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The fossil record provides a long-term perspective to better understand the impacts of species 5 

invasions in their environmental contexts. Temporal analyses of predator-prey interactions from 6 

the Tjörnes deposits, Iceland, track naticid gastropod drilling predation across the trans-Arctic 7 

invasion (TAI: ~3.5Ma).  These deposits represent three zones subdivided into 25 marine fossil-8 

bearing beds that correspond with the stages of invasion: Tapes (1-5) and Mactra (6-12) zones 9 

are pre-invasion, whereas the Serripes zone (13-25) represents the invasion.  Bivalve and naticid 10 

gastropod specimens were analyzed from the Bárðarson (1925) samples at the Icelandic Institute 11 

of Natural History, which consisted of pre-invasion and invasion samples; we also bulk sampled 12 

the Serripes zone.  Height and length of specimens were measured to assess size changes, and 13 

the occurrence of complete and incomplete drill holes and drill hole diameter were recorded for 14 

whole bivalves and naticids. Drilling frequency (DF) and prey effectiveness (PE, the incidence 15 

of failed drilling) were calculated to track predator-prey interactions. Genus-level diversity 16 

increased through the Tjörnes deposits, in part related to a shift from intertidal to sublittoral 17 

environments. DF increased and PE decreased significantly between the pre-invasion and 18 

Serripes zones.  However, DF decreased from the early to the late Serripes zone, which could 19 

signify stabilization of the Tjörnes community. An increase in competition among predators 20 

through the invasion is supported by an increase in abundance of naticids relative to bivalves, 21 

especially invasive species, a switch to smaller-sized bivalve prey, a decrease in naticid mean 22 

size, and an increase in confamilial predation.  23 
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The rate of species invasions has increased in response to anthropogenic impacts (Alsos 32 

et al. 2015; Anil et al. 2019; Nawrot et al. 2015; Raitsos et al. 2010; Ruiz et al. 2000; Wisz et al. 33 

2015).  As a result of human-induced climate change, increased sea water temperature and 34 

decreased sea ice allow lower latitude species to more easily overcome natural barriers to 35 

infiltrate high-latitude Arctic marine ecosystems (Chan et al. 2018; Mahanes & Sorte 2019; 36 

Pauchard et al. 2016).  Thus, these invasive species pose a potential threat to community stability 37 

by imposing pressures, such as predation or niche displacement, on incumbent species (Chiba & 38 

Sato 2013; Holdgate 1986; Mooney & Cleland 2001; Ruiz et al. 2000; Smith & Dietl 2016; 39 

Theoharides & Dukes 2007; Tyler & Leighton 2011; Vermeij 1996).   40 

Various frameworks have been proposed to describe, characterize, and generalize species 41 

invasions (see Blackburn et al. 2011 for a summary).  For the purposes of our study, we followed 42 

the framework described by Vermeij (1996) because it encapsulates a more long-term, deep-time 43 

perspective for invasions, as opposed to more recent perspectives on human-mediated invasions 44 

that occur on shorter timescales (e.g., Blackburn et al. 2011).  Vermeij (1996) recognized three 45 

stages of species invasions: introduction, establishment, and integration.  An invasive species 46 

becomes established in its new ecosystem after it spreads beyond its point of introduction and 47 

achieves a viable population density that can be maintained without continued immigration. 48 

Once ecological links and a new selective regime have been established, the invasive species can 49 

be assumed to have integrated into the ecosystem.  The integration stage is much harder to study 50 

on an ecological time scale than the introduction or establishment stage, as it likely takes many 51 

years for a community to stabilize following invasion (Ricciardi et al. 1998; Sakai et al. 2001).   52 

Long-term ecological and evolutionary changes are even harder to predict, even though some 53 

evolutionary changes in both invasive species and incumbent species of a community can be 54 
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observed in recent invasions (Ekimova et al. 2019; Mooney & Cleland 2001; Sakai et al. 2001).  55 

Because the impacts of invaders change over time, a long-term perspective is needed to 56 

understand the effects of invasive species (Strayer et al. 2006). 57 

The fossil record provides an opportunity to track long-term ecological and evolutionary 58 

changes that result from invasion (Dietl 2009; Vermeij 2009). In part, ancient invasions have 59 

been induced by tectonic activity and climate change, which allowed species to disperse to new 60 

lands (e.g., in the closure of the Central American seaway ~ 3.1-3.6 Ma) or new waters (e.g., in 61 

the opening of the Bering Strait ~ 4.8-5.5 Ma: Vermeij 1991, 1996; Buchardt & Símonarson 62 

