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Neoichnology of two spirobolid millipedes:

improving the understanding of the burrows of soil detritivores

Jared J. Bowen and Daniel I. Hembree

ABSTRACT

Burrowing detritivores such as millipedes play an important role in soil formation.
In order to improve the recognition of millipede burrows and, therefore, the presence of
millipede macrodetritivores in the fossil record, this study describes the burrowing
behavior and resulting burrow morphologies of two species of spirobolid millipedes:
Narceus americanus and Floridobolus penneri. Millipedes were placed in terraria filled
with sediment of varied compositions and controlled moisture contents for 7-94 days.
Open burrows were cast with plaster, excavated, and described both qualitatively and
quantitatively. Both N. americanus and F. penneri produced vertical, subvertical, heli-
cal, and O-shaped burrows. Floridobolus penneri also produced J-shaped burrows.
Burrow morphologies of both species were found to be similar and unaffected by sedi-
ment properties using the Bray Curtis similarity and Spearman’s rank correlation tests,
respectively. Burrows of two other millipede species of the Order Spirostreptida, Ortho-
porus ornatus, and Archispirostreptus gigas, produced in a previous study were also
compared to the spirobolid burrows. While burrows of O. ornatus were similar, burrows
produced by A. gigas, the largest of the four species, were the least similar even after
removing size-dependent burrow properties from the analysis. Differences and similar-
ities in burrow morphology were instead attributed to the behavioral function of the bur-
row: refuge or feeding. Despite some differences, all millipede burrow shafts and
tunnels had a mean width-to-height ratio of 1.0-1.14. These results show that juliform
millipedes produce burrows with unique morphologies that may be used to differentiate
their burrows from those produced by other soil organisms.
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INTRODUCTION

Trace fossils include preserved tracks, trails,
burrows, and borings that result from the life activi-
ties of an organism within or on a medium (Brom-
ley, 1996). These structures represent the direct
response of an organism to its environment (Brom-
ley, 1996). As environmental conditions (sediment
composition, moisture, temperature, etc.) change,
the behavior of the organism and thus the trace
may also change (Davis et al., 2007; Hasiotis,
2007; Genise et al., 2009; Hembree, 2009; Hamer
and Sheldon, 2010; Dashtgard, 2011; Hembree et
al., 2012, Smilek and Hembree, 2012, Getty et al.,
2013). As such, an understanding of trace fossils
and their potential tracemakers is invaluable to
paleoenvironmental and paleoecological recon-
structions. Understanding the significance of trace
fossils comes from experimental neoichnology.
These studies involve the observation of extant
organisms in the field or controlled laboratory set-
tings while they are interacting with a medium.
Observations of the organism’s behaviors and
reactions to changing conditions, as well as
detailed documentation of the traces produced,
allow these structures to serve as analogs for trace
fossils.

With over 12,000 species described, the class
Diplopoda (millipedes) is among the most diverse
groups of extant terrestrial organisms (Sierwald
and Bond, 2007). Although these animals are
extremely common, their trace-making abilities are
poorly understood (Hembree, 2009). It is well doc-
umented that arthropods, specifically diplopods,
were among the first macrofauna to colonize land
(Almond, 1985; Rolfe, 1985; Jeram et al., 1990;
Pisani et al., 2004; Ward et al., 2006; Schaefer et
al.,, 2010). Fossil millipedes have been found in
deposits as old as the Silurian (Wilson and Ander-
son, 2004). Relatively few fossil millipedes have
been described, however, likely due to their terres-
trial habitats as well as their tendency to consume
their molts (Shear and Edgecombe, 2010). This
bias is very evident in the Permian, which lacks
any well-described fossils (Shear and Edgecombe,
2010). The primary exceptions to this taphonomic
bias occur in the Mississippian and Pennsylvanian
which have yielded some exceptionally well-pre-
served fossils (Hoffman, 1963; Wilson, 2005a,
2005b, 2006a).

Fossil trackways attributed to millipedes occur
as early as the Late Ordovician (Johnson et al.,
1994), and coprolites attributed to millipedes have
been described from the Early Devonian (Edwards

et al., 2012). A fully fused, ring-form body similar to
that of extant burrowing members of the Juliformia
appears in the Early Devonian (Wilson, 2006b;
Cong et al., 2009). Undisputed millipede burrows
of that age, however, have yet to be described,
although burrows in the Ordovician Juniata Forma-
tion have been suggested to have been produced
by millipedes (Retallack and Feakes, 1987; Retal-
lack, 2001a). Given the early occurrence of bur-
rowing adaptations, fossil burrows may be an
effective proxy for the presence of millipedes if they
could be distinguished from those of other burrow-
ing animals. With the higher preservation potential
of trace fossils, the recognition of fossil millipede
burrows could also assist in refining the date for
the colonization of land.

Extant millipedes are globally widespread, but
individual species are only able to tolerate small
environmental changes (Golovatch and Kime,
2009). Many studies of extant millipedes have illus-
trated their sensitivity to precise levels of light, tem-
perature, moisture, food resources, -calcium,
nitrogen, and specific landscapes, all factors that
would greatly assist in paleoenvironmental recon-
structions (Crozier, 1924; O’Neill, 1967, 1968a,
1968b, 1969; Toye, 1966; Banerjee, 1967; Davis,
1978; Moeed and Meads, 1985; Crawford, 1992;
Bailey and Kovaliski, 1993; Dangerfield and Chip-
funde, 1995; Carcamo et al., 2000; Greyling et al.,
2001; Kalisz and Powell, 2003; Tuf et al., 2006;
Farfan, 2008; StasSiov, 2009; StaSiov et al., 2012;
Fujimaki et al., 2010; Kime and Golovatch, 2000;
Galanes and Thomlinson, 2011).

The purpose of this paper is to characterize
biogenic structures produced by two extant species
of spirobolidan millipedes (Myriapoda: Diplopoda:
Juliformia), Narceus americanus (Family: Spiroboli-
dae), and Floridobolus penneri (Family: Floridoboli-
dae), under controlled laboratory conditions.
Surface and subsurface biogenic structures pro-
duced by F. penneri and N. americanus are thor-
oughly described along with the associated
burrowing techniques and behaviors. Sediment
composition, moisture, available space, and time
available were varied to determine the effect of
these variables on burrow morphology. By describ-
ing the biogenic structures produced by such com-
mon extant soil detritivores as millipedes under
varying environmental conditions, trace fossils with
similar morphologies may be used to aid in the
interpretation of paleoenvironmental, paleoeco-
logic, and paleoclimatic conditions of continental
deposits.
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Solitary Segments

FIGURE 1. Millipede morphology and distribution. 1. Diagram of Narceus americanus showing the head, first five seg-
ments, and three diplosegments. 2. Distribution map of N. americanus after Shelley et al. (2006). Inset map shows the
distribution of Floridobolus penneri in central Florida. 3. Coiled N. americanus individual used in this study. 4. Narceus
americanus from the Smoky Mountains, Tennessee. 5. A F. penneri individual used in this study. Scale bar equals 1

cm.

MILLIPEDE ECOLOGY AND BEHAVIOR

The Class Diplopoda is divided into 16 extant
orders and 8 extinct orders distributed over every
continent except for Antarctica (Golovatch and
Kime, 2009). Millipedes are present in most terres-
trial habitats living primarily at or near the leaf litter/
soil interface (Sierwald and Bond, 2007). The typi-
cal environments for millipedes are temperate to
tropical, humid deciduous forests; however, they
can also thrive at high altitudes, in caves, and in
deserts (Golovatch and Kime, 2009). Millipedes
are characterized by an elongate body form con-
sisting of multiple fused segments (diplosegments),
with two pairs of legs and two pairs of tracheae on
all but the head and first several segments (Figure

1.1) (Sierwald and Bond, 2007). Most millipedes
have a calcite-impregnated, chitinous exoskeleton
that provides physical defense and protection
against desiccation (O’Neill, 1969; Thorez et al.,
1992; Eisner et al., 1998; Shear and Edgecombe,
2010). As a result, many millipedes have a prefer-
ence toward calcium-rich environments (Kime and
Golovatch, 2000). The diplosegment condition
increases pushing force capability while the calcite
reinforced cuticle protects the animal as it pushes
itself into sediment using the collum as the primary
force point (Manton, 1953, 1958, 1961; Borrell,
2004).

Among millipedes, members of the orders
Polydesmida, Spirostreptida, Spirobolida, and Jul-
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ida are best adapted to burrowing and feeding in
soils (Enghoff et al., 1993; Cong et al., 2009).
Three specific morphotypes of burrowing milli-
pedes have been described: (1) juloid, or ramming-
type body forms chiefly consisting of members of
the Superorder Juliformia, that use a compressive
burrowing technique; (2) polydesmoid, or wedge-
type body forms, that force their way into cracks or
crevices and then lift their bodies to create wider
openings; and (3) platydesmoid, or borer-type body
forms, with flat backs and tapered anterior ends
that are pushed into the sediment (Kime and Golo-
vatch, 2000). Millipedes are known to increase
their energy output in response to stressed condi-
tions and typically burrow to avoid desiccation
(O’Neill, 1967, 1968a; Dangerfield and Chipfunde,
1995; Villani et al., 1999).

Millipedes are primary detritivores and, there-
fore, play an important role in the initial breakdown
of plant material (Ausmus, 1977; Crawford, 1992).
In temperate forests they are estimated to con-
sume up to 15% of annual leaf fall and up to 36%
of the annual litter in coniferous forests (Golovatch
and Kime, 2009). Decomposition of litter by milli-
pedes can increase the overall rate of nitrogen
mineralization and influence the microbial activity
of soils (Carcamo et al., 2000). It is clear that milli-
pedes presently play an important part in the for-
mation of soils in many ecosystems and may have
played an even larger role in the past since the evi-
dence of terrestrial millipedes predates the appear-
ance of other macrodetritivores by at least 27
million years (Crawford, 1992).

Both Narceus americanus and Floridobolus
penneri are of the juloid morphotype and are
known to burrow, but live in different habitats. Nar-
ceus americanus is a large, North American milli-
pede that can reach up to 10 cm in length as an
adult (Figure 1.2—4) (Shelley et al., 2006). The spe-
cies occurs in the eastern half of the United States
and portions of southeastern Canada at all eleva-
tions primarily on temperate to subtropical forest
floors (O’Neill, 1968a, 1968b; Ausmus, 1977; Shel-
ley et al., 2006). Narceus americanus has a rela-
tively high tolerance for dry conditions which likely
accounts for its widespread distribution (O’Neill,
1969; Shelley et al., 2006; Walker et al., 2009).
Narceus americanus is primarily active at night in
the spring; during the daylight hours and in winter
N. americanus burrows into the soil to avoid desic-
cating conditions and cold temperatures, respec-
tively (Walker et al., 2009). Floridobolus penneri,
also known as the Florida scrub millipede, is a
large, North American millipede that reaches an

adult length of 9 cm (Figure 1.2, 1.5). The species
is restricted to xeric, infertile, sandy scrub in south
central Florida (Carrel and Britt, 2009). Little has
been published regarding the ecology of F. pen-
neri, but it is known to spend a majority of the time
in its burrows and is mostly surface active in the
mid-summer (Carrel and Britt, 2009). Its feeding
habits have not been well-studied and are still not
well known (Sattman, 2006; Carrel and Britt, 2009).

MATERIALS AND METHODS

A total of 19 individuals of Narceus ameri-
canus and 21 individuals of Floridobolus penneri
were acquired from a commercial source. The
mean length and width of the N. americanus indi-
viduals were 49 mm (27-75 mm, SD=15.7) and 4.4
mm (2.5-7.0 mm, SD=1.48), respectively. The
mean length and width of the F. penneri individuals
were 68 mm (63—-74 mm, SD=3.66) and 7 mm (6-9
mm, SD=0.92), respectively. All millipedes were
given at least fourteen days to acclimate to the lab-
oratory conditions.

Experiments were designed to address the
hypotheses that: 1) Narceus americanus and
Floridobolus penneri each produce distinct burrow
morphologies; 2) the burrowing behaviors and bur-
rows of N. americanus and F. penneri vary signifi-
cantly with changes in sediment composition and
moisture content; and 3) burrows produced by N.
americanus and F. penneri are distinct from those
produced by species from other orders of milli-
pedes.

Twenty-three experimental trials were set up
using either groups of four or five individuals or a
single individual of both species (Table 1). Experi-
ments utilized single and multiple individuals to
determine if the millipedes known aggregation
behavior affected burrow morphology in the form of
communal burrows. Both 30 gallon (114 L) (91L x
45W x 33H cm) and 65 gallon (246 L) (91L x 45W x
62H cm) terraria were used in the experiments to
evaluate the effect of space limitation on the
behavior of the millipedes. Each terrarium was
filled with 16-20 cm and 39-50 cm of sediment,
respectively. Each trial subjected the millipedes to
a stress that was related to sediment composition
or sediment moisture content. Sediment composi-
tions consisted of: 1) 100% soil (clay loam) (100S),
2) 50% organic matter (coconut fiber) and 50% soil
(500/50S), 3) 50% carbonate sand (fine- to
medium-grained) and 50% soil (50Sa/50S), and 4)
25% carbonate sand and 75% soil (25Sa/75S).
The soil was passed through a 4 mm sieve prior to
use in order to achieve better particle sorting. Initial
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TABLE 1. Experimental parameters and associated burrow architectures. Terrarium sizes are in gallons. Sediment
indicates the relative percentage of O = organic (coconut fiber), S = soil (clay loam), and Sa = fine- to medium-grained
carbonate sand. Depth is the total depth of the sediment in centimeters. % Moisture is the mean moisture content of
the sediment. Duration is split into two categories: expected time to completion of trial and the actual trial duration (in
parentheses). Key to burrow architectures and modifications: V = vertical burrow, SV = subvertical burrow, H = helical
burrow, J = J-shaped burrow, O = O-shaped burrow (T1=Type 1, T2=Type 2), ¢ = chamber(s), b = branch(es), m = mul-

tiple entrances.

