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ABSTRACT 26 

 27 

 One hundred Selenichnites rossendalensis (excavations), sometimes with associated trackways, 28 

have been found at Joggins Fossil Cliffs (Nova Scotia, Canada; Pennsylvanian). The majority of the 29 

Selenichnites found in this study contain only one lunate cast and some are distinguished by linear ridges 30 

that project behind a single lunate cast. A detailed investigation of the morphology and orientation of these 31 

Selenichnites—attributable to xiphosurans, relatives of modern horseshoe crabs (Limulus polyphemus)—32 

yields an understanding of xiphosuran digging behavior. Statistical analysis of 96 lunate casts from two 33 

populations of Selenichnites separated by several hundred thousand years shows, with 99% confidence, that 34 

the prosomas (heads) of the younger population are smaller. Further study of the wealth of Selenichnites at 35 

Joggins will be useful to determine which factors control xiphosuran body-size changes and the timescale 36 

on which those changes can be seen manifest in a population. The smallest known Selenichnites (7 mm 37 

wide) is also reported. 38 

 39 

INTRODUCTION 40 

 41 

Selenichnites (meaning ‘moon-shaped trace’) is an ichnogenus that is composed of one or a series 42 

of lunate marks (Romano and Whyte, 1987, 1990). Selenichnites have been studied extensively and are 43 

often interpreted as xiphosuran traces based on their similarity to traces produced by modern xiphosurans, 44 

such as the modern horseshoe crab, Limulus polyphemus (Caster, 1938; Hardy, 1970; Romano and Whyte, 45 

1987; Moreau et al., 2014 and synthesis of 90 papers therein). Xiphosurans have been extant since the 46 

Devonian, perhaps even the Ordovician (e.g. Rudkin et al., 2008), and their traces have been described from 47 

every continent except Antarctica (e.g. Moreau et al., 2014).  The trends and causes of changes in 48 

xiphosuran body size over time remain an open question (Moreau et al., 2014). 49 

One hundred Selenichnites, comprising lunate casts, often with associated posterior linear ridges, 50 

and occasionally with associated trackways, have been found at Joggins Fossil Cliffs, Nova Scotia, Canada. 51 
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Fourteen specimens are housed in the Permanent Collection of the Joggins Fossil Institute and the remaining 52 

specimens are preserved digitally. These are the first Selenichnites descibed from the Joggins locality. 53 

In this paper we first describe the Selenichnites present at the Joggins Fossil Cliffs UNESCO World 54 

Heritage Site in Nova Scotia.  Second, we statistically characterize the size distributions of two populations 55 

of Selenichnites to determine whether the two populations of tracemakers had different body sizes. Finally, 56 

we discuss the paleoenvironment in which the traces were made and propose an ethological interpretation 57 

for the Selenichnites found at this site. 58 

 59 

GEOLOGIC SETTING 60 

 61 

The Joggins Fossil Cliffs (Nova Scotia, Canada; Figure 1) UNESCO World Heritage Site covers 62 

~15 km of the Mississippian Mabou Group and Pennsylvanian Cumberland Group (Figure 1), spanning 63 

almost 15 million years (Utting et al., 2010). The cliffs contain an extraordinary fossil record of terrestrial 64 

life from the Pennsylvanian, much of it preserved in situ (Lyell, 1843; Calder, 1998; Falcon-Lang et al., 65 

2006; DiMichele and Falcon-Lang, 2011). The site also preserves a diverse record of aquatic life, including 66 

vertebrates, invertebrates, and their trace fossils (e.g. Lyell, 1843; Solem and Yochelson, 1979; Archer et 67 

al., 1995; Dafoe et al., 2011; Stimson et al., 2012). 68 

All specimens in this study were collected from the Joggins Formation, which is a unit of the 69 

Cumberland Group that was deposited in the Cumberland Basin, a sub-basin within the Maritimes Basin 70 

complex of southeast Laurasia (Gibling, 1995). At sea-level highstand, the Cumberland Basin was 71 

connected to the open ocean (Duff and Walton, 1973; Gibling et al., 1992; Archer et al., 1995; Skilliter, 72 

2001; Falcon-Lang, 2005) but at lowstand it became restricted and was probably intracontinental (Falcon-73 

Lang et al., 2006). The Joggins Formation likely spans approximately one million years (Falcon-Lang et 74 

al., 2006) during the Langsettian stage of the Pennsylvanian (Dolby, 1991, 2003; Davies et al., 2005; Utting 75 

et al., 2010). Davies et al. (2005) defined the Joggins Formation to be 915.5 m thick; however, Rygel et 76 
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al. (2014) redefined the contact between the Joggins and overlying Springhill Mines Formation, 77 

amending the thickness to 932.4 m. The reader is referred to Davies et al. (2005) and Rygel et al. (2014) 78 

for a more detailed discussion of the stratigraphy of the Joggins Formation. 79 

 80 

METHODS 81 

 82 

In all statistical tests comparing populations, an independent two-variable Student’s t-test was 83 

performed, assuming equal variance and assigning Type 1 error probabilities based on a two-tailed 84 

distribution. The results of these tests allow us to quantify our confidence that the populations being 85 

compared have innately differing size distributions (as opposed to random chance leading to the appearance 86 

of differing size distributions). We chose to compare populations from two beds, omiting 14 Selenichnites 87 

found on loose material that may introduce confounding variables by sampling from additional beds. 88 