2003). Despite being time-averaged and incomplete, the fossil record of such biotic interchanges 63 

can improve our understanding of the long-term effects of invasions on incumbent biotas over 64 

timescales that include pre- and post-invasion data.  Analyses of ancient invasions can help our 65 

understanding of principles that characterize species invasions, such as the effect of indirect 66 

biotic interactions or the role diversity and evolutionary experience of the recipient community 67 

may have on invasive impacts (Ricciardi et al. 2013). Thus, efforts for modern ecosystem 68 

conservation can benefit by including insights from the fossil record that show the full scale of 69 

the invasion and how the ecosystem responded to this change over time. 70 

The trans-Arctic invasion (TAI) occurred approximately 3.1-3.6 million years ago and 71 

has been described as an asymmetrical biotic interchange because 261 mollusc species migrated 72 

from the Pacific to the Atlantic Ocean, whereas 34 mollusc species migrated from the Atlantic to 73 

the Pacific (Vermeij 1991a).  The TAI has been attributed to the reorganization of North Atlantic 74 

oceanic currents caused by the closure of the Central American seaway, coupled with the 75 

opening of the Bering Strait (Marincovich 2000; Símonarson & Leifsdóttir 2007; Verhoeven et 76 

al. 2011; Vermeij 1991a, b). Increased current through the Bering Strait could have allowed a 77 
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greater number of invasive Pacific taxa to migrate into the Arctic and Atlantic Oceans either 78 

eastward through the Canadian Arctic Ocean (Vermeij 1991a) or westward through the Eurasian 79 

Arctic Ocean (Vermeij 2005).   80 

The Tjörnes beds of Iceland (Fig. 1, 2) preserve a molluscan fossil record that spans the 81 

TAI. Naticid gastropod predators are present in pre-invasion deposits (Bárðarson 1925; 82 

Gladenkov et al. 1986) and several naticid species are among the Pacific invaders.  Naticids are 83 

known to exert an important influence on community structure, diversity, and abundance and 84 

size distributions of their prey (Chiba & Sato 2013, 2014; Kabat 1990; Leighton 2002), 85 

suggesting that invasive naticids should have had significant effects on the recipient community. 86 

Because naticids are shell-drilling gastropods that leave characteristic, typically beveled, drill 87 

holes in the shells of their victims (Fig. 3: Carriker 1981; Kabat 1990; Kelley & Hansen 2003), 88 

their interactions with prey can be tracked in the fossil record to determine the intensity of their 89 

predation, the type of prey selected, and stereotyped feeding behaviors (Kelley 1988, 1989; 90 

Kelley & Hansen 2003; Klompmaker 2009; Klompmaker et al. 2017; Kowalewski 2002; Mondal 91 

et al. 2017; Zuschin & Sawyer 2010).  The completeness of the drill hole also can be used to 92 

determine whether an attack was successful (i.e., the hole penetrates the shell completely: Fig. 93 

3A, C) or not (an incomplete drill hole: Fig. 3B), allowing the relative effectiveness of predator 94 

and prey to be determined.  95 

We use this record of shell drilling to analyze predator-prey interactions across the TAI 96 

through the stratigraphic levels (Tapes, Mactra, and Serripes zones) of the Tjörnes deposits, 97 

Iceland, to determine how community dynamics were affected by the invasion in the context of 98 

changes in the depositional environment (from intertidal to sublittoral within the Mactra zone).  99 

For the purposes of this paper, we define the pre-invasion section as the Tapes and Mactra zones, 100 
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which contain fewer species of Pacific origin (four and five mollusc species with Pacific 101 

affinities respectively; Durham & MacNeil 1967), and the invasion section as the Serripes zone, 102 

marked by the arrival of many more Pacific species.  Durham & MacNeil (1967) reported 22 103 

mollusc species with Pacific affinities in the Serripes zone; see also Símonarson & Eiríksson 104 

(2008).  We hypothesize that naticid predation on bivalves will (1) be low in the Tapes and 105 

Mactra zones, (2) will intensify in the later part of the Mactra zone (when the environment 106 

shifted from intertidal to subtidal) and early stages of the Serripes zone as the invasion 107 

progressed, and (3) will decrease in the late Serripes zone when predators became more 108 

integrated into the ecosystem and the environment reverted to an intertidal environment. We also 109 

investigate how predator-prey dynamics changed across the TAI, including prey selectivity of 110 

the predator and relative effectiveness of predator and prey.   111 

Study locality 112 

The Tjörnes deposits are 450-500-meter-thick Pliocene, predominantly marine, sediments 113 

that are exposed for six kilometers along the western side of the Tjörnes peninsula, Iceland, 114 

between the Kaldakvísl and the Hallbjarnarstaðaá streams (Fig. 1, 2: Bárðarson 1925; Buchardt 115 