Experiment 1: Basic Morphology

Species Specimens  Terrarium Sediment Depth % Moisture Duration Burrow #s Arc?l?t::t‘::res
N. americanus 5 30 50/50 (O/S) 20 37% 7(12) NA26 A-B SV, O (T1)
N. americanus 5 65 50/50 (O/S) 45 32% 7(12) NA23 SV
N. americanus 1 30 50/50 (O/S) 20 35% 7(8) No Burrow None
N. americanus 1 30 50/50 (O/S) 20 30% 7 (8) NA24 SVc
N. americanus 1 65 50/50 (O/S) 45 40% 7(7) NA28 \Y
N. americanus 5 30 50/50 (O/S) 20 35% 14 (21) NA25A-B SV, H
N. americanus 5 65 50/50 (O/S) 43 37% 14 (14)  NA21 A-F SV, SVb, SVc, He
N. americanus 1 30 50/50 (O/S) 20 35% 14 (14) NA1 H
N. americanus 1 65 50/50 (O/S) 45 35% 14 (19)  No Burrow None
Experiment 2: Sediment Composition
Species Specimens Tank Size Sediment Depth % Moisture Duration Burrow #s Bl..II’I’OW
Architectures
F. penneri 5 30 50/50 (Sa/S) 16 50% 14 (94) FP6 A-E SV, OC (T1)
F. penneri 5 65 100 (S) 39 54% 7 (8) FP7 A-H V, Vh, SV,SVb,
SVceb, J
F. penneri 4 30 50/50 (SalS) 19 70% 14 (54)  No Burrow None
F. penneri 5 30 25/75 (SalS) 20 50% 14 (14) FP5A-G V, SV, Svc, O (T1),
O (T2), Ob (T2)
F. penneri 1 30 50/50 (Sa/S) 19 58% 14 (19) FP4 A-B V,H
F. penneri 1 30 25/75 (SalS) 20 52% 14 (41)  No Burrow None
N. americanus 5 30 25/75 (SalS) 20 51% 14 (23) NA32 SV
N. americanus 1 30 25/75 (SalS) 20 60% 14 (14) NA31A-B O (T2),Om (T2)
N. americanus 1 65 100 (S) 39 60% 14 (51) NA33A-C V,H
Experiment 3: Sediment Moisture
Species Specimens  Tank Size Sediment Depth % Moisture Duration Burrow #s Bl.Jrrow
Architectures
F. penneri 5 65 50/50 (O/S) 45 49% 14 (63) FP2 A-M V, SV, J, Jb
F. penneri 1 65 50/50 (O/S) 45 50% 14 (13) FP3 A-l V, SV
F. penneri 1 65 50/50 (O/S) 45 50% 14 (14) FP1 Hb
N. americanus 5 65 50/50 (O/S) 48 50% 14 (22) NA29 A-C V, H, O (T1)
N. americanus 1 65 50/50 (O/S) 50 50% 14 (21)  NA30A-F V, Vh, SV, SVc
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1 Architectural Morphology

2 Complexity: C=s+ch+e

Height

FIGURE 2. Diagrams of quantitative burrow measurements. 1. Burrows were described using the mean of the angle
at which they entered the subsurface (a) and the angle at which they shift below the surface (a4), total length (L),
branching angle (BA), maximum depth below the surface (D), shaft and chamber width (w), height (h), and circumfer-
ence (c). 2. The complexity of a burrow system is the sum of the number of entrances (e), segments (s), and cham-
bers (ch). 3. The tortuosity of a burrow system is the mean sinuosity of all burrow segments in the system. A single
segment’s tortuosity is the total length of the segment (u) divided by the straight line distance (v).

sediment moisture was obtained by mixing the
sediment with water and measuring the moisture
content with an Aquaterr EC-300 Salinity Multime-
ter every 10 cm until the mean moisture throughout
the terrarium reached the desired levels of 35%,
50%, and 60-70%.

Throughout the experiments, the laboratory
was kept at 26°C and 20% humidity with the lights
set on a 12-hour light-dark cycle. In order to main-
tain moisture within the sediment, the sediment
surface was sprayed with water five days per
week. Moisture levels were checked weekly. The
millipedes were fed apples placed on the sediment
surface and filled water dishes were kept inside the
terraria.

Millipedes were placed on the sediment sur-
face with the laboratory lights on. The millipedes
were monitored for up to one hour or until all indi-
viduals burrowed under the surface. Observations
recorded included the description of surface loco-
motion structures, time to the onset of burrowing,
burrowing techniques, and the total time needed to
burrow below the surface. The terraria were then
monitored several times daily for the appearance
of new burrow openings, closed burrow openings,
and behaviors associated with surface traces and
burrows. After 7-14 days millipedes found on the

surface were removed; this continued until all indi-
viduals surfaced or were removed by excavation
(up to 94 days). If no open burrows were produced
at the end of the experiment this result was
recorded. Open burrows were cast with Drystone®
plaster, excavated by hand, and described.

Burrow casts were described using qualitative
descriptions of their general morphology and surfi-
cial markings as well as 10 quantitative properties.
Eight quantitative measurements (Figure 2.1)
included: 1) number of surface openings, 2) maxi-
mum depth, 3) total length, 4) width, 5) height, 6)
width-to-height ratio, 7) circumference, and 8) the
slope relative to the sediment surface. Two derived
properties included: 9) complexity (Figure 2.2) and
10) tortuosity (Figure 2.3).

The maximum depth was measured perpen-
dicular to the surface from the entrance to the
deepest portion of the burrow. The total length
included the sum of the lengths of all the shafts,
tunnels, and chambers in the burrow system. The
width, height, width-to-height ratio, circumference,
and slope of the shafts, tunnels, and chambers
were measured every 1 cm starting from the sur-
face opening. The mean value of each property
was calculated to obtain a single representative
measurement. Complexity and tortuosity are two



scale independent properties of burrows (Mead-
ows, 1991; Hembree and Hasiotis, 2006). Com-
plexity is a measure of the number of different
elements within a burrow and is determined by tak-
ing the sum of the number of surface openings,
segments, and chambers (Figure 2.2). Tortuosity is
a measure of the deviation of a burrow shaft or tun-
nel from a straight line (Figure 2.3). It is calculated
by dividing the total length of a shaft or tunnel by
the shortest distance between the endpoints. In
burrows with two or more intersecting shafts or tun-
nels, the total tortuosity is the mean of the tortuos-
ity of each element.

The 10 quantitative properties were used to
compare the burrows of Narceus americanus and
Floridobolus penneri both within and between each
species. In addition, the burrows of these species
were compared to those of two spirostreptid milli-
pedes, Orthoporus ornatus and Archispirostreptus
gigas from the southwestern United States and
western Africa, respectively, produced in a previ-
ous study using similar experimental methods
(Hembree, 2009). The burrow casts were com-
pared using the non-parametric Bray Curtis similar-
ity measure. This statistical test allows each
burrow to be compared using all 10 quantitative
variables at once to determine the level of similarity
between each burrow cast (Hammer and Harper,
2006; Hembree et al., 2012). The output of this test
is a similarity value between 0-1, with 0 indicating
complete difference and 1 indicating complete sim-
ilarity. This study follows designations made in
Hembree et al. (2012) that interpret values from
0.9-0.8 as indicating a high level of similarity, 0.7—
0.6 as indicating a moderate level of similarity, and
any value from 0.5 to 0 as indicating dissimilarity.
The results of the Bray Curtis test were summa-
rized with cluster analyses using an unweighted
paired group method.

In order to evaluate the effect of differences in
environmental conditions on burrow morphology,
Spearman’s rank correlation was used to compare
sediment properties and burrow properties. This
nonparametric test is used to determine if two vari-
ables are covariant (Hammer and Harper, 2006). In
this test, the two variables are converted to ranks
and then a correlation test is run using the ranked
data. Sediment composition and sediment mois-
ture content were treated as independent variables
while the 10 quantitative burrow properties were
treated as dependent variables. This test produces
a value (Rs) from 1.00 to -1.00. Positive Rs values
indicate that a burrow property increased with
increases in the sediment property being mea-
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sured. Negative Rs values indicate an inverse rela-
tionship. Spearman’s Rs values > 0.8 or < -0.8
indicate a significant positive or negative correla-
tion, respectively. All statistical tests were carried
out with Paleontological Statistics (PAST ver. 2.16)
(Hammer et al., 2001).

EXPERIMENTAL RESULTS

Both Narceus americanus and Floridobolus
penneri produced temporarily and permanently
open burrows and surface traces in all sediment
compositions and moisture conditions. A total of 29
and 42 burrows were successfully cast from N.
americanus and F. penneri, respectively (Tables 2,
3). Five basic burrow architectures were produced
with four modifying features (Figure 3).

Behavior

Narceus americanus. Individuals began burrow-
ing within 0—15 minutes after being placed into the
terraria. Some initial burrows were abandoned and
not completed. In sediments without sand, Narceus
americanus used a compaction technique of bur-
rowing (Appendix 1). The millipedes rammed their
heads into the sediment using the collum like a
plow. After moving forward the length of 3—4 seg-
ments, the millipede lifted its head and pushed
upward to compact the displaced sediment into the
roof of the burrow. The millipede then pushed for-
ward, deeper into the sediment, and repeated the
process. In sandy sediment, excavation was used
to start the burrow (Appendix 2). The millipedes
used their mandibles and front legs to remove sed-
iment grains from the burrow walls and pushed
them farther along the length of their body until the
grains were deposited at the surface. Excavation
was used until an entry into the sediment was
established and was then followed by compaction
burrowing. Burrowing completely below the surface
took 5-60 minutes (Figure 4). Individuals were
found up to 26 cm below the surface. Molting
occurred in chambers 10 cm below the surface.
The millipedes did return to the surface to feed, but
most of this activity was observed in the dark
hours.

Floridobolus penneri. Individuals started burrow-
ing within 30 minutes of the start of the trials. Some
initial burrows were abandoned leaving only a
small divot in the sediment surface. Floridobolus
penneri used a compaction burrowing technique at
the surface, regardless of sediment type (Appendix
3). In the subsurface, however, F. penneri used an
excavation technique, first removing sediment
grains with their mandibles and then moving them

7
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TABLE 2. Quantitative measurements of burrow casts produced by Narceus americanus.

NA32 NA23 NA25A NA21A NA21B NA21C NA30B NA30D NA21D NA24 NA21E NA26A NA30E

Architecture SV SV SV SV SV SV SV SV SVb SVc SVc SVc SVc
Surface Openings 1 1 1 1 1 1 1 1 1 1 1 1 1
Maximum Depth 4.1 6.7 3.0 1.9 4.0 71 2.6 5.9 11.9 4.0 13.4 5.8 6.6
(cm)

Total Length (cm) 4.3 8.2 9.4 23 43 8.0 3.1 6.8 13.8 7.2 15.7 6.8 7.5

Maximum Width 93 169 117 13.0 14.5 1.5 9.6 10.8 1.7 176 16.8 26.2 16.5
(mm)
Minimum Width 85 8.0 7.8 10.5 11.0 8.8 9.5 7.5 8.6 71 7.2 1.2 6.0
(mm)

Average Width 88 104 10.2 11.8 124 9.3 9.6 9.3 102 109 105 15.6 1.4
(mm)

Maximum Height 9.8 9.5 10.1 12.5 12.3 8.8 9.8 10.9 11.6 9.7 10.4 16.4 10.0
(mm)

Minimum Height 8.6 7.3 5.7 11.8 10.5 7.4 8.2 8.1 6.3 6.0 5.8 8.9 7.0
(mm)

Average Height 9.2 8.3 7.9 12.2 114 8.1 9.0 9.4 9.3 8.0 9.1 11.6 8.4
(mm)

Average W/H Ratio 1.0 1.3 1.3 1.0 1.1 1.1 1.1 1.0 1.1 1.3 1.2 1.4 1.3
Maximum 3 4.1 3.7 4.2 4.3 3.1 2.9 3.5 3.6 4.6 4.3 8.4 4.7
Circumference

(cm)

Minimum 27 27 2.5 3.5 3.3 2.2 2.8 2.7 2.6 25 2.3 3.3 2.5
Circumference

(cm)

Average 28 3.1 3.1 3.9 3.7 2.7 2.9 3.1 3.1 3.3 3.2 4.9 3.5
Circumference

(cm)

Maximum Slope 70 65 45 33 73 90 70 80 90 67 81 55 90
(Degrees)

Minimum Slope 70 50 25 33 70 25 70 60 40 20 55 55 65
(Degrees)

Average Slope 70 38 35 33 72 57 70 70 63 44 64 55 78
(Degrees)

Branching Angle n/a nla n/a n/a n/a n/a n/a n/a 60 n/a n/a n/a n/a
(Degrees)

Complexity 20 20 2.0 2.0 2.0 2.0 2.0 2.0 4.0 3.0 4.0 3.0 4.0
Tortuosity 1.0 1.2 1.7 1.0 1.1 1.1 1.2 1.2 1.1 15 1.1 1.1 1.1
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TABLE 2 (continued).

