodis
Nel 11,515,680 Neoponera com-  Santa Barbarado 06/16/88 01°13'25"S/48°17'40"0  8.44472  Iso
mutata Para (PA)
Nc2 11,515,683 Neoponera com-  Serra do Navio 01/07/80 00°53'447S/52°00'08”0  16.643 Aniso pos
mutata (AP)
Nc3 11,515,681 Neoponera com-  Breves (PA) 11/18-12/5/1987 01°40'56"S/50°28'49"0O  10.02500 Aniso pos
mutata
Nc4 11,515,678 Neoponera com-  Terra indigena 07/18/81 02°22'08"S/4600'07"0O 6.39472  Aniso int
mutata Alto Turiagu
(MA)
Nec5 11,506,392 Neoponera com-  Parauapebas (PA) 6/17-20/1985 06°04'04"S/49°54'07"0  2.50722  Aniso pos
mutata
Nc6 11,515,679 Neoponera com-  Ouro Preto do 9/4/1985 10°44'53"S/62°12'57"0  3.115 Aniso pos
mutata Oeste (RO)
Nc7 11,515,682 Neoponera com-  Melgaco (PA) 02/24/03 01°48'16"S/50°42'44"0  5.08806  Iso
mutata
Mcl 11,515,684 Mayaponera Melgago (PA) 10/29-31/2003  01°48'16"S/50°42'44"0  4.85861 Iso
constricta
Mc2 11,515,685 Mayaponera Sdo Francisco do  06/02/79 01°10'10"S/47°47'43"0  11.03166 Iso
constricta Para (PA)
Mc3 11,515,687 Mayaponera Novo Aripuand 09/07/11 05°08'00"S/60°22'30"0  5.79444  Iso
constricta (AM)
Mc4 11,515,688 Mayaponera Humaita (AM) 08/16/11b 07°3022"S/63°01'15"0  3.63639  Aniso pos
constricta
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Table 1 (continued)

Label Collection number Specie Collect place Collect date Latitude/longitude Incl (°) Spectral character

Mc5 11,515,689 Mayaponera Humaita (AM) 08/19/11 07°3022"S/63°01'15"0  3.63639  Anisotint
constricta

Mc6 11,515,686 Mayaponera Belém (PA) 02/06/79 01°27'21"S/48°30'14"0  11.29361  Aniso pos
constricta

Sbl 11,515,692 Solenopsis bruesi  Belém (PA) 02/21/08 01°2721"S/48°30'14"0  1.40722  Aniso pos

Sb2 11,515,693 Solenopsis bruesi  Belém (PA) 02/21/08 01°2721"S/48°30'14"0  1.40722  Aniso pos

Sb3 11,515,694 Solenopsis bruesi  Belém (PA) Gm02/21/08 01°27'21"S/48°30'14"0  1.40722  Iso

Sb4 11,515,695 Solenopsis bruesi  Belém (PA) 02/21/08 01°27'21"S/48°30'14"0  1.40722  Iso

Sg5 11,515,690 Solenopsis gayi®  Belém (PA) 02/24/08 01°2721"S/48°30'14"0  1.40444  Iso

Sgda 11,515,690 Solenopsis gayi®  Belém (PA) 02/24/08 01°2721"S/48°30'14"0  1.40444  Iso

Soldiers. All other individuals are workers
"Double collected specimen of the same nest

“Double collected specimen considered belonging to the same nest

ground surface of primary and secondary forests at lowland
and high land areas by using sardine baits, pitfall traps and
manual techniques. All specimens were first preserved in
75% alcohol and then sorted, dried, glued in paper triangles,
pointed in pins, organized by species and conserved in small
boxes, in entomological cabinet draws, at room temperature
of 20-22 °C. S. gayi and L. spininodis were collected at the
same date and city and are of the same nest (b in Table 1).
Other specimens, marked with c in Table 1, were sampled
together, kept in the same pin and were considered as from
the same nest.

FMR

FMR measurements were performed at room temperature
with a commercial X-band EPR spectrometer (Bruker
ESP300E) operating at 16 mW, with a 100-kHz modulation
field of 4 Oe in amplitude, 8 scans and 6.3e4 receiver gain,
resulting in the first derivative of the power absorption curve
as a function of the magnetic field. When necessary, spectra
were obtained with 4 or 16 scans.

The FMR principle is similar to that of Electron paramag-
netic resonance (EPR) and relies on Zeeman splitting. While
EPR deals with isolated atoms, FMR basically deals with
atoms which are coupled together by exchange interactions.
The sample magnetization precesses around the direction of
a static magnetic field, at the Larmor frequency. Microwaves
of fixed frequency are then applied to the sample, with their
energy absorbed depending on the strength of the applied
and any internal magnetic fields.