However, including the Selenichnites found on the loose material does not change the statistical results. 89 

Two of the lunate casts are partial, so they are omitted from statistical calculations. Thus, 96 lunate casts 90 

from 84 Selenichnites are included in the statistical comparison. In the case of a specimen that exhibits 91 

multiple lunate casts, each cast is considered separately. The results of the t-test change slightly from being 92 

significant at the 99.9% confidence level to the 99.5% level when the sizes of lunate casts in specimens 93 

exhibiting multiple lunate casts are averaged instead of considered separately. 94 

Lengths, widths, and surface relief were measured to the nearest millimeter. All lunate casts were 95 

measured at their greatest width. Orientation of Selenichnites is the deflection of the line that bisects the 96 

lunate cast (Figure 2) relative to the orientation of the ripple marks. The orientation of the ripple marks is 97 

the averaged angle perpendicular to tangent lines taken at one centimeter intervals along the crest lines. 98 

GPS coordinates are given in UTM WGS-84. 99 
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 To determine the width of the prosoma of the tracemaker based on the width of trackways we 100 

employed, from Malz (1964):  101 

 102 

(1)          I = W × 1.5 103 

 104 

 Where I is the prosomal width of the tracemaker and W is the external width of the trackway 105 

(Figures 2, 3). Equation 1 is based on data from Caster (1944), Størmer (1952), and Seilacher (1959), holds 106 

true for the extant Limulus polyphemus Linnaeus (Malz, 1964) and the mortichnia of Mesolimulus walchi 107 

in the well-known Solnhofen lithographic limestone (e.g. Malz, 1964; Lomax and Racay, 2012), and closely 108 

approximates the anatomical ratios of other modern limulids (Sekiguchi, 1988). 109 

 110 

SYSTEMATIC ICHNOLOGY 111 

 112 

Ichnogenus Selenichnites (Romano and Whyte, 1990) 113 

Type ichnospecies Selenichnites hundalensis (Romano and Whyte, 1990) 114 

 115 

Selenichnites rossendalensis (Hardy, 1970) 116 

 117 

Materials. We describe three sample sets from eleven slabs containing one hundred specimens: 118 

from in situ, calcareous, very fine-grained, sandstone material (VFGS, 39 specimens in situ or on 2 slabs 119 

observed to have fallen from the in situ bed); loose, calcareous, very fine-grained, sandstone material 120 

(LCS, 16 specimens on 8 slabs); and fine-grained, red, mottled, sandstone material (FGS, 45 specimens 121 

on 1 slab). Seven slabs containing fourteen specimens are housed at the Joggins Fossil Institute (e.g. Figure 122 

4A). The remaining specimens could not be collected, but have been photographed and are stored digitally 123 
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at the Joggins Fossil Institute (e.g. Figure 4B, C, D). Specimen identification codes beginning with NSM 124 

are collected specimens, those beginning with JFI are digital images. 125 

The location of the VFGS bed is indicated in Figure 1 (GPS coordinates: 45.693600 N, -64.450900 126 

E); it is located 825 m above the base of the Joggins Formation (Davies et al., 2005). LCS was found 127 

scattered in the stretch of beach ~100 meters south of the VFGS (within a box approximately bounded by 128 

{(45.693600 N, -64.450900 E); (45.692800 N, -64.451600 E)}). There are several beds in the upper 100 129 

m of the Joggins Formation in close spatial proximity to the LCS; we infer that the LCS derives from 130 

one or more of these beds, but it is not possible to definitively identify which bed (or beds) are the 131 

source of the LCS.  The FGS was found on a single loose block located near the cliff face 2.2 km north 132 

along the beach from the VFGS (45.709200 N, -64.437200 E; Figure 1). Two reefs (‘CB 114’ and ‘CB 133 

295’ in Figure 6B of Davies et al., 2005; see Figure 1), on the order of tens of meters in length and a meter 134 

in height, demarcate an interval of ~500 m along the beach across which the FGS block was confined. We 135 

are therefore confident that the FGS block derives from ≥ 1.8 km away from the VFGS, corresponding to 136 