NA28 NA29C NA30A NA30C NA33A NA33B NA30OF NA1 NA25B NA33C NA29B NA21F
Architecture \' \") \") \") \") \") Vh H H H Hb Hc
Surface Openings 1 1 1 1 1 1 1 1 1 1 1 1
Maximum Depth 2.4 1.9 2.5 2.3 3.1 2.2 59 2.8 2.5 3.0 3.4 2.9
(cm)
Total Length (cm) 3.0 1.9 2.5 2.6 3.1 3.0 11.8 7.0 8.4 6.8 10.7 10.0
Maximum Width 14.0 11.7 9.3 104 12.0 13.8 104 10.2 11.0 11.8 10.6 16.5
(mm)
Minimum Width 14.0 11.7 7.0 9.3 104 13.0 7.2 7.4 9.0 7.0 7.4 6.8
(mm)
Average Width 14.0 11.7 8.2 9.9 11.2 134 9.1 8.9 10.1 9.6 8.4 11.6
(mm)
Maximum Height 13.8 9.0 8.8 9.3 14.7 141 9.6 9.8 9.1 11.7 9.2 115
(mm)
Minimum Height 9.5 9.0 7.7 8.0 11.1 10.6 6.7 6.3 5.8 8.5 6.1 8.0
(mm)
Average Height 11.7 9.0 8.3 8.7 12.9 12.4 8.3 8.3 8.0 9.8 7.8 9.7
(mm)
Average W/H Ratio 1.2 1.3 1.0 1.1 0.9 1.1 1.1 1.1 1.3 1.0 1.1 1.2
Maximum 5 3.5 2.8 3.1 4.3 4.4 3.2 3.2 3.3 4.3 3 4.3
Circumference
(cm)
Minimum 3.7 3.5 2.4 2.8 3.5 3.9 2.1 2.2 3 2.3 25 2.3
Circumference
(cm)
Average 4.4 3.5 2.6 3.0 3.9 4.2 2.8 2.8 3.2 3.1 2.7 3.4
Circumference
(cm)
Maximum Slope 85 80 90 80 90 90 90 60 50 80 60 55
(Degrees)
Minimum Slope 85 80 90 80 90 90 0 15 0 50 60 0
(Degrees)
Average Slope 85 80 90 80 90 90 45 45 25 65 75 25
(Degrees)
Branching Angle n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 90 n/a
(Degrees)
Complexity 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 4.0 4.0
Tortuosity 1.3 1.0 1.0 1.1 1.0 1.0 2.0 3.5 5.6 2.3 15 1.2
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TABLE 2 (continued).

10

NA29A NA26B NA31A

Architecture o(T) O(T1) 0(T2)
Surface Openings 1 1 2
Maximum Depth 34 6.9 2.5
(cm)

Total Length (cm) 10.6 125 12.3
Maximum Width 12.9 18.0 13.4
(mm)

Minimum Width 8.3 7.4 8.7
(mm)

Average Width (mm) 10.5 10.9 104
Maximum Height 9.6 11.3 12.7
(mm)

Minimum Height 6.0 6.7 9.3
(mm)

Average Height 8.2 9.3 10.4
(mm)

Average W/H Ratio 1.3 1.2 1.0
Maximum 3.5 4.8 3.9
Circumference (cm)

Minimum 27 23 29
Circumference (cm)

Average 3.1 3.4 3.5

Circumference (cm)

Maximum Slope 60 60 90
(Degrees)

Minimum Slope 15 60 0

(Degrees)

Average Slope 38 60 43
(Degrees)

Branching Angle n/a n/a n/a
(Degrees)

Complexity 3.0 3.0 6.0
Tortuosity 43.0 39.0 1.8

NA31B

0 (T2)

1.9

10.0

10.9

9.1

101

8.9

9.9

1.0

3.6

3.1

3.3

20

20

20

n/a

2.0

99.0

Total
Mean

4.4

7.4

13.2

8.8

10.6

7.9

9.5

1.1

4.0

2.8

3.3

71

47

59

75

2.6

7.6



PALAEO-ELECTRONICA.ORG

TABLE 3. Quantitative measurements of burrow casts produced by Floridobolus penneri.

FP2C FP3C FP3D FP3E FP3F FP3G FP3H FP3l FP2E FP2F FP2G FP6A

Architecture SV SV SV SV SV SV SV SV SV SV SV SV
Surface Openings 1 1 1 1 1 1 1 1 1 1 1 1
Maximum Depth 3.5 1.7 3.3 3.3 3.6 6.8 6.5 8.2 7.9 6.9 44 1.8
(cm)

Total Length (cm) 4.0 1.7 4.2 3.3 4.2 7.4 6.8 8.6 9.6 9.5 10.0 4.3

Maximum Width 131 9.4 14.0 141 14.2 10.8 12.8 12.8 12.5 12.2 6.5 17.0
(mm)
Minimum Width 1.0 9.4 9.6 13.2 12.4 8.8 10.2 10.3 9.2 9.7 0.9 10.0
(mm)

Average Width (mm) 12.1 9.4 11.1 13.7 13.2 10.1 1.4 1.4 11.0 10.8 4.0 13.7

Maximum Height 14.3 10.6 1.6 12.0 1.1 12.0 12.4 12.5 13.3 1.4 7.8 10.7
(mm)

Minimum Height 10.0 10.6 8.6 8.3 9.2 8.7 10.8 8.5 8.1 8.7 3.4 10.0
(mm)
Average Height 12.8 10.6 10.0 10.2 10.4 10.5 1.5 10.5 10.9 101 5.8 10.3
(mm)

Average W/H Ratio 1.0 0.9 1.1 1.4 1.3 1.0 1.0 1.1 1.0 1.1 0.7 1.3

Maximum 44 3.2 4 44 4 3.7 4 4.1 3.9 3.7 3.7 45
Circumference (cm)
Minimum 34 3.2 3.1 3.7 3.8 2.9 3.1 3.2 3.2 29 24 2.8
Circumference (cm)
Average 4.0 3.2 34 4.1 3.9 3.3 3.6 3.6 3.6 34 3.2 3.7

Circumference (cm)

Maximum Slope 65 75 68 65 75 78 70 65 65 55 78 20
(Degrees)
Minimum Slope 65 75 68 65 75 78 70 65 65 55 78 20
(Degrees)
Average Slope 65 75 68 65 75 78 70 65 65 55 78 20
(Degrees)
Branching Angle n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
(Degrees)
Complexity 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 4.0 2.0

Tortuosity 1.0 1.0 1.2 1.0 1.2 1.1 1.0 1.1 1.1 1.2 1.1 1.4

1
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TABLE 3 (continued).

FP3A FP5B FP5C FPSD FP7TA FP7C  FPTE  FPTF

Architecture SV SV SV SV SV SV SV SVb
Surface Openings 1 1 1 1 1 1 1 1
Maximum Depth 1.5 2.8 4.2 5.7 21 4.1 8.7 8.0
(cm)

Total Length (cm) 3.3 34 4.9 7.7 24 5.5 9.2 12.4
Maximum Width 8.2 15.9 12.9 16.3 11.3 16.0 15.0 18.3
(mm)

Minimum Width 7.3 14.5 8.0 12.7 10.3 9.1 9.0 10.1
(mm)

Average Width 7.8 15.2 11.0 13.9 10.8 12.8 12.3 13.6
(mm)

Maximum Height 8.5 19.6 11.8 16.3 12.0 14.0 na 12.8
(mm)

Minimum Height 7.6 13.3 10.9 11.8 10.8 10.7 na 10.3
(mm)

Average Height 8.1 16.5 11.5 13.9 11.4 12.7 10.0 11.3
(mm)

Average W/H Ratio 1.0 1.0 1.0 1.0 0.9 0.9 1.2 1.2
Maximum 27 5.7 4.1 5.2 3.6 4.5 3.9 45
Circumference (cm)

Minimum 2.6 4.6 3.2 3.3 3.1 3 29 3.1
Circumference (cm)

Average 27 5.2 3.7 4.5 34 3.9 3.6 4.0

Circumference (cm)

Maximum Slope 45 45 70 55 75 75 90 90
(Degrees)
Minimum Slope 45 45 70 55 75 50 65 50
(Degrees)
Average Slope 45 45 70 55 75 62 78 70
(Degrees)
Branching Angle n/a n/a n/a n/a n/a n/a n/a 20
(Degrees)
Complexity 2.0 2.0 2.0 2.0 2.0 2.0 2.0 3.0
Tortuosity 1.6 1.1 1.1 1.2 1.1 1.3 1.1 1.1
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FP7H
SVcb

7.4

18.6

30.1

8.7

16.8

19.0

8.7

13.4

1.3

8.1

2.6

5.0

90

20

50

55

4.0

1.5

FP5E
SVc

5.2

6.8

16.4

10.4

12.7

24.7

15.6

0.9

6.2

3.3

4.7

65

45

55

n/a

3.0

1.3



TABLE 3 (continued).

FP3B
Architecture \J
Surface Openings 1
Maximum Depth 2.2
(cm)
Total Length (cm) 2.2
Maximum Width 12.6
(mm)
Minimum Width 9.8
(mm)

Average Width (mm) 11.2

Maximum Height 9.7
(mm)
Minimum Height 9.1
(mm)
Average Height 9.4
(mm)

Average W/H Ratio 1.2

Maximum 3.6
Circumference (cm)

Minimum 3
Circumference (cm)

Average 3.3
Circumference (cm)

Maximum Slope 90
(Degrees)
Minimum Slope 90
(Degrees)
Average Slope 90
(Degrees)
Branching Angle n/a
(Degrees)
Complexity 2.0
Tortuosity 1.0

FP2A
v

4.1

4.1

10.6

9.2

9.9

11.9

10.0

0.9

3.8

3.4

3.6

85

85

85

n/a

2.0

1.0

FP2B
v

3.1

3.1

15.0

13.6

14.3

15.8

14.0

14.9

1.0

5.2

4.6

4.9

90

90

90

n/a

2.0

1.0

FP2D
\"

6.0

6.7

15.6

8.6

13.2

13.3

9.6

1.1

5.6

2.6

44

85

60

73

n/a

2.0

1.1

FP4A
v

3.3

3.6

16.5

12.3

14.7

13.4

10.5

12.2

1.2

5.5

3.5

4.6

90

90

90

n/a

2.0

1.1

FP5A
\"

21

21

16.9

10.3

13.6

15.4

12.0

13.7

4.6

3.4

4.0

90

90

90

n/a

2.0

FP7B
\"

3.6

4.7

14.5

7.6

12.0

13.7

1.6

12.7

0.7

3.2

3.6

90

40

65

n/a

2.0

FP2M
\'

3.6

3.6

233

121

16.6

23.0

12.7

16.7

1.0

6.5

3.8

5.2

90

90

90

n/a

2.0

1.0
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FP7D
Vh

6.9

8.4

14.4

10.3

121

1.3

9.8

1.1

3.8

3.3

3.6

90

55

73

n/a

2.0

1.2
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TABLE 3 (continued).

Architecture

Surface Openings

Maximum Depth
(cm)

Total Length (cm)

Maximum Width
(mm)

Minimum Width
(mm)

Average Width (mm)

Maximum Height
(mm)

Minimum Height
(mm)

Average Height
(mm)

Average W/H Ratio

Maximum

Circumference (cm)

Minimum

Circumference (cm)

Average

Circumference (cm)

Maximum Slope
(Degrees)

Minimum Slope
(Degrees)

Average Slope
(Degrees)

Branching Angle
(Degrees)

Complexity

Tortuosity

14

FP2I

J

1

10.7

1.5

3.7

2.9

3.2

80

15

47

n/a

2.0

22

J

7.8

11.9

16.6

9.3

12.0

16.5

9.2

11.8

1.0

5.3

2.8

3.8

90

50

70

n/a

2.0

2.0

J

12.4

9.5

11.0

14.8

10.3

13.0

0.9

4.2

3.8

55

50

53

n/a

2.0

2.0

J

2.9

7.5

1.4

7.9

9.4

121

74

9.5

1.0

3.5

2.6

3.1

55

45

50

n/a

2.0

5.8

J

8.4

14.7

13.0

9.0

15.7

10.4

124

0.9

4.2

3.1

3.9

75

75

75

n/a

2.0

2.4

FP2J FP2K FP2L FP7G FP2H

Jb

5.8

13.0

13.0

7.2

10.8

14.7

7.7

11.0

1.0

6.4

24

3.7

65

25

45

70

3.0

1.4

FP4B

H

13.6

10.0

7.5

10.0

1.2

4.3

3.1

3.6

70

35

n/a

2.0

4.3

FP1
Hb

13.5

7.5

9.8

7.0

5.1

6.1

3.4

2.2

2.7

50

25

38

10,45

6.0

FP5F

Ob(T1) Oc (T1) Ob (T2)

7.7

17.5

12.5

9.1

10.8

13.7

10.0

12.2

0.9

4.1

3.2

3.7

85

85

85

12, 25

6.0

17.6

FP6B

44

13.0

24.8

10.0

17.7

16.0

7.7

121

1.5

6.1

2.6

44

90

40

65

n/a

4.0

53.0

FP5G

1.1

101

6.2

8.3

1.3

3.5

2.7

3.1

20

20

20

10

4.0

1.4

Total
Mean

4.8

7.6

14.4

9.7

13.5

9.5

1.4

1.1

4.5

3.1

3.8

72

58

65

31

25

3.1



PALAEO-ELECTRONICA.ORG

1 Dominant Architectures

2 Modifications

Subvertical Burrow

<80° 49%

of all burrows

Vertical Burrow

e
/80-90°
2 N
1
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of all burrows
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e 55 e
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T=45 C= of all burrows
52 T=99
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J-Sha pedeStructures
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3

s of all burrows

C
=

~
=

Multi-Entrance
e e
C=6 s; S4 4
T=2 \ ,3

52
Presentin 1% of all burrows

FIGURE 3. Dominant burrow architectures and modifications produced by Narceus americanus and Floridobolus pen-
neri. Percents given include burrows produced by both N. americanus and F. penneri. Complexity (C) and tortuosity (T)
are the average values for each burrow type. 1. Dominant architectures produced by the millipedes. 2. Modifications to
dominant architectures that affect the quantitative properties. Black portions of the illustration represent the modifying
structures while gray portions represent the modified dominant architecture.

along several diplosegments until they were
deposited (Appendix 4). The millipedes rotated
their body within the burrow to excavate along all
sides. In this way F. penneri was able to excavate
tunnels larger than its body. Burrows were from 6—
33 cm deep (Figure 5.1). Molting was observed
both at the surface (Figure 5.2) and in subsurface
chambers. During long periods of inactivity, individ-

uals were 2—40 cm below the surface. When exit-
ing burrows, the millipedes typically emerged
backwards, suggesting that there were no turn-
around points in the burrow. Surface activity was
most common during the laboratory’s dark hours;
however, some individuals did emerge in the light.
Both species either used the same burrow
multiple times or attempted to enter a burrow that

15
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FIGURE 4. Time lapse photographs of Narceus americanus burrowing in 500/50S sediment with 35% moisture con-
tent. The photos are taken at approximately two minute intervals.

was created by another individual, even when it
was still occupied. In many experiments, burrow
openings collapsed while the individual was still
deep within the sediment. During emergence,
these millipedes produced a new burrow and sur-
face opening. Occupation of the burrows lasted
from several hours to over 90 days at which point
those individuals were excavated. Surface activity
of all individuals showed a marked increase after
February 10. Of the 13 experiments conducted
between August 15 and February 1, only 38%
(n=5) were completed within 5 days of the
expected experimental end date. Of the other 10
experiments (June 6 to August 8), 90% (n=9) were
completed within 5 days of the expected end date.