& Símonarson 2003; Gladenkov et al. 1986).  The strata dip towards the northwest at angles that 116 

range from 5-15˚, depending on the location along the outcrop.  Overlying the Tjörnes deposits 117 

are the 100-120-meter-thick Breiðavík deposits that represent marine and glacial deposits.  These 118 

deposits were not studied because they post-date the invasion.   119 

Bárðarson (1925) divided the Tjörnes deposits into three informal molluscan zones and 120 

further divided these zones into 25 informal marine horizons/beds (Fig. 2): Tapes zone (beds 1-5; 121 

4.4-4.0 Ma), Mactra zone (beds 6-12; 4.0-3.6 Ma), and Serripes zone (beds 13-25; 3.6-2.6 Ma).   122 
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The informal names and divisions of the Tjörnes deposits established by Bárðarson (1925) have 123 

been adopted and referenced by researchers even with improvements being made to the 124 

interpretations of this sequence (Gladenkov et al. 1986; Cronin 1991; Buchardt & Símonarson 125 

2003). 126 

The presence of terrestrial and marine sediments suggests that the Tjörnes deposits were 127 

deposited during fluctuations in sea level (Fig. 2; Bárðarson 1925; Denk et al. 2011).  The 128 

mollusc fossils are found in indurated, clayey sandstones with conglomerates (Bárðarson 1925; 129 

Pjetuesson 1906) representing intertidal and shallow marine environments (Fig. 2; Cronin 1991; 130 

Denk et al. 2011; Verhoeven et al. 2011, 2013).   Generally, the pre-invasion deposits of the 131 

Tapes and lower Mactra zones fluctuate between intertidal environments and terrestrial swamp 132 

environments, based on intercalations of coal-bearing deposits, whereas the upper Mactra and 133 

Serripes zones are generally sublittoral shallow marine deposits reverting to estuarine and littoral 134 

deposits in the  uppermost Serripes (i.e., beds 24 and 25: Fig. 2).  135 

The Tjörnes deposits are interbedded with Plio-Pleistocene aged lava flows (Buchardt & 136 

Símonarson 2003), which enabled radiometric age dating (Fig. 2). The Tapes zone lies 137 

unconformably on top of the Kaldakvísl lava flows (4.3+/- 0.17 Ma).  In addition, the Serripes 138 

zone lies with an angular unconformity beneath the normally magnetized Höskuldsvík lava flows 139 

(2.55+/-0.27 Ma: Gladenkov et al. 1986; Buchardt & Símonarson 2003).  It is possible that the 140 

Serripes zone encompasses only a portion of its reported duration (3.6 – 2.6 Ma); nonetheless, 141 

these deposits align with the timing of the onset of the TAI (3.6 - 3.1 Ma).  The Mactra-Serripes 142 

zone boundary sediments contain the Skeifá lava, which displays reversed magnetism thought to 143 

be synchronous with the Gilbert/Gauss reversal at 3.58 Ma (Buchardt & Símonarson 2003; 144 

Vermeij 1991a).  If correct, then the Skeifá lava is consistent with the start of the TAI at ~3.6 145 
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Ma.  See Bárðarson (1925), Gladenkov et al. (1986), and Denk et al. (2011) for further details of 146 

the bed-by-bed stratigraphy of the Tjörnes deposits. 147 

Materials and methods  148 

Samples 149 

To compare predator-prey interactions across the TAI, specimens in the Bárðarson 150 

collection from the Tjörnes deposits were analyzed at the Icelandic Institute of Natural History 151 

(IINH), Garðabær, Iceland.  These data were collected from pre-invasion samples from the Tapes 152 

(beds 1-5) and Mactra (beds 6-12) zones and invasion samples from the Serripes zones (beds 13-153 

25). However, no specimens were found in the Bárðarson collection for beds 3, 9, 20, 22 and 24; 154 

thus, specimens from these beds were not studied.  Data were collected from 2149 bivalve 155 

specimens (1684 whole, 465 fragments) and 937 naticid gastropod specimens (923 whole, 14 156 

fragments). 157 

Although poor accessibility and preservation (Símonarson, personal communication to P. 158 

Kelley, 2005) prevented renewed field collecting of samples from the pre-invasion zones, we 159 

were able to collect bulk samples from the Serripes zone of the Tjörnes deposits to supplement 160 