From the resonant condition, the effective spectroscopic
splitting factor gy is hv/ugH, where h is the Planck con-
stant, v the microwave frequency, ug is the Bohr magne-
ton and H the zero-crossing magnetic field position of a
spectral component or the applied magnetic field related
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to a spectral feature. The peak-to-peak linewidth, AH, is
the magnetic field difference between the points where the
amplitude of the derivative of the absorption are maxi-
mum and minimum and the line intensity is the differ-
ence of amplitude at these points. These parameters were
obtained using the Winespec software, specially developed
for manipulation of a set of EPR data.

The spectra are composed of the high field (HF) and
low field (LF) components as previously defined (Wajn-
berg et al. 2000) which are indicated in Fig. 1. The HF are
broad components (AH > 300 Oe) in the g ;=2 region.
The LF was arbitrarily chosen as broad components with
8> 4.3 (Riveros et al. 2014). While the HF line must be
due to single magnetic nanoparticles, the LF line must
be due to large nanoparticles or aggregates of nanopar-
ticles. The fact that the temperature dependence of the
resonance field of these lines generated curves almost
parallel to one another led us to correlate them to the iso-
lated and the aggregate magnetic structures, with the mag-
netic field shift associated with the demagnetizing field
contribution(shape anisotropy) (Wajnberg et al. 2000).
The LF and HF intensities (difference between the maxi-
mum and minimum peaks) were estimated from visual
determination of the peak positions. The LF intensity of
the incomplete components was taken from the first point
measured in the spectra and is a low limit value, hereafter
the LF/HF intensity ratio low limit. The absorption area
of the spectra was calculated as the second integral of the
derivative spectrum starting at high field values where the
baseline is better defined, with custom software developed
using the graphic language LabVIEW.

As spectra depend on the vertical sample position in the
cavity, care has been taken to get the highest signal ampli-
tude and best resolution of the spectral components for each
specimen.
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Fig.1 FMR spectra at room
temperature of some specimens
presented in Table 1. a spectra
with lower signal to noise

ratio than spectra in b. Inserts:
spectrum of L. coecus specimen
of the same nest of that in the
Figure. See “Materials and
methods” for FMR settings.
Vertical scales are in arbitrary
units. The scale in b is four
times that of a. Numbers close
to the spectra are amplifying
factors after normalized spectra
to eight scans

The angular dependence of the spectra of the ants was
performed with each ant’s long body axis positioned in the
vertical of the laboratory perpendicular to the spectrom-
eter’s magnetic field. Angle 0 was taken for the magnetic
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field parallel to the ant frontal plane. The ant was then
rotated around its long body axis (Fig. 2 inset).

When available, geomagnetic data were obtained from
the National Observatory in Tatuoca, Par4, Brazil, for the

collecting data and place. The International Geomagnetic
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Fig.2 LF and HF intensity ratios as a function of geomagnetic field
inclination, Incl (a) LF/HF intensity ratio of N. commutata specimens
(b) HF/LF intensity ratio of Solenopsis specimens. Open squares data

(see text)

modified from Wajnberg et al. (2005), horizontal axis: Incl of collect-

geomagaetic % K hclhation

ing date and place instead of geomagnetic field total intensity; full
square specimens from Belem, vertical position just for visual effect
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Reference Field (IGRF-12, 2014) model of the Earth’s main
magnetic field, available at http://www.ngdc.noaa.gov/
TAGA/vmod/igrf.html, was also used to obtain the local geo-
magnetic field parameters of all cities on the, respectively,
different collecting dates.

Statistical analysis

The Jaccard or similarity index was used to generate a gen-
era dendrogram that compares the similarity of the spectra
of each ant specimen. The isotropic or anisotropic spectral
characteristic (Table 1) and the presence of the low field
(LF) and high field (HF) components were considered to
obtain the similarity indexes. The similarity index J,p
among the genera A and B was obtained as folows:

Jag =[ANB]/[AUB], (1)
where [A N B] is the number of spectral characteristics
shared by both genera and [A U B] is the total number of
characteristics. The dissimilarity index J',g was calculated
as

Jp =1 Jap. 6
A dendrogram was constructed based on the J' 5 values

and using the unweighted pair group method with arithmetic
mean (UPGMA) cluster analysis (Choudhuri 2014).

Results

FMR

FMR of 37 of the 39 collected specimens resulted in com-
plex spectra characteristic of ferro(I)magnetic material. It
was shown that ants from all nine tested species have mag-
netic particles with different spectral properties. Only two
specimens of Labidus coecus [from Concei¢do do Araguaia
(PA) and Bujaru (PA)] spectra, out of six, are of the order
of the cavity background. Examples of room temperature
FMR spectra of the nine species distributed in five genera
are shown in Fig. 1. The HF and LF components (as defined
in “Materials and methods™), associated with isolated nano-
particles and to large/aggregated particles, respectively, typi-
cal of magnetic material in social insects (Wajnberg et al.
2010 and ref therein) are present in the spectra. Other narrow
lines are superimposed to the HF and LF broad components.
In some spectra a narrow line (AH~110 Oe) at g~2.06
is resolved. In a few others a very weak line at g .;=4.3
is observed, associated with a Fe** ion in allow symmetry
environment. The narrow line at g.4=2 is related to free
radicals usually present in biological samples.