Surface Trace Morphology

At the start of each experiment, the sediment
surface was leveled and had a homogenous grain
distribution. Surface traces consisted of furrows
and divots made while attempting to burrow, loco-
motion trails, and burrow openings. The furrows
were sinuous to straight and were generally char-

16

acterized by a shallow trenching of the sediment
surface along a semi-continuous path (Figure 6.1—
2). Divots created by attempted burrowing were
0.1-0.7 cm deep, circular to elliptical indentations
in the sediment surface. Locomotion trails were lin-
ear paths defined by ridges of large sediment
grains on either side of a slight depression (Figure
6.3—4). Burrow openings were typically circular in
shape, entered the surface from 5-90°, and had
diameters similar to that of the producer (Figure
6.5-6). Small mounds of sediment were observed
near burrow entrances where excavation was
employed.

Burrow Morphology

The millipedes produced five basic burrow
architectures including vertical, subvertical, J-
shaped, helical, and O-shaped burrows (Figure
3.1). In addition to these base architectures, four
modifying features were produced including
branches, chambers, partial spirals, and additional
entrances (Figure 3.2). The shafts, tunnels, and
chambers produced by both species were circular
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FIGURE 5. Behaviors exhibited by Floridobolus penneri. 1. Experiment with 500/50S sediment, 49% moisture con-
tent with five individuals in a 65 gallon terrarium. Two millipedes are in chambers against the glass. Inset: Large
chamber with a coiled millipede; molting was later observed in this chamber. 2. Molting individual at the sediment sur-
face. 3. Millipede excavated from 5 cm below the surface of a 50Sa/50S, 70% moisture content experiment; the white
line indicates the sediment surface.

to elliptical in cross section, but had slightly differ-
ent dimensions reflecting differences in body size.
Narceus americanus burrows had a mean width-to-
height ratio of 1.14 (0.9-1.4, SD=0.13) with a mean
circumference of 3.31 cm (2.6-4.9, SD=0.53)
(Table 2), whereas Floridobolus penneri burrows
had a mean width-to-height ratio of 1.06 (0.7-1.6,
SD=0.18) and a mean circumference of 3.8 cm
(2.7-5.2, SD=0.6) (Table 3). The mean width and
height of the shafts, tunnels, and chambers varied
from 8.2—-15.6 mm (x =10.6, SD=1.7) and 7.8-12.9
mm (x =9.5, SD=1.5), respectively, for N. ameri-
canus (Table 2) and 3.95-17.70 mm (x =12.0,
SD=2.5) and 5.7-16.7 mm (x =11.3, SD=2.24),
respectively, for F penneri (Table 3). Burrow
entrances were commonly larger than the burrow.
Branching only occurred in 11% (n=8) of the bur-
rows cast with branching angles ranging from 10—
90° (Tables 2-3). Chambers were observed at the
base of many burrows (Figure 5.1). Eight cham-
bers produced by N. americanus or F. penneri were

cast successfully. Chambers of both species typi-
cally outlined the general size and shape of the
individual that occupied it when in a curled position.

Burrows produced by Narceus americanus
and Floridobolus penneri were open structures that
were not actively backfilled. Over time, burrow
openings were passively filled with loose sediment
from the surface. This passive fill process did not
always fill the entire burrow; millipedes excavated
from beneath closed entrances revealed open
shafts and tunnels just below the surface.

Recognizable surficial features were rarely
preserved. Vertically-oriented, wedge-shaped
indentations were visible at the end of some bur-
rows commonly in association with fecal pellets
and burrow chambers (Figure 7.1-2). Fecal pellets
were incorporated into the floor of the burrows of
both species. The pellets were found in groups of
four or five, commonly at an endpoint, and either
arranged in a straight line or randomly dispersed
(Figure 7.3-5).
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FIGURE 6. Surface traces produced by Narceus americanus and Floridobolus penneri. 1. Surface furrowing and a
shallow burrow produced by N. americanus in 500/50S sediment with 35% moisture content. 2. Surface furrowing (at
arrows) produced by F. penneri in 25Sa/75S sediment with 50% moisture content. 3. Trails (at arrows) produced
around the edges of a terrarium. 4. Close-up of a trail (at arrows) along the terrarium edge outlined by large grains in
500/50S sediment. 5. Burrow entrance produced by F. penneri in 50Sa/50S sediment. 6. Burrow entrance produced
by N. americanus in 500/50S sediment.

Vertical Burrows. Burrows consisting of a single
opening and a single vertically oriented (80-90°, X
=87.8°, SD=3.6°] shaft with a complexity of 2 (Fig-
ure 8). Vertical burrows extended 1.90-6.85 cm (X
=3.44, SD=1.60) below the surface with a total
length of 1.90-11.80 cm (x =4.15, SD=2.70) in both
species (Tables 2-3). This architecture repre-
sented 24% (n=7) and 21% (n=9) of burrows pro-
duced by Narceus americanus and Floridobolus
penneri, respectively.

18

Narceus americanus produced vertical bur-
rows with widths of 8.15-14.00 mm (x =11.10,
SD=2.20), heights of 8.25-12.90 mm (x =10.20,
SD=2.00), width-to-height ratios of 0.89-1.30 (X
=1.11, SD=0.14), circumferences of 2.60-4.35 cm
(x=3.50, SD=0.70), and tortuosities of 1.00-1.98 (x
=1.19, SD=0.36) (Figure 8.1-2) (Table 2). Narceus
americanus produced one variant that ended in a
horizontally oriented partial spiral (Figure 8.3). The
addition of the partial spiral increased both the
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FIGURE 7. Surficial features. 1. Vertically oriented, wedge-shaped indent at the end of NA21F. Photograph taken
from below the burrow cast at an oblique angle. 2. Vertically oriented, wedge-shaped indent at the end of NA26A.
Photograph taken from below the burrow cast at an oblique angle. 3-5. Fecal pellets in the walls, floors, endpoints,
and chambers of three Floridobolus penneri burrows (FP7H, FP7F, FP7G).
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FIGURE 8. Vertical burrows produced by Narceus americanus (1-3) and Floridobolus penneri (4-6). 1, 2. Side views
of two simple, vertical burrows (NA30A, NA33A). 3. Oblique view of a vertical burrow with a terminal helical structure
(NA3OF). 4, 5. Side views of two simple, vertical burrows (FP2A, FP2B). 6. Side view of a vertical burrow with an
intermediate helical modification (FP7D).
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length and tortuosity of the burrow. Vertical bur-
rows were produced by N. americanus in 65 gallon
terraria filled with sediment lacking sand of all
moisture contents; 86% (n=6) occurred in terraria
with one individual.

Floridobolus penneri produced vertical bur-

rows with widths of 9.9-16.6 mm (x =13.10,
SD=2.00), heights of 9.40-16.70 mm (x =12.60,
SD=2.20), width-to-height ratios of 0.74-1.21 (X
=1.02, SD=0.15), circumferences of 3.30-5.15 cm
(x=4.13, SD=0.66), and tortuosities of 1.00-1.23 (X
=1.06, SD=0.08) (Figure 8.4-5) (Table 3). A variant
was produced with a partial downward spiral in the
middle of the burrow (Figure 8.6). Vertical burrows
were produced by F. penneri in all terraria sizes
and all sediment compositions with high moisture
content; 78% (n=7) occurred in terraria with multi-
ple individuals.
Subvertical Burrows. Burrows consisting of a sin-
gle opening leading to a single tunnel having a
mean slope of less than 80° (20-78°, X =60.9°,
SD=14.5°) that may possess a chamber or branch
(Figures 9, 10). Subvertical burrows of both spe-
cies were 1.50-13.40 cm (x =5.30, SD=2.80) deep
and 1.70-18.60 cm long (x =7.00, SD=3.90)
(Tables 2-3). Subvertical burrows represented
45% (n=13) and 52% (n=22) of the burrows pro-
duced by Narceus americanus and Floridobolus
penneri, respectively.

The shafts, tunnels, and chambers of subver-
tical burrows produced by Narceus americanus
were 8.80-15.50 mm (x =10.80, SD=1.80) wide
and 7.90-12.20 mm (X =9.40, SD=1.40) high with
width-to-height ratios of 0.96-1.40 (x =1.17,
SD=0.15), circumferences of 2.65-4.90 cm (X
=3.30, SD=0.58), and tortuosities of 1.00-1.70 (x
=1.14, SD=0.18) (Figure 9.1-2) (Table 2). One
subvertical burrow had a branch (Figure 9.3) and
four had chambers (Figure 9.4-5). Subvertical bur-
rows of N. americanus were primarily (92%, n=12)
produced in the 500/50S sediment compositions
under all moisture conditions and terrarium sizes;
most (69%, n=9) were produced in terraria with
more than one individual.

Subvertical burrows produced by Floridobolus
penneri were slightly larger with widths of 3.95—
16.80 mm (x =11.80, SD=2.60), heights of 5.70-
16.50 mm (x =11.30, SD=2.30), width-to-height
ratios of 0.70-1.38 (x =1.05, SD=0.17), circumfer-
ences of 2.65-5.15 cm (x =3.80, SD=0.61), and
tortuosities of 1.00-1.60 (x =1.17, SD=0.16) (Fig-
ure 10.1-2) (Table 3). Two had a branch and one
had a chamber (Figure 10.3—4). One large subver-
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tical burrow had a large chamber with a branch
(Figure 10.5). Subvertical burrows produced by F.
penneri occurred in all terrarium sizes and sedi-
ment compositions with high moisture content;
64% (n=14) were produced in terraria with multiple
individuals.

Helical Burrows. Burrows with a single surface
opening leading to a spiraling tunnel with a mean
tortuosity of 3.8 (2.30-5.60, SD=1.70) that may
possess a branch or a chamber (Figure 11). Helical
burrows of both species were 2.5-3.4 cm (x =2.92,
SD=0.30) deep and 6.80-11.10 cm (x =9.30,
SD=1.90) long (Tables 2-3). The helical nature of
these burrows resulted in a lower mean slope than
other burrow architectures (x =47.0°, 25-75°,
SD=22.8°). Helical burrows accounted for 17%
(n=5) and 5% (n=2) of the burrows produced by
Narceus americanus and Floridobolus penneri,
respectively.

Narceus americanus produced helical bur-
rows with widths of 8.40-11.64 mm (x =9.70,
SD=1.30), heights of 7.80-9.80 mm (x =8.70,
SD=0.90), width-to-height ratios of 0.98-1.30 (X
=1.12, SD=0.12), and circumferences of 2.70-3.40
cm (X =3.04, SD=0.29) (Figure 11.1) (Table 2). One
helical burrow possessed a branch (Figure 11.2)
and another possessed a chamber (Figure 11.3).
Helical burrows of N. americanus were produced in
sediments without sand, under all moisture condi-
tions and terrarium sizes, with both multiple and
single individuals.

Floridobolus penneri produced only two heli-
cal burrows, one simple and one with two branches
(Figure 11.4-5). The helical burrows had widths of
9.80-11.60 mm (x =10.70, SD=1.25), heights of
6.10-9.90 mm (x =8.00, SD=2.80), width-to-height
ratios of 1.17-1.60 (x =1.40, SD=0.32), and cir-
cumferences of 2.70-3.60 mm (x =3.10, SD=0.70)
(Table 3). Helical burrows were produced by F
penneri in sediments with high moisture content in
trials with single individuals.

O-shaped Burrows. Burrows consisting of one or
two surface openings leading to a single horizon-
tally or vertically oriented tunnel that loops and
reconnects with itself which may possess a cham-
ber or branches (Figure 12). The O-shaped por-
tions occurred either at the end of an elongate
shaft (Type 1) or as horizontally oriented structures
just below the surface (Type 2). The O-shaped bur-
rows were 1.10-7.70 cm (x =4.00, SD=2.50) deep
and 10.00-17.50 cm (x =12.30, SD=2.60) long.
This architecture accounted for 14% (n=4) and 7%
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FIGURE 9. Subvertical burrows produced by Narceus americanus. 1. Side view of a simple, subvertical burrow
(NA21C). 2. Side view of a simple, subvertical burrow (NA30D). 3. Front view of a subvertical burrow with a small
branch near the entrance (NA21D). 4. Front view of a subvertical burrow with a small intermediate chamber (NA21E).
5. Side view of a subvertical burrow with a terminal chamber (NA26A) and a wedge-shaped indent (at arrow).
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FIGURE 10. Subvertical burrows produced by Floridobolus penneri. 1. Front view of a simple, sinuous, subvertical
burrow (FP2F). 2. Side view of a simple, subvertical burrow (FP2E). 3. Side view of a subvertical burrow with a small
branch near the entrance (FP7F). 4. Side view of a subvertical burrow with a terminal chamber (FP5E). 5. Side view
of a subvertical burrow with a large chamber and small branch (FP7H).