~114-295 m above the base of the Joggins Formation (Davies et al., 2005), or ~530-711 m stratigraphically 137 

below the VFGS. Thus, the FGS traces are likely several hundred thousand years (see timescales discussed 138 

in Davies et al., 2005) younger than the VFGS traces.  139 

 Diagnosis. (After Romano and Whyte, 1987). Shallow, suboval trace, occurring isolated or in a 140 

series, generally slightly wider than long, with rounded anterior margin, strongly convex lunate or paired 141 

crescent-shaped lobes directed anterolaterally. With or without scratch marks and/or posterior ridge.  142 

 Description. All traces are preserved as hypichnia. Lunate casts generally occur discretely; 143 

however, 14 of the specimens contain multiple lunate casts in series (e.g. Figure 4A, B, D; see Table 1, 144 

Table 2). The casts generally have greatest relief near the anterior margin and least relief towards the 145 

posterior margin. The shapes of the lunate casts vary from suboval (e.g. the posterior-most cast in Figure 146 

4A) to semicircular (e.g. Figure 4B) or nearly semicircular, with the posterior margin either slightly convex 147 

or concave (Figure 4). 148 
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The great majority of Selenichnites specimens (76 of 100) have associated posterior ridges. Of 149 

those, 14 have multiple posterior ridges (e.g. Figures 4A, D; Table 2).  Each ridge is preserved as a linear 150 

hypichnion projecting posteriorly from the lunate cast. In three instances poorly preserved trackways lead 151 

to a Selenichnites specimen (e.g. Figure 3). 152 

Remarks. There are many ichnospecies within the Selenichnites ichnogenus: S. rossendalensis 153 

from the Carboniferous of the UK (Hardy, 1970); S. cordoformis from the Ordovician of Colorado (Fischer, 154 

1978); S. bradfordensis from the Carboniferous of the UK (Chisholm, 1985); S. hundalensis from the 155 

Jurassic of the UK (Romano and Whyte, 1987); S. langridgei from the (?)Late Silurian of Western Australia 156 

(Trewin and McNamara, 1995);  S. scagliai from the Cambrian/Ordovician of Argentina (Poiré and Del 157 

Valle, 1996);  S. antarcticus from the (?)Lower Ordovician of Antarctica (Weber and Braddy, 2004); S. 158 

tesiltus from the middle Cambrian of Morocco (Gibb et al., 2011); S. isp. from the Upper Triassic of the 159 

UK (Wang, 1993); S. isp. from the Lower Devonian of Northern India (Draganits et al., 2001; synonymized 160 

with S. tesiltus by Gibb et al., 2011); S. isp. from the Early Devonian of southwest Wales (Morrissey and 161 

Braddy, 2004); and S. isp. from the Lower Pennsylvanian of Alabama (Lucas and Lerner, 2005). 162 

Although there is considerable variation across the Selenichnites at Joggins (some have no posterior 163 

ridge while others have many; some are associated with trackways while others are not; some have single 164 

lunate casts while others have multiple; the shapes of the lunate casts vary from suboval to semicircular or 165 

nearly semicircular), the Selenichnites found in this study do not belong to most of the ichnospecies listed 166 

above. None of the Selenichnites found in this study exhibit the 1:1 length to width ratio of S. cordoformis 167 

(Fischer, 1978). Likewise, all the Selenichnites in this study lack both the “relatively flat, subtriangular 168 

region between and in front of paired crescentic lobes” characteristic of S. hundalensis (Romano and Whyte, 169 

1987) and the trefoil characteristic of S. langridgei (Trewin and McNamara, 1995).  170 

The lunate casts of the Selenichnites in this study tend toward a suboval or semicircular morphology 171 

in dorsal view, with the posterior margin of the cast being usually slightly posteriorly convex or only slightly 172 

posteriorly concave. Therefore they do not have the horseshoe shape of S. scagliai (Poiré and Del Valle, 173 
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1996), S. antarcticus (Weber and Braddy, 2004), S. tesiltus (Gibb et al., 2011), or the S. isp. of Morrissey 174 

and Braddy (2004). Additionally, the Selenichnites in this study lack the scratch marks, “several ridges 175 

parallel to the margin,” doublure, and “marks of the genal spines” that variously indicate the three types of 176 

S. isp. described by Wang (1993). Finally, the S. isp. of Lucas and Lerner (2005) exhibit a median furrow 177 

and scratch marks that are absent in all of the Selenichnites in this study. Therefore, all the specimens in 178 

this study are assigned to Selenichnites rossendalensis (Hardy, 1970) since they are lunate casts that 179 

generally “are deepest at the anterior convex end,” are sometimes in series (14 of 100 specimens), and often 180 

have “telson marks” (i.e. posterior linear ridges; 76 of 100 specimens). The 100 Selenichnites together 181 

contain 119 complete lunate casts. 182 

 183 

MEASUREMENTS AND STATISTICAL RESULTS 184 

 185 

The majority of the Selenichnites, 86 of 100, have only one lunate cast and most, 62, have a single 186 

posterior ridge; however, 24 have no posterior ridge and the rest have multiple ridges (Table 2). The relief 187 

of the lunate casts is generally 2-4 mm, and the relief of the posterior ridges is generally ≤ 1 mm. The 188 