The g values of the HF line are in the range from 2.04
(Eh6, Eb2) to 3.46 (Eh5), all from Ji-Parana (RO), and the
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linewidth varies from 310 Oe (Lc3 from Lago dos Rodri-
gues (MA)) to 1855 Oe [Mc1 from Melgaco (PA), Fig. 1b].
These values are consistent with FMR parameters of super-
paramagnetic particles obtained in social insects (Wajnberg
et al. 2010).

As commonly observed in social insects, most of the LF
components of the X-band FMR spectra (Wajnberg et al.
2010) extend to negative field values, so are incomplete
components which result in a large uncertainty or even make
8. determination impossible. All g ¢ values are higher than
6, with this minimum value observed in the Eh5 ant spectra
(Fig. 1b) from Ji-Parana (RO).

Differences in the spectral intensity, in the line position,
linewidth and in the HF/LF intensity ratio are observed
among the genera (Fig. 1). Even among the same species
these differences are easily observed, as with for example, L.
coecus (Lcl in Fig. la and Lc3 in Fig. 1b) and also E. hama-
tum (Eh4 in Fig. 1a, Eh5 and Eh6 in Fig. 1b). It is interesting
to highlight that individuals of the same nest present differ-
ent spectra, such as L. coecus from Concei¢do do Araguaia
(PA) Lcl and Lcla (Fig. 1a and insert, respectively) and
from Lago dos Rodrigues (MA) Lc3 and Lc3a (Fig. 1b and
insert, respectively). The intensities of the spectra in Fig. 1b
are at least 2 times higher than those in Fig. 1a (scales of
vertical axis in arbitrary units).

Besides the locality (local environment conditions and
geomagnetic field parameters), other factors can be related
to the magnetic particle properties and then to the spectral
characteristic. The time interval between collecting and
measurement, and the preservation methods can affect the
biological tissue and magnetic material of each ant speci-
men. Ant colonies are capable of adapting to a system that
changes over time (Schroeder et al. 2018). As the geomag-
netic field changes on time scales of about a year or more
(secular variation),it is possible that the magnetic material
adaptively responds to this change, so that the collecting date
is an important factor.

The following analysis compares the spectral charac-
teristics of individuals collected in the same city and very
close dates (at most 3 days of difference). First, spectra of
specimens from the same nest were compared, then those
of the same species from different nests, and finally those
of individuals of the same genera. Individual spectra of the
same species from different cities are also compared.

Labidus coecus (Lcl, Lela) from Conceicdo do Araguaia,
(Lc3, Lc3a) from Lago dos Rodrigues, L. praedator (Lp6,
Lp6a) from Conceicdo do Araguaia, L. spininodis (Ls8,
Ls8a) from Melgaco and S. gayi (Sg5, Sg5a) from Belem
were double collected specimen from the same nest. Spectra
of double collected individuals of S. gayi, L. praedator and
L. spininodis are indistinguishable within the spectral noise
(figure not shown). Nevertheless, the spectra of L. coecus
(Lc3, Lc3a) showed differences (Fig. 1b and insert): one has
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an extra line at g.;=2.28 (AH=280 Oe) and the intensity of
the LF and HF components are about three times higher than
those in the other individual spectra, but with very similar
field position and linewidth. Only Lc1 from Concei¢do do
Araguaia exhibits a FMR spectruml; Lcla spectrum is indis-
tinguishable from the cavity background. These differences
can be related to differences in the ant nest function-age and
evidence the complexity of the nest organization dynamic of
each species studied.

M. constrictra (Mc4, Mc5) collected in Humait4 present
very similar spectra. In this case, they probably had the same
function in the nest even though they are from different
localities, which probably means that the spectra are simi-
lar in the lowland area along the Madeira River, an Amazon
tributary. However, E. hamatum soldiers (Eh5, Eh6) from
Ji-Parana collected with 2 days interval, show different spec-
tra. A HF component at g.z=3.5 (AH =480 Oe) is present
only in the spectrum of ant Eh5. The LF components are
similar but with higher intensity in the Eh6 spectrum. The
HF component in the g =2 region comes out with very low
intensity relative to the LF one in both spectra. This differ-
ence could be due to its environment since the Ji-Parani
specimens came from highland forests.