Serripes data from the Bárðarson collection  (McCoy 2007; Fig. 2). Beds were identified in the 161 

field using an outcrop profile sketch from Bárðarson (1925). The following beds (numbering 162 

system based on Bárðarson, 1925) within the Serripes zone were sampled based on accessibility 163 

and abundance of fossils: 14, 15, 17, and 18.  As shells could not be extracted from the well-164 

indurated, fine-grained sandstone matrix during collection, approximately 65 kilograms of 165 

samples were collected as small slabs.  166 
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 In the laboratory, shells were exposed by a combination of physical and chemical 167 

disaggregation.  Hammers, drills, chisels, and picks were used to physically remove matrix and 168 

expose the fossils.  Chemical disaggregation was accomplished using a modified kerosene 169 

technique commonly used for microfossils (R.A. Laws, personal communication to M. McCoy, 170 

2006).  Slabs were baked at approximately 100ºC for one hour; kerosene was then applied to the 171 

matrix surrounding the fossil using an eye dropper.  After several seconds, water was poured 172 

onto the matrix to disaggregate it, because hydrophobic interactions between the water and 173 

kerosene caused the liquids to expand.  To avoid breakage, shells were not removed completely 174 

from the matrix because many were fragile and would have broken without the added support of 175 

the matrix.   176 

Data collection 177 

 Whole and fragmented specimens in the Bárðarson collection were already identified to 178 

the genus level and, in many cases, the species level. No molds were analyzed from this 179 

collection. For this study, all bivalve specimens in the collections were analyzed. Only naticid 180 

gastropods were analyzed; naticid predation was the target of the study due to the scarcity of 181 

shell-drilling muricid gastropods in the Tjörnes collections.  182 

In our bulk sampled collection, specimens were preserved as whole shells, shell 183 

fragments, and internal and external molds.  To avoid counting one specimen twice if the shell 184 

and mold became separated during collection or sample preparation, only shells exposed on the 185 

exterior surface of slabs and steinkerns were counted. Fragments were not tallied because the 186 

indurated matrix prevented accurate identification and counts.  All specimens were identified to 187 

the genus level and in some cases to the species level based on the work of Gladenkov et al. 188 

(1986). 189 
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For both collections, shell measurements for whole bivalves included antero-posterior 190 

length and dorso-ventral height, whereas shell measurements for all whole naticid gastropods in 191 

the Bárðarson collection included length and height from apex to aperture (Kosnik et al. 2006).  192 

Bivalve specimens were considered whole if the umbo and the hinge were present on the 193 

specimen and at least 85% of the shell was intact.  Naticid gastropod specimens were considered 194 

whole if the apex was present and 85% of the shell was intact.  Specimens that were less than 195 

85% complete were categorized as fragments and counted for use in diversity metrics but not 196 

measured. 197 

 For each drilled bivalve specimen, drill hole type (complete or incomplete), size, and 198 

location on the shell were recorded.  Drill hole size was measured to the nearest 0.01 millimeter 199 

as outer drill hole diameter (ODD), the diameter of the drill hole on the outer surface of the shell.  200 

Drill hole location on bivalve shells was determined with respect to a nine-sector grid (Fig. 3D: 201 

Kelley 1988) to test for stereotypy of drill hole siting. Drill holes that were located on the 202 

boundary between sectors on the grid were apportioned equally to the sectors that comprised the 203 

boundary; for example, a drill hole on the boundary between sectors 2 and 5 was counted as half 204 

a drill hole in each sector.  Confamilial predation of naticids was also tabulated. 205 

Data Analyses 206 

To track the impact of the TAI on the molluscan fauna, we compared diversity and 207 

predation metrics for the Tapes, Mactra, and Serripes zones.  Data from the Tapes and Mactra 208 

zones were solely from the Bárðarson collection and were combined for analyses to characterize 209 

the pre-invasion.  Analyses involving the Serripes zone were conducted for the Bárðarson 210 

collection and our bulk sampled collection separately as well as combined.  Furthermore, 211 
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because the Serripes zone represents the invasion section, the data were divided into the early 212 

invasion (beds 13-17) and late invasion (beds 18-25) to gauge the effect of invasive predators 213 

and their integration into the recipient community throughout this invasion interval.  These more 214 

detailed analyses were conducted for data from the Bárðarson collection and our bulk sampled 215 

collection separately and combined.    216 

Diversity indices 217 

Community structures of assemblages from the Tapes, Mactra, and Serripes zones were 218 

determined by analyzing the genus-level diversity and abundance of bivalves. Diversity indices 219 

(genus richness, relative abundance, Shannon-Wiener diversity index (H), Simpson’s diversity 220 

index (D), and evenness) were calculated for bivalve assemblages; gastropod community 221 

structure was not analyzed because data were only collected from the naticids in each sample.  222 