Selenichnites widths on the FGS span 10-19 mm, while the cast widths in the VFGS span 7-17 mm (Figure 189 

5). Including the LCS traces (found loose near the VFGS) with the VFGS does not appreciably extend the 190 

range of widths (7-18 mm). A Student’s t-test indicates 99.9% confidence that the widths of the 191 

Selenichnites on the older FGS are larger than those on the younger VFGS (Table 3).  192 

 193 

TRACEMAKER ORIENTATION 194 

 195 

The FGS slab exhibits linguoid and lunate ripple casts with amplitudes of ~1 cm and wavelengths 196 

of ~10-20 cm (Figure 6). The preferred anterior-posterior orientation of the Selenichnites on the slab is 197 

perpendicular to the ripple crest orientation (Figure 6). 30 of the 45 Selenichnites on the FGS slab are 198 
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deflected by less than forty degrees from perpendicular to the ripple crest, and none are deflected between 199 

90 and 180 degrees from perpendicular to the ripple crest (Figure 6).  200 

 201 

DISCUSSION 202 

 203 

Tracemaker 204 

We infer that the lunate shape of the Selenichnites observed in this study results from prosomal 205 

contact with substrate and that the posterior ridges derive from contact between a linear telson and the 206 

substrate, and assign these Selenichnites to xiphosuran tracemakers (cf. Caster, 1938; Hardy, 1970; Romano 207 

and Whyte, 1987). The age of the Joggins Formation (Pennsylvanian) is commensurate with a xiphosuran 208 

tracemaker because these animals are known in the fossil record since at least the Devonian (e.g. Rudkin, 209 

2008). A partial Belinurus body fossil (NSM002GF031.063) was recovered from the same shore as the 210 

specimens in this study, perhaps indicating that a species of Belinurus was responsible for the Selenichnites 211 

at Joggins. We note that Hardy (1970) ascribes the Carboniferous Selenichnites he found to Belinurus. 212 

The length of the posterior ridge of the Joggins Selenichnites often exceeds both the length and 213 

the width of the lunate cast (Figure 4). Since the proportional length of the telson to the prosoma varies 214 

among xiphosuran species (e.g. Selden and Siveter, 1987), this eliminates some xiphosuran species as 215 

candidate tracemakers, but does not provide definitive evidence for the species of tracemaker responsible 216 

for the Selenichnites in this sample. 217 

 218 

Paleoenvironment 219 

Open-water facies assemblages (OWFAs) at Joggins record major flooding events, during which a 220 

restricted-marine gulf with low, variable salinity was established in the Cumberland Basin (Davies et al., 221 

2005). Davies et al. (2005) found that sharp-based sandstones with wave ripples and “resting traces (for 222 

example of limulids)” are found at the top of OWFAs. These ‘limulid resting traces’ were not described, 223 
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but may be Selenichnites similar to those described in this paper. In addition, the only mottled, fine-grained 224 

sandstone bed with asymmetric ripple marks (matching the material of the FGS block) in the entire section 225 

described by Davies et al. (2005) is the bed they define as “SBS 153,” which is near the top of an OWFA 226 

(Fig. 1). So, while emphasizing that the FGS block was not found in situ, we infer that the FGS block 227 

records the progradational advance of a sandy beach near the shore of a restricted-marine gulf that was 228 

either nearly or recently disconnected from the open ocean.  229 

The VFGS containing in situ Selenichnites at 825 m above the base of the section was obscured 230 

to mapping by Davies et al. (2005). However, they map an OWFA from 820 to just above 824 m, where 231 

they infer the top of the OWFA. However, the VFGS is a sharp-based sandstone with abundant trace fossils, 232 

consistent with the top of an OWFA, as described by Davies et al. (2005). We therefore infer that the 233 

VFGS bed records the progradational advance of a sandy beach near the shore of a restricted-marine 234 

gulf that was either nearly or recently disconnected from the open ocean. The linguoid to lunate 235 

ripples on the FGS indicate a shallow, low-energy environment with a unidirectional current, such 236 

as a shallow stream cutting across a beach or a deltaic environment close to the shoreface. Such 237 

streams and deltas were characteristic of the near-shore beach paleoenvironment at the end of 238 

marine incursions at Joggins (Davies et al., 2005).  239 

The orientation of the Selenichnites is generally aligned such that the anterior margin is oriented 240 

against the paleocurrent direction (Figure 6B). This may indicate that the xiphosurans at Joggins 241 

preferred a hydrodynamically streamlined alignment in order avoid being dislodged by currents. We 242 

note that Draganits et al. (2001) also found the apices of Early Devonian Selenichnites isp. from 243 