The spectra of L. coecus and L. praedator individuals
(Lc3 and Lp7) collected in Lago dos Rodrigues show similar
LF and HF with different relative fractions. The extra HF
narrow (AH =290 Oe) components present in both spectra
are at different g values. The LF component observed in the
E. hamatum (Eh5, Eh6) spectra is not detectable in the E.
burchelli (Eb2) spectrum, all three soldiers from Ji-Parana.
This E. burchelli spectrum presents the HF component in
the g =2 region but with intensity about three and two times
lower than E. hamatum Eh6 and Eh5 spectra, respectively.
This result indicates that the spectra vary for each Eciton
species.

The spectrum of L. coecus (Lcl), collected at a geomag-
netic field inclination (Incl) of —0.12, does not exhibit the
LF component and the HF component is broader than that
present in the spectra of the ant Lc3 collected at an Incl
of 2.13. Similarly, differences were observed between the
spectra of the M. constricta, Mc6 and Mc2, collected at Incl
11.3 and 11.03, respectively. Although the HF components
are very similar in this species’ spectra, the LF component
is only observed in the Mc2 spectrum and the extra narrow
component at g.;=2.26 (AH=150+50) only in the Mc6
spectrum. These specimens were collected on different days
during 1979, so the spectral differences for the same species
of these two genera could be related to the effects of environ-
mental conditions on the magnetic particle system such as
geomagnetic field inclination and/or soil composition.

Finally, only three specimens were collected in min-
ing areas: Nc2 from Serra do Navio; and Nc5 (Fig. 3b)
and Eb3 (Fig. 1b) from Parauapebas. The spectra of both

N. commutata are anisotropic and present the same com-
ponents, while the E. burchelli spectrum is isotropic (with
anisotropy as defined in the next section), distinct from the
two others.

The LF and HF components in the ants’ spectra were
related to magnetic particles of different sizes and shapes
from temperature dependence analysis (Wajnberg et al.
2000; El-Jaick et al. 2001), and their intensity ratio was used
to identify which magnetic size particle is predominant in
each Brazilian ant species (Wajnberg et al. 2005). In the
present paper, the dependence of the values of that ratio
on the geomagnetic field parameters of the collecting date
and city, Incl and Int, obtained from the IGRF model, were
analysed. No clear correlation was observed except for a
qualitative tendency of decreasing the LF/HF ratio in the
spectra of N. commutata with increasing Incl (Fig. 2a) and
Int (Figure not shown). This analysis was not possible for
the Solenopsis genera since there were few individuals per
species and they were all collected on very close dates, at the
same geomagnetic and environmental conditions (Belem).
Nevertheless, it is Interesting to observe that their LF com-
ponent contribution to their spectra is negligible, so that the
HF/LF ratio is very high (Fig. 2b). This result is in good
agreement with the correlation for the species previously
studied (Wajnberg et al. 2005).

Angular dependence of FMR spectra

The angular dependence of FMR spectra of 35 ants was clas-
sified into three groups: anisotropic in line position (Fig. 3a,
b) for which the peak positions are dependent on the rotation
angle; anisotropic in intensity (Fig. 3c), for which the peak
positions (indicated by the vertical lines) are independent of
the rotation angle, whereas peak intensities vary; and iso-
tropic (Figure not shown) for which peak positions and peak
intensities are independent of the rotation angle. The aniso-
tropic character is related to the magnetic material arrange-
ment and orientation.

In Fig. 3 anisotropic angular dependence of Nc3, Nc5 and
Eh5 FMR spectra is shown as examples. The anisotropic
character of all ant spectra is given in Table 1.

The HF component anisotropy in position is easily
observed in Fig. 3a, with g values from 3.84 at 45° and 180°
to 1.52 at 135°. Less notable is the positional anisotropy of
the HF component as shown in Fig. 3b. Solid vertical lines
in Fig. 3b indicate extreme g values of the HF component
that varies from g=2.2 at 180° to 2.4 at 90°. The dashed
vertical line indicates the LF component that is anisotropic
in intensity. The EhS ant spectra in Fig. 3¢ exhibit anisotropy
in intensity. The LF maximum peak at g .= 14 and the HF
one at g.;=3.46 (vertical lines) show the highest intensity
at 90° and the lowest one at 0°.
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Fig.3 Examples of angular dependence of FMR spectra. a Nc3 ant
spectra: anisotropic in line position and intensity, b Nc5 ant spec-
tra: anisotropic in line position, ¢ EhS ant spectra: anisotropic in line
intensity. Vertical axes are in arbitrary units. Ant’s long body axis

About 60% of all ant spectra are isotropic. This percent-
age varies among the genera. About 70% of the Solenopsis
and 100% of the Labidus spectra are isotropic. Only one of
the three spectra of Eciton soldiers and workers presents
isotropic angular dependence. Workers present spectra with
anisotropy in position while the soldier spectra are aniso-
tropic in intensity. This anisotropic character difference
could be related to their nest functions, which because of
different orientation demand could require different proper-
ties of the magnetic material. About 70% of the migratory
N. commutata spectra are anisotropic. Only about 50% of
the M. constricta spectra are anisotropic, for which species
neither migratory nor nomadic behaviour was reported. This
result could be indicative of an anisotropic character related
to migration.