Rarefaction curves, which plot the number of taxa as a function of sample size, were created to 223 

compare genus richness between the samples analyzed.  Comparisons were made between the 224 

pre-invasion section and invasion section assemblages to determine how community structure 225 

changed in response to environmental change and the influx of invaders. Additionally, we 226 

compared diversity in the Serripes zone between our bulk sampled collection and the Bárðarson 227 

collection and between the pooled early and late Serripes zone data.  Two-sample t-tests were 228 

conducted to test the difference in genus-level diversities between assemblages.  Principal 229 

component analysis (PCA) was run to understand how faunal composition of the molluscan-230 

bearing fossil beds changed through the stratigraphic sequence as  environmental shifts and the 231 

influx of invasive taxa occurred.  Each fossil bed was treated as a sample and coded based on its 232 

depositional environment (i.e., intertidal vs subtidal) and its stratigraphic zone (i.e., Tapes, 233 

Mactra, early Serripes, and late Serripes.  Data were standardized by converting generic 234 
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abundance to z-scores before conducting the PCA.  Diversity indices, rarefaction, two-sample t-235 

tests, and PCA were calculated with the software package PAST v. 3.21 (Hammer et al. 2001). 236 

Size analyses 237 

Size class analyses were performed for four incumbent bivalve genera (Arctica, Cardium, 238 

Cyrtodaria, and Lentidium) and for naticid gastropods.  Bivalve genera were selected that 239 

persisted throughout the TAI and that were present within both data sets.  Body size was 240 

calculated as the geometric mean of length and height (Kosnik et al. 2006). Two-tailed t-tests for 241 

independent samples were conducted to test whether mean size of incumbent bivalves differed 242 

between the pre-invasion and invasion strata and among the Tapes, Mactra, and Serripes zones. 243 

Mean size was also compared between the early and late Serripes zones for naticids, Lentidium, 244 

and the invasive bivalves Macoma and Thracia. In these and other statistical tests employed in 245 

the study, significance was determined by a p-value < 0.05.  Analyses were conducted on 246 

Vassarstats.net (Lowry 1998). 247 

Drilling frequency and prey effectiveness 248 

  249 

Drilling frequency (DF, a metric for the degree of mortality caused by drilling predation) 250 

and prey effectiveness (PE, a metric for the incidence of failed drilling predation attempts 251 

relative to all attacks) analyses were conducted by pooling all bivalve genera within each zone in 252 

order to compare predator-prey interactions across the TAI (Kelley & Hansen 2003).  We also 253 

examined predation metrics for abundant genera that occurred in the Tapes and Mactra zones 254 

(Cardium and Lentidium) and the pre-invasion and Serripes strata (Arctica, Cardium, 255 

Cyrtodaria, and Lentidium). Study of DF and PE for the pre-invasion zones of the Tjörnes beds 256 

provided  information on how incumbent naticid predators interacted with incumbent bivalve 257 
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prey in predominantly intertidal environments prior to the shift to sublittoral shallow water 258 

environments and the influx of Pacific invaders.  Comparisons of DF and PE were made between 259 

the pre-invasion and invasion samples to determine if any differences occurred. To determine if 260 

DF or PE was affected as predators became more established and integrated into the ecosystem, 261 

DF and PE were compared between early and late invasion at the assemblage level and for 262 

common prey genera (Lentidium, Macoma, and Thracia) that persisted through the Serripes 263 

zone.  264 

DF for bivalves was calculated by dividing the number of whole valves with complete 265 

drill holes by half the number of whole valves within the assemblage, because a successful 266 

drilling attempt killed an individual with two valves.  This calculation corrects for the fact that 267 

the whole bivalve specimen might become disarticulated prior to final burial (Kowalewski 268 

2002).  DF for gastropods was calculated as the number of specimens with a complete drill hole 269 

divided by the total number of specimens.  However, DF can be inflated due to durophagous 270 

predation reducing the number of undrilled prey individuals, described as durophagy bias 271 

(Vermeij 1980; Smith et al. 2019).   To account for durophagy bias, DF was recalculated using 272 

the methods established by Smith et al. (2019), which estimate the “true” DF from the observed 273 

DF using the proportion of shell fragments as an indicator of the hypothetical percentage of 274 

undrilled individuals that were crushed by durophagous predators. Prey effectiveness (Vermeij 275 

1987) was calculated by dividing the number of incomplete drill holes by the total number of 276 

incomplete and complete drill holes.  Pearson’s chi-squared tests (χ2) were conducted to test the 277 

statistical significance of differences in DF and PE between samples.  If samples contained fewer 278 

than five complete or incomplete drill holes, then Fisher exact tests were conducted.  These 279 

statistical analyses were conducted in RStudio (Version 3.5.2). 280 
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Invasion section analyses of selectivity of prey size and drill hole site 281 