(n=3) of burrows produced by Narceus americanus
and Floridobolus penneri, respectively.

O-shaped burrows of Narceus americanus
had widths of 10.10-10.90 mm (X =10.50,
SD=0.34), heights of 8.20-10.40 mm (x =9.50,
SD=1.00), width-to-height ratios of 1.00-1.30 X =
1.10, SD=0.13), circumferences of 3.10-3.50 cm (X
=3.30, SD=0.18), and tortuosities of 1.80-99.00 (x
=45.70, SD=40.10) (Figure 12.1-4) (Table 2). The
O-shaped burrows produced by N. americanus

were simple with the exception of one that pos-
sessed two surface openings (Figure 12.3). Nar-
ceus americanus constructed Type 1 O-shaped
burrows in 500/50S and 50Sa/50S sediment,
under all moisture conditions, terrarium sizes, and
in both individual and group ftrials. Type 2 O-
shaped burrows were only produced in trials with
carbonate sand.

Floridobolus penneri produced O-shaped bur-
rows with widths of 10.10-17.70 mm (X =12.90,
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FIGURE 11. Helical burrows produced by Narceus americanus (1-3) and Floridobolus penneri (4-5). 1. Side view of
a simple, helical burrow (NA25B). 2. Side view of a helical burrow with a small branch (NA29B). 3. Oblique view of a
helical burrow with a chamber in the midsection of the burrow (NA21F) bearing a wedge-shaped indent (at arrow). 4.
Side view of a simple, helical burrow (FP4B). 5. Oblique view of a helical burrow with two small branches (FP1).

SD=4.20), heights of 8.30-12.20 mm (x =10.80,
SD=2.20), width-to-height ratios of 0.90-1.46 (X
=1.16, SD=0.20), circumferences of 3.00-4.40 cm
(x =3.50, SD=0.50), and tortuosities of 1.40-53.00
(X =24.00, SD=26.40) (Figure 12.5-7) (Table 3).
The O-shaped burrows produced by F. penneri
possessed extra elements such as one or two hori-
zontal branches (Figure 12.5, 12.7) and chambers
(Figure 12.6). O-shaped burrows were produced
by F penneri in sandy soil sediments with high
moisture content in trials with multiple individuals
using 30 gallon terraria.

J-shaped Burrows. Burrows consisting of a single
surface opening leading to a single vertical to sub-
vertical shaft that curves upward at its base to cre-
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ate a J-shape (Figure 13.1-2). J-shaped burrows
were produced only by Floridobolus penneri,
accounting for 14% (n=6) of its burrows. J-shaped
burrows were 2.90-8.40 cm (X =6.60, SD=2.10)
deep and 7.50-14.70 cm (x =11.60, SD=2.40) long.
The shafts had widths of 9.40-12.00 mm (x =10.70,
SD=0.94), heights of 9.50-13.00 mm (x =11.40,
SD=1.20), width-to-height ratios of 0.85-1.00 (X
=0.95, SD=0.06), and circumferences of 3.10-3.90
cm (X =3.60, SD=0.32) (Table 3). One variant was
produced with a branch near the entrance of the
burrow (Figure 13.3). J-shaped burrows were pro-
duced in sediments without carbonate sand with
high moisture content and in trials with multiple
individuals.
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FIGURE 12. O-shaped burrows produced by Narceus americanus (1-4) and Floridobolus penneri (5-7). 1. Front
oblique view of a horizontally oriented, Type 1 O-shaped burrow (NA29A). 2. Side view of a vertically oriented, Type 1
O-shaped burrow (NA26B). 3. Oblique view of the underside of a horizontally oriented, Type 2 O-shaped burrow with
two surface openings (NA31A). 4. Side view of a Type 2 O-shaped burrow (NA31B). 5. Side view of a vertically ori-
ented, Type 1 O-shaped burrow with two short branches (FP5F). 6. Front view of a vertically oriented, Type 1 O-
shaped burrow with a chamber on one side of the O-shaped tunnel (FP6B). 7. Oblique side view of a Type 2 O-
shaped burrow with a branch (FP5G).
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FIGURE 13. J-shaped burrows produced by Floridobolus penneri. 1. Front view of a simple, J-shaped burrow (FP2J).
2. Front view of a simple, J-shaped burrow (FP2l). 3. J-shaped burrow with a branch near the entrance (FP2H).

Environmental Effects

Environmental variations affected aspects of
the millipede’s behavior, burrow preservation, and
burrow morphology. The variations which
appeared to have the greatest effect were the pres-
ence of multiple individuals, low moisture content,
and high sand content. Floridobolus penneri, for
example, was a more proficient burrower in sandy
sediments producing 11 preserved structures with
seven different architectures. In contrast, Narceus
americanus produced only three structures in
sandy sediment with three architectures.

Burrow preservation was lowered by the pas-
sive infilling of burrow openings. In trials with multi-
ple individuals the upper portions of the millipede
burrows became passively filled as continued ani-
mal surface activity caused grains to collapse into
the openings. Fewer successful burrow casts were
also produced in experiments with carbonate sand
in which the individuals remained in their burrows
longer than the anticipated duration of the trial. The
lack of consistent use and maintenance of the
entrance resulted in gravitational collapse of sand
grains into the burrow, filling the opening. Low
moisture conditions were also found to decrease
the potential for burrow entrances to remain open
for the duration of the experiment. In nine trials with
Narceus americanus under 30—-40% moisture con-
ditions, only 14 burrows were successfully cast (0—
6 burrows per ftrial). In contrast, under 250% mois-
ture conditions, nine burrows were cast in only two
trials (3—6 burrows per trial).
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Moisture and sand content affected the maxi-
mum recorded depth of the burrows. Casts of bur-
rows constructed by Narceus americanus under
drier conditions reached a maximum depth of
13.40 cm (X =5.40 SD=3.60) but a maximum depth
of only 6.60 cm (X =3.80 SD=1.80) under wetter
conditions. The maximum depth of burrows pro-
duced by both species also decreased with higher
concentrations of carbonate sand. Casts of bur-
rows produced by N. americanus reached a mean
maximum depth of 4.1 cm in 25Sa/75S sediment,
but only 2.20 cm (1.90-2.50, SD=0.40) in 50Sa/
50S sediment. Similarly, burrow casts of
Floridobolus penneri had a mean maximum depth
of 4.1 cm (1.10-7.70, SD=2.30) in 25Sa/75S sedi-
ment, but only 3.1 cm (1.80—4.40, SD=1.10) in
50Sa/50S sediment. Terrarium size and the associ-
ated sediment depth appeared to have no effect on
burrow depth or architecture. While individuals
were observed to reach depths of ~33 cm in some
trials, this was not the bottom of the enclosure.
When retrieved, no individuals were found at the
bottom of the terraria.

Analysis of Burrow Architecture

Burrows of Narceus americanus. Burrows pro-
duced by Narceus americanus were found to range
from dissimilar (0.5-0.3) to identical (1.0) (Figures
14, 15; Appendices 5, 6). The mean similarity for
all burrows produced by N. americanus was 0.8,
indicating a highly similar suite of burrows based
on the 10 quantitative properties (Figure 14, 15). Of
the 29 burrow casts, all but one O-shaped burrow
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FIGURE 14. Summary of Bray Curtis similarity test results for the burrows of the four millipede species. Values are
arithmetic means of the similarity values produced when burrows of similar or different architectures are compared.
Total Avg columns represent the mean value of similarity when all burrows produced by one species are compared to
those produced by itself or another species. Values of 0.9-0.8 indicate high similarity, 0.7—0.6 indicate moderate simi-
larity, and values of 0.5 or less indicate dissimilarity. Values of 1.0 indicate that there was only one burrow produced of

that architecture by that species.

(NA31B) were found to be at least moderately sim-
ilar (>0.65) (Figure 15). Higher levels of similarity
(>0.75) were primarily controlled by primary archi-
tecture (Figure 15).

Similarity values within each burrow architec-
ture had a mean of 0.9 for vertical burrows, 0.8 for
subvertical burrows, 0.8 for helical burrows, and
0.7 for O-shaped burrows (Figure 14; Appendices

5, 6). Moderate levels of similarity (0.7-0.6) within
burrow architectures were primarily restricted to
only a few burrows (Appendices 5, 6). Of all sub-
vertical burrows (n=13), for example, only 15%
(n=2) were responsible for all occurrences of mod-
erate similarity (0.7). Among vertical burrows
(n=7), only one (NA3OF) produced all results of
moderate similarity (0.7). Similarities between heli-
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FIGURE 15. Bray Curtis cluster diagram comparing the 29 burrow casts produced by Narceus americanus. Burrow
cast ID numbers are color coded by architecture: red = subvertical burrow; blue = vertical burrow; orange = helical
burrow; purple = O-shaped burrow. Branch points near the top of the diagram indicate higher levels of similarity. Key
branch points are marked with their similarity value (at arrows). Values > 0.80 indicate high similarity, 0.79-0.60 indi-
cate moderate similarity, and values of 0.59 or less indicate dissimilarity. Groups of burrow casts found to be most
similar are marked with brackets and their level of similarity.

cal burrows (n=5) were less well defined. Only one
helical burrow (NA1) was highly similar to all other
helical burrows while the rest were highly similar
(0.9-0.8) to only two and moderately similar (0.7)
to the remaining two burrows (Figure 15; Appendi-
ces 5, 6). O-shaped burrows were the least similar
to each other. Within the O-shaped burrows (n=4),
the comparison of NA26A and NA26B produced
the only result of high similarity (0.9). All other com-
parisons resulted in moderate similarity (0.7-0.6)
with the exception of the comparison of NA31A and
NA31B which produced the only result of dissimi-
larity (0.5) among the burrows of Narceus ameri-
canus.
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When different architectures were compared
there was a tendency toward decreased similarity
as the mean angle of the burrow system decreased
and tortuosity increased (Figures 14, 15; Appendix
5). Vertical burrows, for example, had a mean simi-
larity of 0.8 with subvertical burrows, 0.7 with heli-
cal burrows, and 0.6 with O-shaped burrows. A few
burrows that were qualitatively characterized as
having different architectures were found to be
highly similar, indicating that other properties were
also contributing to similarity (Figures 14, 15;
Appendix 5). For example, two helical burrows
(NA33C, NA29B) were highly similar to all vertical
burrows, and most subvertical burrows (Figure 15).
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FIGURE 16. Bray Curtis cluster diagram comparing the 42 burrow casts produced by Floridobolus penneri. Burrow
cast ID numbers are color coded by architecture: red = subvertical burrow; blue = vertical burrow; orange = helical
burrow; purple = O-shaped burrow; green = J-shaped burrow. Branch points near the top of the diagram indicate
higher levels of similarity. Key branch points are marked with their similarity value (at arrows). Values > 0.80 indicate
high similarity, 0.79-0.60 indicate moderate similarity, and values of 0.59 or less indicate dissimilarity. Groups of bur-
row casts found to be most similar are marked with brackets and their level of similarity.

Burrows categorized by the Bray Curtis analysis to
be identical (n=13) were limited to those in the
same architecture with only two exceptions
(NA33C—helical burrow, NA30D-subvertical bur-
row) (Appendices 5, 6).

Burrows of Floridobolus penneri. Burrows pro-
duced by Floridobolus penneri were found to range
from dissimilar (0.5) to identical (1.0) (Figures 14,
16; Appendices 5, 7). The mean similarity of all
burrows produced by F. penneri was 0.8 indicating
that the suite was highly similar (Figure 14). These
similarities were highest within burrow architec-
tures (Figure 14; Appendix 7). Of the 42 burrow
casts, all but two burrows were found to be at least
moderately similar (>0.65) (Figure 16). Higher lev-
els of similarity (>0.75) resulted from similar pri-
mary architectures (Figure 16).

Vertical, subvertical, J-shaped, and helical
burrows all had mean similarity values of 0.9 indi-
cating very high similarity (Figure 14; Appendix 7).
Only O-shaped burrows had a mean similarity (0.6)
that indicated moderate similarity (Figure 14).
Within the same burrow architectures, only two
burrows (FP6A—subvertical, FP5G-0O-shaped)
accounted for the majority of moderately similar
(0.7-0.6) and dissimilar (0.5) results (Figure 16;
Appendix 7).