Statistical analysis

For similarity tests, the presence of the LF component and
the anisotropic spectral characteristics were used. Differ-
ences in anisotropy position and in intensity were not con-
sidered for this analysis. The HF component was not taken
into account as it was present in all the spectra. The four
types of spectra (A, B, C and D) were named as shown in
Table 2.

@ Springer

positioned in the vertical of the laboratory (z axis) perpendicular to
the spectrometer’s magnetic field (H) rotation plane (xy). Angle 6=0
was taken for the magnetic field parallel to the ant frontal plane (y
axis), in insert. The ant was rotated around its long body axis

Table 2 Definition of the spectral type by its anisotropic character
and the presence of LF component

Type LF Isotropy Anisotropy
A + + -

B + - +

C - + -

D - - +

Table 3 Spectral type distribution

Genera A B C D Total
Mayaponera 3 0 0 3 6
Neoponera 1 5 1 0 7
Eciton 1 3 1 1 6
Labidus 3 0 7 0 10
Solenopsis 0 0 5 2 7

The distribution of these spectral types for each genus
is given in Table 3.

Using the distribution of spectral types shown in
Table 3, Jaccard indexes were calculated using Eqs. (1)
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Table 4 Jaccard similarity J and dissimilarity J' indexes among the
ant genera

Mayapon-  Neoponera Eciton Labidus Solenopsis
era
Mayapon-  — 0.307 0.667 0375 0.384
era
Neoponera  0.693 - 0.923 0.706  0.428
Eciton 0.333 0.077 - 0.75 0.692
Labidus 0.625 0.294 025 - 0.706
Solenopsis  0.616 0.572 0.308 0.294 -

J values are in the table right side (above the diagonal line) and J' are
in the left side (below the diagonal line)

0.7«

0.6+

00
Neoponera Eciton [abidus Solenopsis Mayaponera

Fig.4 Dendrogram obtained by the UPGMA cluster analysis using
the dissimilarity index J' (Table 4)

and (2). The Jaccard indexes of similarity (/) and dissimi-
larity (J') are shown in Table 4.

The UPGMA cluster analysis was performed using the
J' values (Table 4) and the result is shown as a dendrogram
(Fig. 4). The height of the vertical lines of this dendrogram
indicates the degree of difference between branches.

The dendrogram shows that Mayaponera spectral charac-
teristics are substantially different from the other ant genera.
It is also evident that Neoponera—Eciton is the only pair of
genera that is fairly close, that is, Neoponera and Eciton genera
are more similar to each other than they are to any other one,
but still close to Labidus genera. Solenopsis is closer to the
migratory and army ants than Mayaponera ants.

Discussion

Nine species of the ant genera Mayaponera, Neoponera,
Eciton, Labidus and Solenopsis, mainly from the north-
ern Brazilian region, were studied by FMR looking for
the presence of magnetic particles. These species cover a
variety of displacement and feeding behaviours, such as,
migratory, nomadic, hunt, raid and termitophageous. The
specimens analysed are part of the invertebrate collection
from the Museum Paraense Emilio Goeldi. The workers
of this set were not classified by their functions in the nest
as nursers, foragers and scouts and the desirable higher
number of individuals of the same nest was not possible.

The present analysis is complex since several param-
eters, such as conservation time, nest function, specimen
processing and the local environment in which samples
were collected can influence the spectral features. Differ-
ences in ages and functions affect the magnetic material
amount and orientation in ants and honeybees (Wajnberg
et al. 2010). For example, spectral differences were already
reported among Solenopsis workers who were nurses, sol-
diers and foragers collected in the same nest (Abragado
et al. 2009). Even when only foragers of just one nest of
the singular A. colombica species were collected, the FMR
spectra diversity was still observed associated with the
variability among individuals with the same nest func-
tion as well as the same environmental conditions (Riveros
et al. 2014). In the present study, nest function and envi-
ronmental conditions are neither known nor controlled.

The effect of the conservation condition due to the
elapsed time between collecting (older 1979 and newer
2011) and measurement days cannot be neglected. It is
then not surprising that most of the Labidus spectra are
noisy as the specimens were collected in1979. It is inter-
esting to note that two individuals (Lc3 in Fig. 1b and Lp7
spectrum not shown) of different species but collected at
the same place and Lc3 1 day after Lp7, presented the
same spectral components but with different fractions.
It suggests that the components are related to the envi-
ronmental conditions, while their relative amount could
be associated with the collection technique, conservation
methods and also to species behaviour. An environmental
effect is also suggested by the spectral similarity of the two
N. commutata (Nc5 and Nc2), from two different mining
regions, that is not observed among the other specimens
of this genera out of the mining region.