Data from the Bárðarson collection and our bulk samples were combined for the 282 

following invasion section analyses.  Prey size selectivity for Lentidium, Macoma, and Thracia 283 

was examined by conducting linear regression analysis to determine the strength of the 284 

correlation between outer drill hole diameter (ODD), which is a proxy for predator size (Kitchell 285 

et al. 1981; Carriker & Gruber 1999; Klompmaker et al. 2017), and prey length for the early and 286 

late invasion.  An analysis of covariance (ANCOVA) was conducted to determine if the 287 

differences between the early and late Serripes zone ODD:length regressions were significant. 288 

We also used the regression analyses to examine whether predators selected different sized prey 289 

within each genus from the early to late invasion.  The ANCOVA statistical analyses were 290 

conducted on Vassarstats.net (Lowry 1998).  In addition, predator-prey size ratios (the 291 

proportion of the shell area drilled) were calculated by dividing the outer drill hole diameter by 292 

the area (length multiplied by height) of each drilled shell (Klompmaker et al. 2017). We 293 

compared these ratios between the early and late invasion for Lentidium, Macoma, and Thracia.    294 

The recorded drill hole location with respect to the nine-sector grid (Fig. 3D) was used to 295 

test if there was a difference in distribution of drill holes between the Bárðarson drilled 296 

specimens and our bulk sampled drilled specimens for the genera Lentidium, Macoma, and 297 

Thracia.  Because sectors vary in area, the likelihood of a sector being drilled was standardized 298 

based on sector size, where expected values were equal to the area of the sector (as a percentage 299 

of the whole) times the total number of drill holes observed for that genus (McCoy 2007). 300 

In addition, data from these collections were combined to see if site selectivity changed 301 

from the early to late invasion.  A two-sample Kolmogorov-Smirnov (KS) test was conducted to 302 
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determine if there was a statistically significant change in drill hole sector distribution between 303 

early and late Serripes samples.  Two-sample KS tests were conducted in RStudio (Version 304 

3.5.2).  305 

Results 306 

Taxonomic composition of samples 307 

 Among the 2149 bivalve specimens analyzed from the Bárðarson collection, 31 genera 308 

were present (Table 1).  Eight genera (385 specimens) were recognized in the intertidal marine 309 

deposits of the Tapes zone and 18 genera (474 specimens) were recognized in the Mactra zone, 310 

which transitioned from intertidal marine deposits in the lower Mactra to subtidal in the upper 311 

Mactra (Fig. 2). The pre-invasion samples comprised a total of 20 bivalve genera.  Twenty-three 312 

genera were recognized in the Serripes zone (1290 specimens), which consisted of sublittoral 313 

marine deposits from beds 13-23 and transitioned into estuarine and littoral deposits in beds 24-314 

25 (Fig. 2). Relative abundance (RA) of the dominant genus in each biozone decreased from the 315 

Tapes to the Serripes zone. Three genera were the most abundant in the pre-invasion strata: 316 

Venerupis (RA = 0.56) was the most abundant genus in the Tapes zone, whereas Spisula (RA = 317 

0.37) and Lentidium (RA = 0.24) were the most abundant genera in the Mactra zone.  Macoma 318 

(invasive; RA = 0.17), Pygocardia (native; RA = 0.16), and Serripes (invasive; RA = 0.13) were 319 

the most abundant genera in the Serripes zone.  320 

In our bulk sampled collection from the sublittoral marine deposits of the Serripes zone, 321 

1148 bivalve specimens were identified, representing 13 genera (Fig. 2; Table 1); additional 322 

genera may have been represented by unidentifiable shell fragments.  The most common genus 323 

was the invasive Macoma, consisting of nearly half of all specimens, followed by native 324 
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Lentidium and the invasive taxa Serripes and Thracia. Pygocardia was present in the bulk 325 

samples but at lower abundance (RA = 0.01) than in the Bárðarson collection (RA = 0.16).   326 

 Only five Tapes zone naticid specimens were present in the Bárðarson collection, 327 

including one specimen identified as Natica cf. exvarians and four as Natica sp. The Mactra 328 

zone Bárðarson naticid material was represented by 164 specimens, primarily identified as 329 