When burrows of different architectures were
compared, a trend similar to that seen in Narceus
americanus burrows was found; as the mean angle
of the burrow system decreased and tortuosity
increased, similarity decreased. Vertical burrows
had a mean similarity of 0.9 with subvertical bur-
rows, 0.8 with J-shaped burrows, 0.7 with helical
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FIGURE 17. Bray Curtis cluster diagram comparing the 71 burrow casts produced by Narceus americanus (NA) and
Floridobolus penneri (FP; shaded gray). Burrow cast ID numbers are color coded by architecture: red = subvertical
burrow; blue = vertical burrow; orange = helical burrow; purple = O-shaped burrow; green = J-shaped burrow. Branch
points near the top of the diagram indicate higher levels of similarity. Key branch points are marked with their similar-
ity value (at arrows). Values > 0.80 indicate high similarity, 0.79-0.60 indicate moderate similarity, and values of 0.59
or less indicate dissimilarity. Groups of burrow casts found to be most similar are marked with brackets and their level

of similarity.

burrows, and 0.7 with O-shaped burrows (Figure
14, 16; Appendix 5). The occurrence of identical
burrows between different architectures (n=19)
was limited to comparisons between vertical, sub-
vertical, and J-shaped burrows (Appendix 5).
Burrows of Narceus americanus and
Floridobolus penneri. The burrows of both spe-
cies had an overall high mean similarity value (0.8)
(Figures 14, 17; Appendices 5, 8). Of the 71 bur-
rows analyzed, only one (NA31B) was found to be
dissimilar and only seven had a similarity of <0.76
(Figure 17). Sixty-four burrows of both Narceus
americanus and Floridobolus penneri, therefore,
were found to be moderately to highly similar
(>0.76) (Figure 17). Burrows of both species
occurred in clusters at the highest levels of similar-
ity (>0.90), most, but not all, having similar archi-
tectures (Figure 17).
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Comparisons of each of the four common
architectures resulted in similarity values that were
close to those of the individual species (Figures 14,
17; Appendices 5, 8). The mean similarity of sub-
vertical and vertical burrows produced by both spe-
cies was 0.9. Within the subvertical architecture,
only three (NA21A, NA25A, FP6A) of 35 burrows
produced most (86%) of the moderately similar or
dissimilar values (Appendix 8). Of the 16 vertical
burrows, only a single burrow with a helical compo-
nent (NA30F) produced all moderate similarity val-
ues (Appendix 8). Helical burrows of both species
were also found to be highly similar (0.8) with only
one instance of moderate similarity between two
(FP4B, NA29B) out of seven burrows (Appendix 8).
The O-shaped burrows of each species had a
moderate (0.7) level of similarity. When split into
Type 1 and Type 2 structures, however, Type 1 O-
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FIGURE 18. Bray Curtis cluster diagram comparing the 71 burrow casts produced by Narceus americanus (NA) and
Floridobolus penneri (FP) with 13 burrow casts produced by Orthoporus ornatus (OO; shaded gray) from Hembree
(2009). Burrow cast ID numbers are color coded by architecture: red = subvertical burrow; blue = vertical burrow;
orange = helical burrow; purple = O-shaped burrow; green = J-shaped burrow. Branch points near the top of the dia-
gram indicate higher levels of similarity. Key branch points are marked with their similarity value (at arrows). Values >
0.80 indicate high similarity, 0.79—-0.60 indicate moderate similarity, and values of 0.59 or less indicate dissimilarity.
Groups of burrow casts found to be most similar are marked with brackets and their level of similarity.

shaped burrows had a high mean similarity value
(0.8) whereas Type 2 O-shaped burrows had a
moderate mean similarity value (0.6) (Appendix 8).
The lower level of similarity within Type 2 burrows
is due to the simple Type 2 burrow of Narceus
americanus (NA31B) and was likely related to that
burrow’s high tortuosity and very low maximum
depth and mean angle.

There were several burrows produced by the
two different millipede species that were found to
be identical using the Bray Curtis analysis. Most of
these occurrences (78%) were between burrows of
the same architecture (Appendix 8). Other identical
burrows, however, were assigned to different archi-
tectures (Appendix 5). These mostly (71%)
resulted from comparisons of vertical and subverti-
cal burrows; for example, a vertical burrow of
Floridobolus penneri with a spiral in its midsection
(FP7D) was identical to three subvertical burrows

of Narceus americanus (NA21B, NA30D, NA3OE)
(Appendix 5). A few occurrences of identical bur-
rows between the other architectures did occur,
such as between a vertical burrow of N. ameri-
canus with a helical structure at the end (NA30F)
and two J-shaped burrows of F. penneri (FP2H,
FP2I) as well as between a helical burrow (NA33C)
of N. americanus and a vertical (FP7B) and a sub-
vertical burrow (FP3D) of F. penneri (Appendix 5).

Spirobolid and Spirostreptid Burrows. Burrows
produced by two species of millipedes of the Order
Spirostreptida, Orthoporus ornatus, and Archispi-
rostreptus gigas, (Hembree, 2009) had a moderate
level of similarity (0.7) to those of the species of the
Order Spirobolida from this study (Figures 14, 18,
19; Appendices 9, 10, 11, 12, 15). Burrows of O.
ornatus, however, were found to be more similar to
those of the spirobolid millipedes than the burrows
of A. gigas. All but one burrow of O. ornatus

31



BOWEN & HEMBREE: NEOICHNOLOGY OF SPIROBOLIDS

= Wy
0.90
0'92/ | \0.91
0.88/ 0.87/ \
0.80 0.84
0'80/ 0 78/ I\o 78
0.76/

.é\ 0.70 4
5
£ l
o 0.66/ /

0,604 0.64

0.60/
0.50 4
0.40 4
036
0.30

FIGURE 19. Bray Curtis cluster diagram comparing the 71 burrow casts produced by Narceus americanus (NA) and
Floridobolus penneri (FP) with 8 burrow casts produced by Archispirostreptus gigas (AG; shaded gray) from Hem-
bree (2009). Burrow cast ID numbers are color coded by architecture: red = subvertical burrow; blue = vertical bur-
row; orange = helical burrow; purple = O-shaped burrow; green = J-shaped burrow. Branch points near the top of the
diagram indicate higher levels of similarity. Key branch points are marked with their similarity value (at arrows). Val-
ues > 0.80 indicate high similarity, 0.79-0.60 indicate moderate similarity, and values of 0.59 or less indicate dissimi-
larity. Groups of burrow casts found to be most similar are marked with brackets and their level of similarity.

(0010) had a similarity of >0.75 when compared to
the burrows of Narceus americanus and
Floridobolus penneri (Figure 18). As a result, the
burrows of O. ornatus grouped closely with the bur-
rows of the other two millipedes, typically associ-
ated by primary architectures (Figure 18). Most
(75%) burrows of A. gigas, however, had a lower
level of similarity (0.64) and occurred in a discrete
cluster (Figure 19). When compared to each other,
burrows of O. ornatus and A. gigas were mostly
separated into two distinct groups at moderate lev-
els of similarity (0.71) (Figure 20; Appendix 13)
Within each species, the burrows of both
Orthoporus ornatus and Archispirostreptus gigas
had a mean similarity value of 0.8 (Figure 14).
When each species’ suite of burrows were com-
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pared to each other, Narceus americanus (n=29),
Floridobolus penneri (n=42), and O. ornatus (n=13)
burrows all had high similarity values (0.8) (Figures
14, 18; Appendices 9, 10, 15). Burrows produced
by A. gigas (n=8), however, were found to be only
moderately similar to N. americanus (0.6), F. pen-
neri (0.6), and O. ornatus (0.7) (Figures 14, 19, 20;
Appendices 11, 12, 13, 15). The four species of
millipedes did produce many similar burrow archi-
tectures that could be compared. Vertical, subverti-
cal, and J-shaped burrows of N. americanus, F.
penneri, and O. ornatus had high similarity values
(0.9-0.8) (Figures 14, 18; Appendices 9, 10). Heli-
cal burrows produced by A. gigas (n=4), however,
had only a moderate similarity (0.6) to those of N.
americanus and F. penneri (Figures 14, 19; Appen-
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FIGURE 20. Bray Curtis cluster diagram comparing the 21

burrow casts produced by Orthoporus ornatus (OO) and

Archispirostreptus gigas (AG). Branch points near the top of the diagram indicate higher levels of similarity. Key branch
points are marked with their similarity value (at arrows). Values > 0.80 indicate high similarity, 0.79-0.60 indicate mod-
erate similarity, and values of 0.59 or less indicate dissimilarity. Groups of burrow casts found to be most similar are

marked with brackets and their level of similarity.

dices 11, 12). Orthoporus ornatus and A. gigas
both produced U-shaped (n=3) and sinuous (n=3)
burrows that were not produced by either N. ameri-
canus or F. penneri. The U-shaped burrows of both
species, however, had a high mean similarity (0.8)
to the J-shaped burrows of F. penneri (Figure 14,
18, 19; Appendices 10, 12). The sinuous burrow
(n=1) of O. ornatus also had a high similarity (0.9)
to the J-shaped burrows (Figure 14, 18; Appendix
10). The sinuous burrows of A. gigas (n=2), how-
ever, had only moderate similarity (0.7-0.6) to
most other burrow architectures and were dissimi-
lar to the O-shaped burrows (Figure 14, 19; Appen-
dices 11, 12).

Four Orthoporus ornatus burrows were found
to be identical to burrows of Floridobolus penneri
(Appendix 10). Three vertical burrows of O. orna-
tus (004, 006, O08) were identical to a vertical
burrow with a helical mid-section (FP7D), a vertical
(FP2D) and subvertical burrow (FP3G), and a verti-

cal burrow (FP4A), respectively (Appendix 10). In
addition, a J-shaped burrow of O. ornatus (OO11)
was identical to two subvertical burrows (FP3I,
FP2E) and one J-shaped burrow (FP2J) (Appendix
10).

Environmental Conditions and Burrow
Morphology

Despite differences in mean maximum burrow
depth measured from casts, percent clay content
and moisture conditions had no significant effect
on any of the eight quantitative measurements
tested (complexity, tortuosity, mean circumference,
total length, mean width, mean height, maximum
depth and mean slope). The Spearman’s rank cor-
relation tests produced Rs values between -0.39—
0.42 for percent clay composition and -0.33—-0.46
for moisture content compared to the burrow mea-
surements (Table 4; Appendices 14, 15). These
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TABLE 4. Rs values of the Spearman’s rank correlation tests between sediment clay and moisture content and quanti-
tative burrow properties. The number of burrow openings rarely varied between burrow casts and were, therefore,

excluded from the analysis.

Narceus americanus

Length Depth Width Height Circum. Slope Complexity Tortuosity
Clay -0.31 -0.10 0.01 0.42 -0.13 -0.39 -0.28 -0.30
Moisture -0.22 -0.33 -0.13 0.41 0.04 0.46 -0.10 -0.11
Floridobolus penneri
Length Depth Width Height Circum. Slope Complexity Tortuosity
Clay 0.15 0.19 0.24 0.36 0.22 0.03 -0.17 0.14
Moisture 0.03 -0.07 0.26 -0.01 0.04 -0.01 0.09 0.11

values indicated that the millipedes did not signifi-
cantly change their behavior in a way that was
reflected in their quantitative burrow morphology.
There was, however, a difference in the diversity of
burrow types (primary architectures and modifica-
tions) produced in the different sediments.
Floridobolus penneri produced the highest diversity
of burrow types in a 100S sediment (n=6) and in
258a/75S sediments (n=5) under higher (250%)
moisture conditions. Narceus americanus pro-
duced the most types in 500/50S sediments (n=4)
under both low and high (30-40%) moisture condi-
tions.

DISCUSSION

Species and even individuals can produce
many different burrow architectures and different
species can produce the same architectures
(Bromley, 1996). Burrow morphology is generally
influenced by organism morphology, behavior, and
their response to variations in environmental stim-
uli, including biotic and abiotic factors. Narceus
americanus and Floridobolus penneri produced
four and five distinct burrow architectures, respec-
tively, under varying sediment compositions and
moisture conditions. All but one of these architec-
tures was produced by both species. Comparison
of these burrows produced by millipedes of the
Order Spirobolida with those produced by milli-
pedes of the Order Spirostreptida indicated that
some burrows were very similar while others were
unique to one of the orders or species.

Organism and Burrow Morphology

Burrows produced by the millipede species in
this study and those studied by Hembree (2009)
were moderately to highly similar (0.6—-0.9); how-
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ever, despite variation in other quantitative burrow
properties, width-to-height ratio was found to be
relatively constant (1.00-1.14) among all of the
burrow casts. The mean width and mean height of
burrows produced by Archispirostreptus gigas, for
example, were nearly three times those of burrows
produced by the other three species. This relation-
ship was also present in the body diameters of indi-
viduals used: Narceus americanus: 3-7 mm,
Floridobolus penneri: 6—9 mm, Orthoporus orna-
tus: 4—-7 mm (Hembree, 2009), and A. gigas: 15—
30 mm (Hembree, 2009). Despite these differ-
ences in body and burrow size, the mean width-to-
height ratios of burrows produced were almost
identical. The close relationship between millipede
body shape and burrow morphology suggests that
the width-to-height ratio of 1.00-1.14 may be use-
ful to help support the interpretation of fossil bur-
rows as being produced by millipedes with a juloid
morphotype.

The mean widths of the tunnels and shafts,
but not chambers, were 30-51% larger than the
mean diameter of the millipedes (Narceus ameri-
canus: 51%, Floridobolus penneri: 36%, Orthopo-
rus ornatus: 46%, Archispirostreptus gigas: 30%).
Even though millipede burrow morphology is
closely related to body morphology, this difference
in diameter indicates that burrow size is not an
exact match to the tracemakers’ size. The varia-
tions in burrow width are likely the result of the bur-
rowing techniques used by the individuals. Both
compaction and excavation can be used to make
burrows with larger dimensions than the trace-
maker. This increase in burrow size relative to the
tracemaker is well illustrated by the construction of
chambers (Figures 5.1, 9.5, 11.3). Additionally,
when burrowing, millipedes are not restricted to a
single orientation. Millipedes are slightly taller than



they are wide, so the shift from burrowing right-
side-up to sideways causes shifts in the cross-sec-
tional size of the burrow.

Wedge-shaped indentations and curving por-
tions of some chambers represent indentations of
the millipede’s body (Figure 7.1-2) and are similar
in appearance to the anal segment of the millipede.
The occurrence of fecal pellets within these cham-
bers suggests that they were occupied for
extended periods of time (Figure 7.3-5). The milli-
pedes were only observed to burrow head first, and
the anal segment was never involved in the bur-
rowing process. Therefore, the indentations are
most likely body impressions rather than an
expression of behavior. It is likely that the milli-
pedes were buried under sediment as a result of
gravitational collapse of the burrow; the millipedes
then re-excavated the burrow and moved to the
surface, leaving behind an indentation of the back
portion of its body. Curved portions of burrow
chambers likely represent the individual curling
around itself (Figures 5.1, 9.5, 11.3) or points
where the millipede turned around (Figures 9.4,
10.4), requiring the formation of a larger void
space.