Northern India aligned against depositional paleocurrents in a shallow marine environment. 244 

 245 

Ethology 246 

 247 

Most of the Joggins Selenichnites have only one lunate cast and are separated from their nearest 248 

neighbor by more than the length of the cast. This contrasts with the Selenichnites population that Hardy 249 
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(1970) reported from the Upper Carboniferous in Rossendale, England, in which only a few lunate casts 250 

are isolated and most occur as a meandering series of conjoined lunate casts. Hardy (1970) interpreted 251 

the Selenichnites he found as recording xiphosurans descending out of water onto a sediment surface, 252 

constructing several consecutive excavations, and then taking off into the overlying water. The S. 253 

rossendalensis reported by Lerner and Lucas (2015) from the Early Permian of New Mexico are also 254 

characterized by trails of 2-20 lunate casts in a series. Lerner and Lucas (2015) inferred that the 255 

Selenichnites they found record sequential excavations by xiphosurans for either the purpose of 256 

feeding or resting. However, we find that the primary mode of Selenichnites construction by Joggins 257 

xiphosurans was to excavate in discrete locations, only occasionally constructing multiple consecutive 258 

excavations.  259 

 We interpret the relief of the lunate casts (2-4 mm), consistent across all the Joggins Selenichnites 260 

specimens, coupled with the occurrence of multiple posterior ridges (e.g. Figures 4A, D), as evidence for a 261 

shallow digging behavior conducted by pivoting around a central point (Figure 7). We also note that, in all 262 

three cases where trackways lead to Selenichnites, the widths of the lunate casts are wider than the expected 263 

prosoma width predicted by Eq. 1 (see Methods), significantly so in specimens JFI012DF023.001h and 264 

JFI012DF023.002d (Table 4). This observation is also consistent with shallow digging behavior 265 

conducted by pivoting around a central point, which would naturally lead to an excavated width wider than 266 

the prosoma of the tracemakers. 267 

We note that many of the Selenichnites found on the FGS block (31 of 45) do not exhibit posterior 268 

ridges; however, three do have multiple linear ridges. This may be due to a substrate effect, since the FGS 269 

is coarser than the VFGS, which may have made it more difficult for the telson of a tracemaker to impress 270 

the substrate and leave a distinct mark, but may also be due to a behavioral difference. 271 

Modern xiphosurans exhibit digging behavior that might leave marks similar to the Selenichnites 272 

found at Joggins during reproduction, feeding, and resting. Using modern Limulus polyphemus as a 273 

comparison, reproduction in modern xiphosurans often involves multiple males oriented in random 274 
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directions vying to fertilize the eggs of a single female with enough vigor to significantly disrupt the 275 

substrate around a nesting site (Brockmann, 1990).  Thus, the occurrence of clearly defined solitary casts 276 

instead of clusters of casts indicates that these Selenichnites do not record reproductive behavior, if modern 277 

mating behavior is similar to ancient mating behavior. 278 

Feeding activity observed in modern xiphosurans is commensurate with both single isolated lunate 279 

casts and series of lunate casts (e.g. Botton, 1984). The traces of many invertebrates that are similar to the 280 

prey of modern xiphosurans are found throughout much of the Joggins Fomration (e.g. Botton, 1984; 281 

Archer et al., 1995), suggesting that the Selenichnites at Joggins may record feeding behavior. Multiple 282 

lunate casts within a single Selenichintes may indicate a progressive series of excavations as a tracemaker 283 

foraged for prey. 284 

The third possible behavior is resting, which is also commensurate with discrete, solitary 285 

excavation traces (e.g. Vosatka, 1970).  The consistent orientation of the Selenichnites on the FGS (Figure 286 

6) may indicate a preferred resting orientation. Whilst the excavations at Joggins lack the serrate 287 

posterior margin of Limulicubichnus, the ichnogenus traditionally attributed to xiphosuran resting 288 

traces (Miller, 1982), this does not preclude resting behavior because the substrate may have impeded 289 

the formation of this morphology, or weathering may have erased it.  290 

With the information available from this suite of Selenichnites, it is impossible to distinguish 291 

between resting and feeding excavations, since feeding and resting excavations of modern limulids 292 

penetrate to essentially the same depth. Modern Limulus polyphemus feeding excavations have been 293 

measured to penetrate ~3-9 cm into the subsurface (Woodin, 1978), while modern resting excavations have 294 

been measured to penetrate ~5-8 cm (Halsey et al., 1973). The modern Limulus polyphemus measures 295 

~7.5 cm (males) to ~10 cm (females) in height (Kraeuter and Fegley, 1994), such that both behaviors 296 

correspond with approximately half to complete submersion of the Limulus while digging. 297 