Natica sp. (n = 62), Euspira helicina (n = 54), and Euspira catenoides (n = 35). The number of 330 

naticid specimens increased (169 to 768 specimens) across the TAI from pre-invasion to 331 

invasion strata, with abundant Euspira helicina (n = 174) and Natica sp. (n = 247) and the arrival 332 

of invasive naticids Cryptonatica affinis (n = 277; includes junior synonym Natica clausa and its 333 

subspecies occlusa), Bulbus smithii (n = 67), and Amauropsis islandica (n = 1). Additionally, 334 

naticids made up a larger proportion of the total fauna: the proportion of naticids (i.e., 335 

naticids/(naticids + bivalves)) in the Bárðarson collection increased from 0.16 to 0.37 between 336 

pre-invasion and invasion strata (from 0.16 to 0.25 when we supplemented these data with data 337 

from our bulk sampled collection to form the combined dataset). When the invasion strata are 338 

subdivided, the proportion of naticids increased from 0.33 in the early Serripes to 0.41 in the late 339 

Serripes in the Bárðarson collection (from 0.18 to 0.36 in the combined dataset).  When only 340 

those naticids identified to species level were included in the analysis, the proportion of naticids 341 

belonging to invasive species increased from 0.11 in the Mactra zone to 0.54 in the early 342 

Serripes and 0.72 in the late Serripes zone.   343 

Diversity indices 344 

In the Bárðarson collection, generic richness of bivalves increased from the Tapes to the 345 

Mactra to the Serripes zone and richness similarly increased between the pre-invasion and 346 
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invasion strata (Fig. 4; Table 2).  Both the Shannon-Wiener (H) and Simpson (D) diversity 347 

indices increased across each zone (Table 2). The Mactra zone had the lowest Shannon’s 348 

evenness index (E = 0.36) of the three biozones.  Diversity of the Serripes zone was significantly 349 

different (p < 0.01 for all comparisons) from that of the Tapes zone (tH = -8.31, tD = 6.28) and the 350 

Mactra zone (tH = -22.23, tD = 11.69).  The invasion section of the Tjörnes outcrop had higher 351 

diversity and evenness when compared to the pre-invasion section (Table 2); diversity was 352 

significantly different between pre-invasion and invasion strata (tH = -7.46, tD = 3.66, p < 0.01).  353 

Rarefaction of both Serripes datasets shows that sampling was relatively complete for 354 

both datasets (Fig. 4), although we only bulk sampled part of the Serripes zone (beds 14, 15, 17, 355 

and 18) based on accessibility and abundance of fossils.  Our bulk samples had lower H and D 356 

values when compared to the Serripes data of the Bárðarson collection (Table 2).   357 

Based on a two-sample t-test, diversity of our bulk sampled Serripes collection differed 358 

significantly from that of the Bárðarson collection (tH = 21.17, tD = -14.69, p < 0.01), so we 359 

report results for each collection separately as well as combined (Table 2; Fig. 4).  Both the H 360 

and D values increased significantly from the pre-invasion into the invasion section (Table 2; tH 361 

= -7.46, p < 0.01; tD = 3.66, p < 0.01). Further analysis of Serripes zone diversity shows that the 362 

D values were significantly different from early to late Serripes (tD = 2.97, p < 0.01) and 363 

evenness increased (Table 2), albeit the H values were not significantly different (tH = 0.39, p = 364 

0.70). 365 

The first two components of the PCA accounted for 38.45% of the variance in the faunal 366 

composition data and suggest differences between intertidal and subtidal environments (Fig. 5). 367 

However, intertidal Tapes and Mactra beds plot with subtidal Mactra beds 10 and 12 and 368 
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subtidal earliest Serripes bed 13.  Subtidal Mactra bed 11 plots with these beds on PCA axis 1.  369 

Bed 25 of the Serripes zone, representing a reversion to intertidal environments, also plots with 370 

these Tapes and Mactra beds. 371 

Size analyses 372 

The mean size of incumbent genera Arctica and Cardium decreased, whereas that of 373 

Cyrtodaria and Lentidium increased, from the Tapes to the Mactra zone (Fig. 6); however, only 374 

the change in Lentidium was statistically significant (p < 0.01) based on two-tailed t-tests for 375 

independent samples.  Arctica (p < 0.01), Cyrtodaria (p < 0.01), and Lentidium (p < 0.01) 376 

decreased significantly in mean size from the Mactra to the Serripes zone, whereas there was no 377 

change in the mean size of Cardium (although Cardium was not present in the late invasion 378 

samples).  In addition, the mean size of Arctica (p < 0.01), Cyrtodaria (p=0.04), and Lentidium 379 

(p < 0.01) for the pre-invasion and Serripes zone were significantly different.  Furthermore, 380 

between the early and late Serripes, mean size significantly increased for Cyrtodaria (p < 0.01) 381 

and Lentidium (p < 0.01), whereas there was no change for the incumbent Arctica (p = 0.60).  382 

For invasive taxa, the mean size of Macoma significantly decreased from 22.8 to 19.2 mm (p < 383 