Burrow Morphology and Behavior

As the direct result of behavioral interaction
with a medium (Bromley, 1996), variations in bur-
row morphology can reflect differences in organism
behavior. Burrows and surficial traces produced by
Narceus americanus and Floridobolus penneri rep-
resent dwelling, feeding, and locomotive behav-
iors. Over the course of these experiments, N.
americanus and F. penneri continually attempted to
move outside the bounds of the terraria while on
the surface, resulting in the production of trails out-
lined by large grains. This continual locomotion
behavior was possibly part of a search for a more
preferential habitat, food, or mates. Extant milli-
pedes, for example, are known to migrate in large
numbers in response to detrimental changes in the
environment (Kania and Tracz, 2005). Additional
trails or furrows were produced when millipedes
began to burrow but then moved laterally prior to
being deep enough to produce a structurally stable
burrow (Figure 6.1-2). This type of trail is evidence
of the head-ramming compaction technique used
by both species.

Shallow burrows that were never fully occu-
pied were considered probing structures. These
burrows were cone shaped, usually <3 cm long,
and represented abandoned attempts at burrow-
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ing. These structures were limited to the vertical
and subvertical architectures.

The millipede species used in this study were
cathemeral, but primarily nocturnal. In response to
light stimuli, the millipedes commonly either began
to immediately burrow or entered an open burrow.
Burrows that were occupied for short periods (<12
hours) were usually produced as a means of avoid-
ing light exposure, likely to avoid evaporative des-
iccation and predation. These temporary dwellings
generally had a total length that was long enough
to accommodate the individual’s entire body (4.0—
12.5 cm), but had a relatively shallow maximum
depth (1.1-8.2 cm). Vertical, subvertical, J-shaped,
helical, and Type-2 O-shaped structures were pro-
duced for this purpose.

Structures that were occupied for longer peri-
ods of time (>2 days) generally had a greater total
length (7.7-33.0+ cm) and maximum depth (5.7—
33.0 cm) in both observed in situ and cast burrows
than burrows occupied for shorter periods. In addi-
tion, burrows that were occupied for long periods
commonly contained more fecal pellets and had
chambers. These burrows likely served a dual pur-
pose of dwelling and feeding. Fecal pellets were
commonly composed of clay material as well as
organics indicating the millipedes were consuming
the soil, although this was not directly observed.
Narceus americanus eats and dwells in rotting
wood (Ausmus, 1977), therefore, wood splinters or
the organic coconut fiber present in the soil mixture
may have been an additional food source for these
millipedes. The occurrence of fewer fecal pellets in
burrows produced in the sandy sediments supports
this conclusion. All architectures, except for Type-2
O-shaped structures, were produced for long-term
occupation.

Burrows occupied for long periods were often
used for molting or entering a state of torpor (i.e.,
aestivation) likely as a result of adverse surface
conditions. During the experimental trials, for
example, there was a point at which surface activ-
ity decreased in all millipedes. On average, experi-
ments conducted between August 15th and
February 1st took eight times longer past the
expected duration than those conducted at other
times of the year (Table 1). Laboratory conditions
were kept relatively constant throughout the year
and this decreased surface activity also occurred in
holding terraria. It seems likely, therefore, that
there were other seasonal cues to remain under-
ground for long periods. Burrows used for molting
or aestivation contained a chamber large enough
for an entire individual; usually having a greater
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width than height. Millipedes were found as shal-
low as 4 cm and as deep as 33 cm after being inac-
tive for more than two weeks, indicating that
burrows produced for this behavior can be at any
depth range.

Branches were never longer than a few cm in
Narceus americanus or Floridobolus penneri bur-
rows. Most branches (9 of 10) were at a 10-70°
angle from the horizontal off of the main shaft and
occurred as a modification to a primary architec-
ture. Since these branches did not continue any
great distance and were only present in 11% of
burrows, it is unlikely that they served any func-
tional purpose. Their length and branching angle
suggest that these were likely probing structures
similar to abandoned burrows observed at the sur-
face.

Burrow Morphology and Sediment Properties

An overall decrease in the mean maximum
depth of burrows produced in sandy sediment was
observed, however, neither sediment composition
nor moisture content had a statistically significant
impact on morphology (Table 4; Appendices 14,
15). Millipede burrow morphology is, therefore,
interpreted to be controlled primarily by organism
morphology and behavior. Architectural diversity of
the burrows produced, however, did appear to be
affected by sediment properties. In general, individ-
uals of both species had more difficulty burrowing
in sandy sediments, and collapse was more com-
mon as the surface of these sediments dried. Sedi-
ments containing organic matter and higher
amounts of clay were able to hold moisture longer
and, therefore, burrow stability was maintained for
longer periods.

Millipede Burrows: Function and Similarity

The four millipede species discussed in this
study are different in habitat, body size, and bur-
rowing techniques. Despite these differences, bur-
rows produced by Narceus americanus,
Floridobolus penneri, Orthoporus ornatus, and
Archispirostreptus gigas were not found to be dis-
similar based on the 10 quantitative measurements
of burrow morphology. It was determined that the
burrow morphology of N. americanus and F. pen-
neri was primarily controlled by organism morphol-
ogy and behavior. Similar conclusions were drawn
for O. ornatus and A. gigas by Hembree (2009).
The similarities observed between burrows pro-
duced by these four species help to support this
conclusion. The morphology of juloid millipedes
restricts the burrowing techniques that they can
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use and the cross-sectional shape of the burrows
they produce. With the differences in the sizes of
the species being compared, it could be expected
that the burrows of A. gigas would be less similar to
those produced by the other species. The Bray-
Curtis similarity test results obtained did show that
A. gigas burrows were the least similar to any of
the other species. This difference, however, cannot
solely be attributed to the difference in the size of
the millipedes. An additional Bray-Curtis similarity
test was conducted after the burrow measure-
ments that were most closely related to size of the
burrow cast (mean height, mean width, and mean
circumference) were removed. The mean similarity
of A. gigas burrows compared to the burrows of the
other species improved, but still had the lowest
similarity value compared to any other species
(0.7). Hembree (2009) determined that the function
of burrows produced by A. gigas was for feeding
and locomotion while O. ornatus used their bur-
rows primarily for refuge and dwelling. The function
of burrowing behavior observed in N. americanus
and F. penneri was determined to be related to
dwelling, refuge from adverse conditions, feeding,
and molting. Similarity values between burrows
produced by different millipede species were the
highest between N. americanus, F. penneri, and O.
ornatus, even after the organism-size related mea-
surements were removed. A conclusion, therefore,
is that the similarity of the burrows produced by
these millipedes is most strongly related to the
function of the burrow.

SIGNIFICANCE

Recognition of Juliform Millipede Burrows in
the Fossil Record

In order to properly interpret trace fossils, a
thorough understanding of modern tracemakers
and behaviors is required. The importance of
understanding modern tracemakers is increased
when the morphology of the species under investi-
gation is suspected to have undergone few
changes over geologic time. The ring-form body
plan of the superorder Juliformia was present in the
Early Devonian (Wilson, 2006b; Cong et al., 2009),
but despite the longevity of a body plan that is well
adapted to burrowing, few fossil burrows have
been attributed to millipedes. This lack of trace fos-
sil evidence is likely due to a lack of recognition
rather than true absence. The proper description of
extant millipede burrows using identifiable charac-
teristics may allow millipede burrows to be accu-
rately identified in the fossil record.



In order to facilitate the identification of juli-
form millipede burrows in the fossil record, the
definable characteristics of the burrows produced
by two modern spirobolid millipedes, Narceus
americanus and Floridobolus penneri, are summa-
rized below using the suggested morphological ich-
notaxobases as defined by Bertling et al. (2006).
Architecture. Spirobolid millipede burrows consist
of vertical, subvertical, J-shaped, helical, and hori-
zontally or vertically oriented O-shaped burrows
with one or two surface openings. Branching is
uncommon; branches are generally shorter than
the primary burrow shaft and can occur within all
burrow architectures. Chambers are most com-
monly present at the end of a burrow, but may be
anywhere within the burrow. Chambers can be hor-
izontally and vertically expanded and are 2-3 times
the diameter of the primary burrow shaft or tunnel.
Overall Shape. Shafts and tunnels are nearly cir-
cular in cross-section with a mean width-to-height
ratio of 1.1. Burrow heights and widths commonly
increase toward burrow entrances and decrease
near the end of the burrow. Chambers vary in size
and shape, but commonly outline the individual.
Burrows vary from straight to sinuous depending
on the presence of branches, chambers, and heli-
cal additions. The most distinct architecture, O-
shaped burrows, consist of a primary shaft that fol-
lows either an elliptical, circular, or teardrop-
shaped path connecting back to itself. J-shaped
burrows follow a similar path but stop just prior to
connecting back to the primary shaft.

Orientation. Burrows are oriented from 20-90° to
the horizontal. Branches are typically oriented 12—
60° from the primary shaft or tunnel.

Internal Structure. Spirobolid millipede burrows
are constructed using excavation and compaction
and may have a compressed lining depending on
the substrate. Burrows are passively filled, but may
also contain fecal pellets.

Surficial Features. Floors can be irregular, but
ceilings and walls are relatively smooth. Chambers
and burrow end points may have wedge-shaped
imprints from the anal segment of the millipede.
Fecal pellets are commonly incorporated into the
walls and floor of the burrow and can be in groups,
straight lines, or randomly placed.

Paleontologic and Paleoecologic Significance

While millipede ecology, physiology, and
behavior have been well studied and their burrow-
ing behavior is widely known, little work has been
done to understand their burrow morphology
(Hembree, 2009). Many modern soil organisms are
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poorly understood, particularly in their trace-mak-
ing abilities. These organisms tend to have a low
preservation potential since they often reside in an
environment where organic matter is quickly bro-
ken down, recycled, or fragmented through biotur-
bation (Retallack, 2001b; Hattenschwiler et al,,
2005; Zhang et al., 2008; Shear and Edgecombe,
2010). Therefore, body fossils of these organisms
may not accurately represent true biodiversity or
abundance. In addition, terrestrial organisms are
exposed to extreme variances in temperature, pre-
cipitation, evaporation, and habitats. While body
fossils can be used to interpret environmental con-
ditions based on a modern analog, organisms can
change over time and become adapted to different
conditions while not significantly or predictably
changing their morphology. Conversely, behaviors
are considered relatively constant through time. As
direct representations of behaviors, modern traces
are well suited to be used as proxies for past envi-
ronmental conditions if similar trace fossils are
found (Bromley, 1996). Neoichnological studies are
vital to understanding historical abundance and
how environmental conditions can affect burrow
morphology.

Five different burrow architectures were pro-
duced by Narceus americanus and Floridobolus
penneri with only one architecture specific to one
species. Not only do the two species produce simi-
lar burrow architectures, but individuals were found
to produce multiple burrows of different architec-
tures. While individuals were surface active, bur-
rowing was continuous. If this level of burrowing
activity has not changed over millipede evolution,
burrows produced by millipedes should be much
more common in the fossil record than is currently
known. Furthermore, if all burrows produced by
millipedes in the fossil record were identified, milli-
pede abundance may be over-estimated by burrow
abundance. The sizes of the burrows produced in
this study were closely related to the sizes of the
tracemakers. This relationship, however, can only
be used to estimate the maximum size of the indi-
vidual. Millipedes used excavation and compres-
sive techniques to construct shafts, tunnels, and
chambers that were approximately 30-51% larger
than the width of the individuals used in this study.

Millipede burrows have a moderate to high
preservation potential. Millipede burrows produced
in this study were all open to the surface, primarily
produced via compacting and stabilizing the sur-
rounding sediment, and were commonly able to
penetrate the sediment to depths greater than 20
cm. The open burrows could be passively filled by
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contrasting sediment carried by floods and wind.
Open subsurface burrows not passively filled by
surface sediment could be filled as a result of water
infiltration with minerals precipitating in the void
spaces or the accumulation of translocated clays.
The millipede burrows, whether open or passively
filled, were more permeable than the surrounding
sediment. Burrows produced against the side of
the terrarium served as conduits for water infiltra-
tion when the surface of the terrarium was sprayed.
High permeability also increases the likelihood of
burrow visibility as diagenetic redox processes
highlight the burrow fill (Bromley, 1996).

Burrowing in millipedes may have been an
early adaptation since the ring-form body plan and
diplosegment condition were present in Devonian
fossils (Wilson and Anderson, 2004, Wilson,
2006b; Cong et al., 2009). Widely accepted as one
of the first macrofauna on land, it is possible that
the accurate identification of millipede burrows
would increase the temporal and geographic range
of the Diplopoda.

Paleopedologic and Paleoenvironmental
Significance

As air-breathing detritivores, millipedes
require a terrestrial environment with decomposing
vegetation. This necessitates that where burrows
of millipedes are present, some form of vegetation
and terrestrial conditions must be present. Fossil
millipede burrows may then be used as a proxy for
aerated continental deposits with surface vegeta-
tion.

Differences in the morphology of millipede
burrows compared in this study have shown that
millipede burrows constructed for different pur-
poses may be discernible. If burrows constructed
for the purpose of environmental isolation (i.e.,
aestivation) can be identified in the fossil record, it
may be possible to differentiate seasonal climatic
conditions from more stable ones. Narceus ameri-
canus is widely distributed and is primarily found in
temperate forests in the eastern United States
(O’Neill, 1968a, 1968b; Ausmus, 1977; Shelley et
al., 2006). The soils of its habitat are subject to
yearly freeze-thaw cycles with frozen soil extend-
ing to 11.7 cm in the absence of snowpack and 2.9
cm in the presence of snowpack in New York (Ver-
mette and Christopher, 2008). Burrowing to depths
greater than 12 cm may, therefore, be a behavioral
adaptation to avoiding freezing soil conditions. The
Florida scrublands are known for soils with low
water retention and low soil moistures during dry
seasons (Weekley et al., 2007). In this environ-
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ment Floridobolus penneri must burrow to depths
of >50 cm to encounter soil moisture levels of only
10% (Weekley et al., 2007). Maximum burrow
depth may, therefore, be directly related to surviv-
ability during extreme climate variability. The peri-
ods of low activity observed in the laboratory
correlate with seasonally cold temperatures and
seasonally dry conditions in N. americanus and F.
penneri habitats, respectively. With these strong
adaptive requirements, it is not surprising that simi-
larity tests would indicate that burrow function may
play a stronger role in burrow morphology than
specific environmental factors.