Additionally, since the modern Limulus polyphemus have prosomal widths of ~16.6 cm (males) to ~22.0 298 

cm (females) (Gaillard, 2011), the depth of penetration is ~10-50% of the prosomal width. The xiphosuran 299 

tracemakers from Joggins likely had prosomal widths of ≤ 7 mm - ≤ 19 mm, yielding an expected 300 
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penetration depth of ~1-10 mm in the case of both feeding and resting, which is observed in the 301 

Selenichnites at Joggins. 302 

 303 

Tracemaker Size 304 

  As noted in the Ethology section, the lunate casts have widths that likely exceed the prosomal 305 

width of the tracemaker. Thus, it is likely that the largest tracemaker found in this study had a prosomal 306 

width ≤ 19 mm and that at least one tracemaker with a prosomal width ≤ 7 mm was present in the 307 

environment recorded by the Selenichnites found in the VFGS (Figure 5).  308 

 This is similar to the size range of Selenichnites reported in Hardy (1970) and other Carboniferous 309 

xiphosuran traces (see the exhaustive list in Moreau et al., 2014). However, the smallest Selenichnites in 310 

this sample have widths of 7 mm (2 mm smaller than the minimum width, 9 mm, reported in Hardy, 1970), 311 

making them the smallest Selenichnites yet reported. In addition, as far as we are aware, the smallest 312 

xiphosuran body fossils are those of 7 mm wide juvenile Carboniferous Euproops from Osnabrück, 313 

Germany (Haug et al., 2012), and the smallest xiphosuran trace fossils are 3-19.5 mm wide Kouphichnium 314 

(trackways) from juveniles in the Carboniferous from southwest England (Tyler, 1988). Tyler (1988) uses 315 

the fact that the Kouphichnium he measures bin into discrete size ranges to argue that those Kouphichnium 316 

belong to juvenile tracemakers. There is no such segregation in the Joggins xiphosuran traces, but that is 317 

not sufficient information to determine whether the Joggins xiphosuran traces belong to juveniles or adults. 318 

If they were made by adults, then the traces at Joggins would represent traces of the smallest xiphosuran 319 

tracemakers yet known from the fossil record. 320 

Multiple Selenichnites were likely made by the same individual—that is, there were fewer 321 

tracemakers than there are traces. To estimate the minimum number of tracemakers we divide the total 322 

spread in the width of the lunate casts within a population of Selenichnites by the variation in the widths of 323 

lunate casts from a single individual. 324 
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The variation in lunate cast widths within a single Selenichnites ranges from 0-4 mm, with a mean 325 

of 2 mm and a standard deviation of 1 mm (Table 1). Therefore, we infer that the variation in lunate cast 326 

widths formed by a single tracemaker does not exceed 4 mm. This is consistent with the observed 2 mm 327 

difference in the lunate cast width for Selenichnites associated with trackways of the same width 328 

(JFI012DF023.001h and JFI012DF023.002d, Table 4).  329 

Therefore, the spread in lunate cast widths for a complete population divided by the spread from a 330 

single individual (i.e. 4 mm) yields the minimum number of tracemakers present in a population. Since the 331 

spread in lunate cast widths is 9 mm on the FGS slab and 10 mm on the VFGS (Figure 5), we find that a 332 

minimum of three tracemakers are responsible for the traces recorded on each of these substrates. A hint of 333 

bimodality in the trace widths (see Figure 5) may indicate sexual dimorphism and the presence of both 334 

males and females, particularly in the VFGS material (e.g. Caster, 1938; Tyler, 1988; Smith et al., 2009; 335 

Moreau et al., 2014).  336 

A Student’s t-test indicates 99.0% confidence that the population of tracemakers that made the 337 

older, FGS traces had wider prosomas than the population of tracemakers that made the younger, VFGS 338 

traces (Table 3). Assuming more tracemakers increases the probability that the two populations are distinct. 339 

The difference in tracemaker sizes from the OWFA recorded by the FGS and by the VFGS 340 

introduces several hypotheses, which are equally plausible with the currently available data.  First, the 341 

Selenichnites recorded in the VFGS may come from a population with a larger proportion of juveniles.  342 

Second, the fossil record indicates that freshwater xiphosurans tend to be smaller than marine xiphosurans 343 

(Hauschke and Wilde, 1991; Moreau et al., 2014), and so the xiphosurans at Joggins may have become 344 

smaller by responding to long-term environmental changes over ~1 million years, as marine incursions 345 

became less common and pronounced (Davies et al., 2005). Third, the body sizes in xiphosuran populations 346 

may fluctuate over time due to other causes than, or in addition to, salinity. The differences in trace sizes 347 

may also be due to different organism-substrate interactions, but this is unlikely since the substrates are 348 

similar. Fortunately, the wealth of Selenichnites at Joggins provides an opportunity to test these hypotheses, 349 

as well as the potential to investigate which environmental factors most affect the sizes of xiphosurans and 350 
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the timescales on which the body sizes of xiphosurans show a noticeable response to changing 351 

environmental conditions, which are still open questions (e.g Moreau et al., 2014). 352 