The LF and HF components characteristic of other
insects are present in the spectra. However, neither the
spectral area nor the HF/LF intensity ratio of the several
ant genera correlate to the local geomagnetic field, in con-
trast to what was previously observed for Solenopsis ants
(Wajnberg et al. 2005). The spectral area is proportional
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to the magnetic material amounts, but it is not necessarily
associated with magnetic sensitivity as reported for Atta
ants (Riveros et al. 2014). Instead, the size and arrange-
ment of the particles, which are related to the LF and
HF components, and magnetic anisotropy are important
parameters for magnetic field sensitivity based on bio-
logical magnetic-torque transducers of magnetite (Winkl-
hofer and Kirschvink 2010). The expected increasing HF/
LF intensity ratio observed for Solenopsis spectra with
increasing geomagnetic intensity (Wajnberg et al. 2005)
was not observed for any of the studied genera.

As the anisotropic spectral property is a characteristic of
workers of A. colombica soil nest (Riveros et al. 2014), this
spectral anisotropic characteristic, and the presence of the
LF component, were then used to group the species studied
that could be associated to the raid and nomadic behaviour.
The unexpectedly low fraction of anisotropic spectra (about
40%) is probably related to the sample set diversity. A higher
percentage (70%) was observed for the more homogeneous
sample of A. colombica forager ants from a single soil nest,
collected once. Even so a distribution in the spectral charac-
teristics was observed. Strikingly, the combination of FMR
and a behavioural experiment of this A. colombica colony
suggested the correlation of the spectra anisotropy with
sensitivity to the magnetic compass (Riveros et al. 2014).
Unfortunately, the number of specimens at hand was insuf-
ficient for calculation of the correlation between spectral
anisotropy and the geomagnetic field parameters.

The cluster analysis showed a similarity among the ana-
lysed migratory and army ant species that could be related
to their common long action radius, making long trials
inside the forest floor (Wilson 1971; Mill 1982) during for-
aging and nest emigration. This resulted in an unexpect-
edly higher similarity between the Ecifon army ant and the
Neoponera migratory ant than between the two army ants,
Eciton and Labidus, although the former are of different
phylogenetic origin (Schmidt and Shattuck 2014). Despite
the common nomadic behaviour of army ants, they differ
in the raiding behaviour. E. hamatum and E.burchelli raids
are diurnal (Franks and Fletcher 1983; Teles da Silva 1982)
while L. praedator column raiding appeared be larger and
more densely populated at night on Barro Colorado Island.
Instead, L. coecus, raids can be both diurnal and nocturnal
(Powell and Baker 2008). Moreover, the epigaeic (above-
ground) or hypogaeic (underground) raid character is distinct
for these genera. L. coecus raids are hypogaeic (Wetterer and
Snelling 2015) while L. praedator raids are either hypo or
epigaeic. In contrast, N. commutata as well as Eciton species
present mostly epigaeic (Mill 1984). Magnetic orientation
can be essential for subterranean or nocturnal raids, as in the
Labidus species studied so that the magnetic proprieties of
their particles would be unlike those of the analysed Eciton
and Neoponera species.
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It is interesting to note that magnetic data resulted in
high dissimilarity between Mayaponera and Neoponera
(Fig. 4). These two genera were initially from the same
Pachycondyla genus and were recently reclassified as M.
constricta and N. commutata. N. commutata is migratory
and makes long group-foraging journeys looking for Syn-
termes spp. termite nests during the day, whereas M. con-
stricta conduct nocturnal foraging (Schmidt and Shattuck
2014) and for them long-distance displacements are not
described in the literature, as far as we know. The observed
differences in the magnetic particle properties could be
related to the above behavioural and environmental charac-
teristics. The magnetic particles properties of the studied
ants appear not to be related to the phylogenetic similari-
ties once the army ants, Labidus and Eciton genera, were
distinguished one from each other and those of Eciton are
closer to those of Neoponera; this indicates, however, that
raiding behaviour might be the differentiation factor.

Conclusion

The number of species studied in this work contributes to
the data on properties of the magnetic particles in ants and
suggests that they are related to their adaptive capability. It
encourages further studies on magnetic sensitivity in ants
and other social insects.

This paper introduces a possible method of classifying
biomineralized magnetic material of social insects, which
at this stage should be considered as a starting point.
The reported findings may stimulate new hypotheses for
magnetoreception considering the different dislocation
distances in behaviours such as homing and raiding or
emigration. Care should be taken with factors, such as
environmental condition, conservation and nest function.
These studies will demand the following challenging con-
trolled conditions: collection of a large number of work-
ers, preferentially foragers, of the same nest at the same
period; analysis of different close nests and a number of
species from one genus; more than one genus, if feasible;
and the time interval between collecting and measurement
must be as short as possible, respecting the conservation
method.