The requirement of many millipedes for cal-
cium to maintain their cuticles may be linked to a
preference toward calcium-rich environments
(Kime and Golovatch, 2000). Millipedes are likely
able to consume the calcium needed directly from
calcium-rich soils and plants. This requirement
restricts where millipedes may have made their
first landward incursions. The earliest millipedes
may have fed on bryophytes that grew on lime-
stone, lichens that grew near the seashore, or
fungi, all of which have been shown to have ele-
vated calcium contents in modern studies (Cro-
mack et al., 1977; Bates, 1982; Rhoades, 1999).
Coprolites from the Early Devonian attributed to
millipedes contained fragments of nematophytes,
which may represent another nutritional source for
early Diplopoda (Edwards et al., 2012).

Numerous studies have been conducted on
the effect millipedes have on soil formation and
nutrient cycling as detritivores (Ausmus, 1977;
Crawford, 1992; Bonkowski et al., 1998; Carcamo
et al., 2000; Fujimaki et al., 2010), but little has
been done to determine how millipede burrows
affect soil formation. The burrowing techniques
employed by the millipedes used in this study
allowed for the construction of open channels deep
into the soil subsurface. These burrows allow oxy-
gen, water, and other organisms access to deeper
soil horizons than they would normally be able to
reach (Hole, 1981; Wilkinson et al., 2009). As a
result, the physical and chemical processes that
break down minerals within the soil are accelerated
(Schaetzl and Anderson, 2005). In addition, these
millipedes were found to consume plant material
above and below the surface and deposit their
fecal pellets both on the surface and in their bur-
rows. This physical and chemical breakdown of
plant material allows these nutrients to become
available to soil microbes and bacteria (Schaetzl
and Anderson, 2005). The overall effect would be
an increase in the organic content of the soil.



Millipede fecal pellets are known to be an
important food source for some earthworms (Bon-
kowski et al., 1998). Farfan (2010) even suggested
that through the act of self-coprophagy, millipedes
may be able to survive instances of human medi-
ated accidental transportation with little sediment
present. Some millipedes also store eggs within
fecal pellets in their burrows, but no chambers con-
structed in this study were observed to have been
used for this purpose. Accumulations of fecal pel-
lets within the millipede burrows may, therefore, be
used as a nutrient source to help sustain the indi-
vidual or its young when remaining underground
for long periods. The growth of fungi and bacteria
on the fecal pellets may even be considered a
“farming” technique if further studies support inten-
tional cultivation of these organisms from fecal pel-
lets. Large accumulations of fecal pellets
suggested as possibly being produced by milli-
pedes have been reported from within fossil fern
stems of the Upper Pennsylvanian in Ohio (Roth-
well and Scott, 1983).

Millipedes are widely distributed, therefore,
their ichnofossils would likely be found in all soil
types except for Gelisols. Their preference for cal-
cic environments may mean that calcium-rich soils
would be the most likely habitat. Waterlogged and
ever-wet soils, however, are unlikely to contain mil-
lipede burrows. Being detritivores, millipedes
require decomposing plant material for consump-
tion meaning that, along with millipede burrows,
rhizoliths should be common. The long temporal
range of millipedes places them in time periods
with all other terrestrial macrofauna. The co-occur-
rence of millipede burrows with many other soil-
dwelling annelid, insect, arachnid, reptile, amphib-
ian, and mammal burrows is very likely.

CONCLUSIONS

Understanding ancient ecosystems begins
with the study of the modern. Some aspects of
modern ecosystems have been well studied, but
soil animals and their traces have been widely
overlooked. Neoichnological studies are required
to address the key aspects of continental trace fos-
sils such as the identity of their tracemakers and
their associated behaviors. Despite their high
diversity, abundance, vital role in modern ecosys-
tems, and wide geographic and temporal range,
very few studies have been conducted on the
trace-making abilities of millipedes.

Narceus americanus produced four different
burrow architectures. These architectures included
vertical, subvertical, helical, and O-shaped bur-
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rows. Floridobolus penneri produced all of the
architectures of N. americanus in addition to J-
shaped burrows. Burrow shafts and tunnels pro-
duced by the millipedes in this study were usually
2-3 mm larger than the individual indicating that
burrow size is an overestimation of body size.
Chambers were sometimes three times larger than
the individual and varied in shape and size.

When burrows produced by the species used
in this study were compared to burrows produced
by Orthoporus ornatus and Archispirostreptus
gigas in a similar study (Hembree, 2009) using a
nonparametric statistical analysis, the burrows
were found to have some highly similar quantitative
elements. A mean width-to-height ratio of 1.0-1.14
was found to be consistent among burrows pro-
duced by all four species of millipedes. Burrows
produced by Narceus americanus, Floridobolus
penneri, and O. ornatus were found to have similar
mean widths, mean heights, and mean slopes.
Burrows produced by the largest of the four milli-
pedes, A. gigas, were found to be the least similar
even when properties most related to the size of
the tracemaker were removed from the analysis.
This difference was ultimately attributed to differ-
ences in the functions of the burrows. Narceus
americanus, F. penneri, and O. ornatus con-
structed burrows for dwelling and environmental
isolation, whereas A. gigas produced burrows for
feeding and locomotion. The quantitative morpho-
logic characteristics used in this study were, there-
fore, able to differentiate millipede burrows
produced by different orders and for different func-
tions.

It is commonly expected that burrow morphol-
ogy is controlled by environmental conditions such
as sediment composition and moisture content.
This study found that these environmental condi-
tions had no significant effect on burrow morphol-
ogy. Instead entrenched evolutionary behaviors
may be the strongest control on millipede burrow
morphology. This study, therefore, illustrates the
importance of tracemaker body morphology and
behavior in the morphology of burrows. Burrowing
technique was also shown to have little effect on
the similarity of burrows produced by millipedes
with very similar body plans. While Narceus ameri-
canus and Floridobolus penneri both used a com-
bination of compaction and small amounts of
excavation, their burrows were found to be highly
similar and even identical to burrows produced by
Orthoporus ornatus that uses only an excavation
technique.
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No terrestrial macrodetritivore has a longer
history than millipedes. A large portion of their
record, however, has been largely ignored. Thor-
ough neoichnological studies on the traces pro-
duced by millipedes will aid in uncovering the true
diversity and abundance of millipedes in the fossil
record as well as allow for the production of better
paleoecologic, paleoclimatic, and paleoenviron-
mental reconstructions from the continental rock
record.
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APPENDIX 1.

Video of Narceus americanus using a compaction burrowing technique in 500/50S sediment. For live videos, see
palaeo-electronica.org/content/2014/709-neoichnology-of-spirobolids

APPENDIX 2.

Video of Narceus americanus using an excavation burrowing technique in 50Sa/50S sediment. For live videos, see
palaeo-electronica.org/content/2014/709-neoichnology-of-spirobolids

APPENDIX 3.

Video of Floridobolus penneri using a compaction burrowing technique in 50Sa/50S sediment. For live videos, see
palaeo-electronica.org/content/2014/709-neoichnology-of-spirobolids
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APPENDIX 4.

Video of Floridobolus penneri in the subsurface using an excavation burrowing technique to widen a burrow in 1000
sediment.
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APPENDIXES 5-13.
See palaeo-electronica.org/content/2014/709-neoichnology-of-spirobolids for these appendixes in PDF format.

APPENDIX 5. Bray Curtis similarity matrix comparing all burrow casts produced in this study. From top-down and left-
right; 29 Narceus americanus burrows (NA), 42 Floridobolus penneri burrows (FP), 13 Orthoporus ornatus burrows
(OO0 prefix), and 8 Archispirostreptus gigas burrows (AG). Color bars along the sides and top indicate primary burrow
architectures: Black = subvertical burrow, gray = vertical burrow, tan = J-shaped burrow, brown = helical burrow,
magenta = O-shaped burrow, dark green = sinuous burrow, yellow = U-shaped burrow. Colors inside the matrix indi-
cate the level of similarity: green cells indicate identical burrows; blue cells indicate highly similar burrows; orange cells
indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 6. Bray Curtis similarity matrices comparing the burrow architectures of Narceus americanus. 1) Compari-
son matrix of subvertical burrows. 2) Comparison matrix of vertical burrows. 3) Comparison matrix of helical burrows.
4) Comparison matrix of Type 1 and Type 2 O-shaped burrows. Colors inside the matrix indicate the level of similarity:
green cells indicate identical burrows; blue cells indicate highly similar burrows; orange cells indicate moderately simi-
lar burrows; red cells indicate dissimilar burrows.

APPENDIX 7. Bray Curtis similarity matrices comparing the burrow architectures of Floridobolus penneri. 1) Compari-
son matrix of subvertical burrows. 2) Comparison matrix of vertical burrows. 3) Comparison matrix of J-shaped bur-
rows. 4) Comparison matrix of Type 1 and Type 2 O-shaped burrows. 5) Comparison matrix of helical burrows. Colors
inside the matrix indicate the level of similarity: green cells indicate identical burrows; blue cells indicate highly similar
burrows; orange cells indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 8. Bray Curtis similarity matrices comparing the similar burrow architectures produced by Narceus ameri-
canus (NA) and Floridobolus penneri (FP). 1) Comparison matrix of subvertical burrows. 2) Comparison matrix of verti-
cal burrows. 3) Comparison matrix of helical burrows. 4) Comparison matrix of O-shaped burrows. Colors inside the
matrix indicate the level of similarity: green cells indicate identical burrows; blue cells indicate highly similar burrows;
orange cells indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 9. Bray Curtis similarity matrix comparing burrows produced by Narceus americanus (NA) to burrows pro-
duced by Orthoporus ornatus (OO). Cells outlined in thick black lines in the matrix indicate comparison of burrows with
the same architecture. 001, O0O7, and OO10 are subvertical burrows. 002, 004, 006, O08, and O09 are vertical
burrows. OO5 is a sinuous burrow. O0O3 is a U-shaped burrow. OO11-13 are J-shaped burrows. Colors inside the
matrix indicate the level of similarity: blue cells indicate highly similar burrows; orange cells indicate moderately similar
burrows; red cells indicate dissimilar burrows.

APPENDIX 10. Bray Curtis similarity matrix comparing burrows produced by Floridobolus penneri (FP) to burrows pro-
duced by Orthoporus ornatus (OO). Cells outlined in thick black lines in the matrix indicate comparison of burrows with
the same architecture. 001, O0O7, and OO10 are subvertical burrows. 002, 004, 006, O08, and O09 are vertical
burrows. OO5 is a sinuous burrow. O0O3 is a U-shaped burrow. OO11-13 are J-shaped burrows. Colors inside the
matrix indicate the level of similarity: green cells indicate identical burrows; blue cells indicate highly similar burrows;
orange cells indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 11. Bray Curtis similarity matrix comparing burrows produced by Narceus americanus (NA) to burrows pro-
duced by Archispirostreptus gigas (AG). Cells outlined in thick black lines in the matrix indicate comparison of burrows
of the same architecture. AG2 and AG8 are sinuous burrows. AG1, AG3, AG4, and AG6 are helical burrows. AG7 and
AG5 are U-shaped burrows. Colors inside the matrix indicate the level of similarity: blue cells indicate highly similar
burrows; orange cells indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 12. Bray Curtis similarity matrix comparing burrows produced by Floridobolus penneri (FP) to burrows pro-
duced by Archispirostreptus gigas (AG). Cells outlined in thick black lines in the matrix indicate comparison of burrows
of the same architecture. AG2 and AG8 are sinuous burrows. AG1, AG3, AG4, and AGB6 are helical burrows. AG7 and
AG5 are U-shaped burrows. Colors inside the matrix indicate the level of similarity: blue cells indicate highly similar
burrows; orange cells indicate moderately similar burrows; red cells indicate dissimilar burrows.

APPENDIX 13. Bray Curtis similarity matrix comparing burrows produced by Orthoporus ornatus (OO) to burrows pro-
duced by Archispirostreptus gigas (AG). Cells outlined in thick black lines in the matrix indicate comparison of burrows
of the same architecture. 001, O07, and O0O10 are subvertical burrows. 002, 004, 006, 008, and OO9 are vertical
burrows. OO5 is a sinuous burrow. O03 is a U-shaped burrow. O011-13 are J-shaped burrows. AG2 and AGS8 are
sinuous burrows. AG1, AG3, AG4, and AG6 are helical burrows. AG7 and AG5 are U-shaped burrows. Colors inside
the matrix indicate the level of similarity: blue cells indicate highly similar burrows; orange cells indicate moderately
similar burrows; red cells indicate dissimilar burrows.
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APPENDIX 14.

Scatter plots of data used in Spearman’s rank correlation tests of Narceus americanus burrows. The x-axis is the rela-
tive clay and moisture content in the sediment. The y-axis is the measured value of the burrow property. Rs values indi-
cate no significant relationship between sediment clay and moisture content to any of the eight different quantitative
burrow properties tested.
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APPENDIX 15.

Scatter plots of data used in Spearman’s rank correlation tests of Floridobolus penneri burrows. The x-axis is the rela-
tive clay and moisture content in the sediment. The y-axis is the measured value of the burrow property. Rs values indi-
cate no significant relationship between sediment clay and moisture content to any of the eight different quantitative
burrow properties tested.
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