  353 

CONCLUSIONS 354 

 355 

 This is the first report of Selenichnites from the Joggins UNESCO World Heritage Site 356 

(Pennsylvanian, Nova Scotia, Canada). We find 100 specimens of S. rossendalensis and interpret them as 357 

shallow excavations made by xiphosurans (relatives of the modern horseshoe crab, Limulus polyphemus) 358 

for either feeding or resting. A partial Belinurus body fossil was recovered from the Joggins Formation, 359 

indicating the tracemaker may have been a species of Belinurus; however, other tracemakers cannot be 360 

ruled out. We interpret that these excavations were likely made on narrow progradational beaches on 361 

the edges of restricted-marine gulfs that were either nearly or recently disconnected from the open 362 

ocean. One population of Selenichnites was found in association with unidirectional current ripples, 363 

indicating that they were made in a shallow stream or deltaic environment close to the shoreline. This 364 

population exhibits a preferential orientation, with the anterior margin of the Selenichnites facing 365 

the flow direction, perhaps indicating a hydrodynamically favorable alignment that helped the 366 

animal to avoid being dislodged by currents. 367 

 Using a Student’s t-test, we demonstrate that two populations of tracemakers, likely separated by 368 

several hundred thousand years, have differently sized prosomas. This size difference may be due to the 369 

presence of juveniles, may be in response to varying paleoenvironmental conditions, or may be 370 

stochastically variable. The large number of Selenichnites available from Joggins provide a future 371 

opportunity to explore which environmental factors are most important in controlling the body sizes of 372 

xiphosurans and the timescales on which the body sizes of xiphosurans show a noticeable change. The two 373 

smallest Selenichnites traces due to xiphosuran activity yet known (maximum width of the lunate cast, 7 374 

mm) are reported here. 375 

 376 
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 569 

FIGURE CAPTIONS 570 

 571 

FIGURE 1. Left Side. Modern map of Joggins (modified from Grey and Finkel, 2011) indicating the 572 

collection locations (FGS = fine-grained sandstone, VFGS = very fine-grained sandstone, LCS = loose 573 

sandstone with calcareous cement), along with the locations of reefs CB 114 and CB 295 (Davies et al., 574 

2005; reef symbols not to scale). Geologic formations are divided by thick gray lines, roadways are thin 575 

gray lines, coast is thick black line. A geologic timeline of the Joggins fossil cliffs is also given. Right Side. 576 

Stratigraphic section of Joggins (modified from Grey et al., 2011); cly = clay, slt = silt, fg = fine-grained 577 

sandstone, mg = medium-grained sandstone, cg = coarse-grained sandstone, peb = pebbly. The stratigraphic 578 

location of the in situ VFGS bed with calcareous cement is indicated with an arrow. The approximate 579 

stratigraphic location of the LCS and the FGS is given by the vertical black bar. 580 
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 581 

FIGURE 2. A. Dorsal view schematic of a reconstruction of Belinurus koenigianus Woodward, 582 

1872 (after Seldon and Siveter, 1987), one of the possible tracemakers at Joggins. I is the prosomal 583 

width; this is not necessarily the same as the width of the lunate cast. B. An illustration of 584 

Selenichnites (partial illustration of Figure 4A). Ridges project posteriorly from the lunate cast. 585 

The trace orientation is the line perpendicular to the longest chord across the lunate cast.  586 

 587 

FIGURE 3. A. A poorly preserved trackway leading to a Selenichnites (JFI012DF023.002b). The entire 588 

trackway is traceable for 150 cm, with occasional disruptions; only the last 5 cm are shown. B. An 589 

illustration of the trackway and Selenichnites in 3A. External width of the trackway (W) is 590 

indicated. Note the discontinuous tail drag (linear features) and the variety of appendage imprints.  591 

 592 

FIGURE 4. All specimens in this figure are from Joggins. A. Selenichnites rossendalensis with four 593 

posterior ridges and three lunate casts (NSM012GF023.014). B. S. rossendalensis with one posterior ridge 594 

and three lunate casts. Each successive anterior cast becomes less pronounced. C. S. rossendalensis with a 595 

single posterior ridge and a single lunate cast (JFI012DF023.001a). D. Two overlapping specimens of S. 596 

rossendalensis displaying many posterior ridges (lower left; JFI012DF023.002a). The specimen on the top 597 

left of the image has two lunate casts.  598 

 599 

FIGURE 5. A. The distribution of the widths measured for lunate casts, separated by location. Specimens 600 

from very fine-grained sandstone (VFGS) are shown combined with loose calcareously cemented sandstone 601 

(LCS); FGS = fine grained sandstone. B. The same distribution, VFGS is shown without including the loose 602 