Acknowledgements We thank Observatério Nacional for support-
ing its operation and the Tatuoca campus for geomagnetic data not
available electronically. The authors gratefully thank the use of IGRF
model that is a product of NOAA (National Oceanic and Atmospheric
Administration at http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html.
We thank Dr. William Overal for collecting environments information,
Marcia Barbosa for FMR measurements and LCM Souza thanks the
CNPq for the fellowship.


http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html

European Biophysics Journal

References

Acosta-Avalos D, Esquivel DMS, Wajnberg E, Lins de Barros HGP,
Oliveira PS, Leal I (2001) Seasonal patterns in the orientation
system of the migratory ant Pachycondyla marginata. Naturwis-
senschaften 88:343-346

Billen J (1992) Origin of the trail pheromone in Ecitoninae: a behav-
ioural and morphological examination. In: Billen J (ed) Biology
and evoution of social insects. Leaven University Press, Leaven,
pp 203-209

Charilaou M (2017) Ferromagnetic resonance of biogenic nanoparticle-
chains. J Appl Phys 122:063903

Choudhuri S (2014) Bioinformatics for beginners. Academic Press,
Amsterdam

Dejean A, Corbara B, Roux O, Orivel J (2014) The antipredatory
behaviours of Neotropical ants towards army ant raids (Hyme-
noptera: Formicidae). Myrmecol News 19:17-24

El-Jaick LJ, Acosta-Avalos D, Esquivel DMS, Wajnberg E, Linhares
MP (2001) EPR study of Honeybees Apis mellifera abdomens.
Eur Biophys J 29:579-586

Fernandes IO, Oliveira ML, Delabie JHC (2014) Description of two
new species in Neotropical Pachycondyla foetida (Hymenoptera:
Formicidae: Ponerinae) and taxonomic notes on the genus. Myr-
mecol News 19:233-264

Franks NR, Fletcher CR (1983) Spatial patterns in army ant forag-
ing and migration: Eciton burchelli on Barro Colorado Island,
Panama. Behav Ecol Sociobiol 12:261-270

Holldobler B, Wilson EO (1990) The ants. The Belknap Press of Har-
vard University, Cambridge

Holldobler B, Janssen E, Bestmann HJ, Leal IR, Oliveira PS, Kern F,
Konig WA (1996) Comunication in the migratory termite-hunting
ant Pachycondyla (= Termitopone) marginata (Formicidae, Pon-
erinae). J Comp Physiol A 178:47-53

Lanan M (2014) Spatiotemporal resource distribution and foraging
strategies of ants (Hymenoptera: Formicidae). Myrmecol News
20:53-70

Lohman KJ (2010) Magnetic-field perception. Nature 464:1140-1142

Mill AE (1982) Emigration of a colony of the giant termite hunter,
Pachycondyla commutata (Roger) (Hymenoptera: Fomicidae).
Entomol Mon Mag 118:243-245

Mill A E (1984) Predation by the ponerine ant Pachycondyla commu-
tata on termites of the genus Syntermes in Amazonian rain forest.
J Nat Hist 18:405-410

O’Donnell SO, Kaspari M, Kumar A, Lattke J, Powell S (2011)
Elevational and geographic variation in army ant swarm raid
rates. Insect Soc D 58:293-298. https://doi.org/10.1007/s0004
0-010-0129-7

Oliveira JF, Wajnberg E, Esquivel DMS, Weinkauf S, Winklhofer M,
Hanzlik M (2010) J R Soc Interface 7:143—-152

Powell S, Baker B (2008) Os grandes predadores dos neotrépicos: com-
portamento, dieta e impacto das formigas de correi¢do (ecitoni-
nae). In: Ferreira Vilela E, dos Santos IA, Serrdo JE, Schoereder
JH, Lino-Neto J, de Campos OLA (eds) Insetos sociais da biologia
a aplicacdo. Universidade Federal de Vicosa, Vicosa, pp 18-37

Rettenmeyer CW, Rettenmeyer ME, Joseph J, Berghoff SM (2011) The
largest animal association centered on one species: the army ant
Eciton burchellii and its more than 300 associates. Insect Soc
58:281-292. https://doi.org/10.1007/s00040-010-0128-82011

Riveros AJ, Esquivel DMS, Wajnberg E, Srygley RB (2014) Do leaf-
cutter ants Atta colombica obtain their magnetic sensors from

soil? Behav Ecol Sociobiol 68:55-62. https://doi.org/10.1007/
$00265-013-1621-7

Schmidt C (2013) Molecular phylogenetics of ponerine ants (Hyme-
noptera: Formicidae: Ponerinae). Zootaxa 3647:201-250

Schmidt CA, Shattuck SO (2014) The higher classification of the ant
subfamily Ponerinae (Hymenoptera: Formicidae), with a review of
Ponerine ecology and behavior. Zootaxa 3817(1):001-242

Schroeder TBH, Houghtaling J, Wilts BD, Mayer M (2018) It’s not
a bug, it’s a feature: functional materials in insects. Adv Mater
30:1705322

Shaw J, Boyd A, House M, Woodward R, Mathes F, Cowin G, Saun-
ders M, Baer B (2015) Magnetic particle-mediated magnetore-
ception. J R Soc Interface 12:20150499. https://doi.org/10.1098/
rsif.2015.0499

Teles da Silva M (1982) Behaviour of army ants Eciton burchelli and
E. hamatum (hymenoptera, formicidae) in the Belem region III:
raid activity. Insectes Soc Paris 29:243-267

Wajnberg E, Acosta-Avalos D, El-Jaick LJ, Abragado L, Coelho JLAA,
Bakuzis F, Morais PC, Esquivel DMS (2000) Electron paramag-
netic resonance study of the migratory ant Pachycondyla margi-
nata abdomens. Biophys J 78:1018-1023

Wajnberg E, Alves OC, Harada AY, Esquivel DMS (2005) Brazilian
ants diversity and the local geomagnetic field: a ferromagnetic
resonance study. Biometals 18:595-602. https://doi.org/10.1007/
$10534-005-2995-4

Wajnberg E, Acosta-Avalos D, Alves OC, Oliveira JF, Srygley RB,
Esquivel DMS (2010) Magnetoreception in eusocial insects: an
update. J R Soc Interface 7:5S207-S225. https://doi.org/10.1098/
15if.2009.0526.focus

Wajnberg E, Rossi AL, Esquivel DMS (2017) Titanium and iron tita-
nium oxide nanoparticles in antennae of the migratory ant Pachy-
condyla marginata: an alternative magnetic sensor for magnetore-
ception? Biometals 30:541-548. https://doi.org/10.1007/s1053
4-017-0024-z

Weiss BP, Kimc SS, Kirschvink JL, Kopp RE, Sankarand M, Kob-
ayashie A, Komeilia A (2004) Ferromagnetic resonance and low-
temperature magnetic tests for biogenic magnetite. Earth Plan Sci
Lett 224:73-89

Wetterer JK, Snelling GC (2015) Geographic distribution of Labi-
dus coecus(Latr.) (Hymenoptera, Formicidae) a subterranean
army ant. ] Hymenopt Res 44:31-38. https://doi.org/10.3897/
jhr.44.4672

Wild AL (2002) The genus Pachycondyla (Hymenoptera: formicidae)
in Paraguay. Bol Mus Nac Hist Nat Parag 14:1-18

Willson SK, Sharp R, Ramler IR, Sen A (2011) A spatial movement
optimization in Amazonian Ecifon burchellii army ants. Insect
Soc 58:325-334. https://doi.org/10.1007/s00040-011-0171-0

Wilson EO (1971) The insectes societies. The Belknap Press of Har-
vard University, Cambridge, p 548

Wilstchko W, Wilstchko R (1995) Magnetic orientation in animals.
Springer, Berlin

Winklhofer M, Kirschvink JL (2010) A quantitative assessment of
torque-transducer models for magnetoreception. J R Soc Inter-
face 7:5273-S289. https://doi.org/10.1098/rsif.2009.0435.focus

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1007/s00040-010-0129-7
https://doi.org/10.1007/s00040-010-0129-7
https://doi.org/10.1007/s00040-010-0128-82011
https://doi.org/10.1007/s00265-013-1621-7
https://doi.org/10.1007/s00265-013-1621-7
https://doi.org/10.1098/rsif.2015.0499
https://doi.org/10.1098/rsif.2015.0499
https://doi.org/10.1007/s10534-005-2995-4
https://doi.org/10.1007/s10534-005-2995-4
https://doi.org/10.1098/rsif.2009.0526.focus
https://doi.org/10.1098/rsif.2009.0526.focus
https://doi.org/10.1007/s10534-017-0024-z
https://doi.org/10.1007/s10534-017-0024-z
https://doi.org/10.3897/jhr.44.4672
https://doi.org/10.3897/jhr.44.4672
https://doi.org/10.1007/s00040-011-0171-0
https://doi.org/10.1098/rsif.2009.0435.focus

	Magnetic material diversity in Brazilian ants: displacement behaviour and environmental adaptability
	Abstract
	Introduction
	Materials and methods
	Samples
	FMR
	Statistical analysis

	Results
	FMR
	Angular dependence of FMR spectra
	Statistical analysis

	Discussion
	Conclusion
	Acknowledgements 
	References