LCS. The widths are given in millimeters. 603 

 604 
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FIGURE 6. A. Sketch of the fine-grained sandstone slab; ripples are thick black lines, Selenichnites 605 

outlines are thin black lines. Note that the ripples are lunate to linguoid in planform. Paleocurrent direction 606 

is indicated. B. Rose diagram of the orientations of the Selenichnites traces, binned in 10 degree increments. 607 

Zero degrees is defined as the estimated paleocurrent direction. 67% (30 of 45) of the Selenichnites are 608 

oriented with a deflection less than 40 degrees against the direction of the paleocurrent. C. A representative 609 

1 m cross section along the line x-x’ with 2 times vertical exaggeration. The cross-section has been flipped 610 

vertically to demonstrate the true waveforms (since the FGS slab is a cast). The ripple amplitude is ~1 cm. 611 

 612 

FIGURE 7. A schematic representation of digging behavior by a xiphosuran tracemaker (Belinurus 613 

koenigianus Woodward, 1872, after Seldon and Siveter, 1987, a possible tracemaker). i. The 614 

tracemaker begins digging, creating a mark that is approximately the same width its prosoma. ii. The 615 

tracemaker has now pivoted, widening the excavation. Modern horseshoe crabs pivot and flex both their 616 

prosoma and telson independently while digging. iii. The tracemaker has continued pivoting, further 617 

widening the excavation and leaving more linear marks. iv. The tracemaker has left, leaving behind a lunate 618 

mark that is wider than its prosomal width and several linear marks. Note that linear marks deriving from 619 

telson contact with the substrate need not be recorded for every digging position. 620 



TABLE 1. 

 

Fourteen Selenichnites specimens have multiple lunate casts in series.  The number of 

lunate casts and the widths (mm) of the narrowest and widest casts are given for each 

series. *These specimens also have multiple linear ridges associated with the posterior 

lunate cast. 

  

Specimen ID Number of 

Lunate 

Casts 

Minimum 

Width 

Maximum 

Width 

Width 

Difference 

JFI012DF023.003 2 15 17 2 

* JFI012DF023.001c 

 

2 12 14 2 

JFI012DF023.001d 

 

2 9 10 1 

* JFI012DF023.001e 

 

4 9 10 1 

JFI012DF023.001f 

 

3 15 15 0 

JFI012DF023.001g 

 

3 13 17 4 

NSM008GF041.057a 2 10 11 1 

NSM008GF041.057b 2 9 10 1 

NSM010GF011.007aW 2 15 18 3 

NSM010GF011.007bW 2 10 10 0 

*NSM012GF023.014 3 15 16 1 

* JFI012DF023.002c 

 

2 9 11 2 

JFI012DF023.002d 

 

2 9 12 3 

* JFI012DF023.002e 

 

2 8 11 3 

   Mean 2 

   St. Dev. 1 

  
 



TABLE 2. 
 

This is the distribution of individual specimens that occur with a particular number of 

posterior linear ridges (second column) and the distribution of individual specimens that 

occur with a particular number of lunate casts (third column). Only five specimens have 

both multiple posterior linear ridges and multiple lunate casts (see Table 1). 

 

Number 

(N) of 

marks 

Specimens 

with N 

linear ridges 

Specimens 

with N 

lunate casts 

0 24 - 

1 62 86 

2 7 10 

3 4 3 

4 2 1 

5 1 0 

 

 
 



TABLE 3. 

Parameters for comparing width distributions in the traces (Selenichnites) and the sizes of 

the tracemakers (Tracemaker) between the population of traces on the VFGS and the 

FGS are shown. ‘Sample size’ is the number of traces measured (or tracemakers 

assumed) to be in the entire population.  ‘Traces’ is the number of Selenichnites on which 

the T-test is based. ‘DOF’ is degrees of freedom. The mean and median Selenichnites 

widths for the very fine grained sandstone (VFGS) and fine grained sandstone (FGS) are 

given. For this calculation, each lunate cast is considered separately. 

 

 Selenichnites Tracemaker 

Sample Size 112 6 

Traces 112 92 

DOF 110 4 

t-score 4.67 4.67 

Alpha 0.001 0.01 

Mean FGS (mm) 13.7  

Mean VFGS (mm) 11.4  

Median FGS (mm) 14  

Median VFGS (mm) 11.5  

 

 



TABLE 4. 
 

The widths of trackways associated with Selenichnites trace fossils. Tracemaker width is 

calculated from the trackway width measurements using Equation 1 (Methods).  Lunate 

cast width is measured.  It is apparent that the lunate cast width is greater than the 

calculated prosomal width of the xiphosuran that left the trackway. 

   

Specimen ID Trackway 

External 

Width 

(mm) 

Tracemaker 

Width 

(mm) 

Lunate 

Cast 

Width 

(mm) 

JFI012DF023.004 8 12 13 

JFI012DF023.001h 6 9 14 

JFI012DF023.002d 6 9 12 
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