0.01), whereas there was no significant change for Thracia (p = 0.65). 384 

Naticid gastropods exhibited no significant differences in mean size from the Tapes to the 385 

Mactra to the early Serripes zone nor from the pre-invasion to invasion sections (16.6 to 16.0 386 

mm: p = 0.17).  However, there was a significant decrease in naticid mean size (p < 0.01) from 387 

the early to late Serripes (Fig. 6). This size decrease occurred solely for specimens that could not 388 

be identified below the genus level (i.e., Natica sp.). Known invasive naticids increased slightly 389 

in mean size (15.7 to 15.8 mm) and known incumbents also increased (17.0 to 20.3 mm) between 390 
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the early and late Serripes zone. For every zone that included invasive naticids (Mactra, early 391 

Serripes, late Serripes), known invasive species were smaller in body size than known native 392 

species (15.7 vs. 18.7 mm for the Serripes zone overall). 393 

Drilling frequency and prey effectiveness 394 

Drilling frequency values corrected for durophagy bias were used to compare predation 395 

frequencies through the TAI in the Bárðarson collection (Table 3).  There was no change (p = 396 

0.25) in DF from the Tapes to Mactra zone (0.03 to 0.02 based on a Fisher’s exact test; Table 3).  397 

Cardium, the only genus represented by sufficient pre-invasion specimens to calculate drilling 398 

frequencies, had no difference in DF from the Tapes zone into the Mactra zone (Fisher’s exact 399 

test: p = 0.66).     400 

DF in the Tjörnes beds increased from 0.02 in the pre-invasion to 0.07 in the invasion 401 

section of the Bárðarson samples (Table 3); a Pearson’s chi-squared test showed that this 402 

difference is statistically significant (χ2
0.05,1 = 9.55, p < 0.01). None of the bivalve genera that 403 

were abundant across the TAI exhibited significant differences in DF from the pre-invasion 404 

zones into the Serripes zone. Cardium specimens were only drilled in the Tapes zone. 405 

Cyrtodaria (p = 0.89) and Lentidium (p = 0.42) both portrayed a non-significant increase in DF 406 

from the Mactra zone into the Serripes zone, from 0 to 0.02 for Cyrtodaria and from 0 to 0.06 407 

for Lentidium. 408 

Within the Serripes zone, DF corrected for durophagy bias increased from 0.06 to 0.08 409 

for the Bárðarson collection (p = 0.07). In contrast, our bulk samples yielded a statistically 410 

significant (p < 0.01) decrease in DF from 0.29 to 0.13 from the early to late Serripes; values 411 

from the bulk samples were not corrected for durophagy bias because shell fragments embedded 412 
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in matrix could not be recorded accurately.  The decrease in assemblage-level DF (0.20 to 0.11) 413 

in the Serripes zone from the early invasion to the late invasion, based on the combined 414 

Bárðarson and our bulk samples, was significant (χ2
0.05,1 = 11.76, p < 0.01).  A decrease in DF 415 

occurred from the early invasion to the late invasion for Lentidium (DF: 0.25 to 0.10; χ2
0.05,1 = 416 

5.69, p = 0.02) and Macoma (DF: 0.36 to 0.19; χ2
0.05,1 = 7.82,  p < 0.01) for the combined 417 

samples.  Changes in DF were not statistically significant for Pygocardia (increased from 0 to 418 

0.04; Fisher’s exact test: p = 0.36) or Serripes (decreased from 0.12 to 0; Fisher’s exact test: p = 419 

0.09). In addition, within the late Serripes zone of the Bárðarson collection, a statistically 420 

significant decrease in DF occurred between bed 18 and beds 19 through 25 (DF: 0.15 to 0.06; 421 

χ2
0.05,1 = 4.92, p = 0.03). 422 

  In the Bárðarson collection, PE decreased from the combined Tapes and Mactra zones 423 

(0.29) to the Serripes zone (0.09); this decrease was nearly statistically significant (p = 0.07).  424 

When our bulk sampled collection was combined with the Bárðarson collection, there was a 425 

highly significant decrease in PE (Fisher Exact: p = 0.01) from the pre-invasion to the invasion 426 

section (Table 3).   427 

Additionally, PE decreased from the early to the late invasion for the combined samples 428 

(0.07 to 0.03); however, the difference was non-significant (p = 0.70: Table 3).  PE also 429 

decreased for the Bárðarson collection and the bulk samples analyzed separately (Table 3). PE 430 

did not differ from the early invasion to the late invasion within Lentidium (p = 1).  There were 431 

too few drill holes to examine prey effectiveness in the invasion strata for Macoma or Thracia. 432 

Confamilial predation occurred in the Mactra and Serripes zones among analyzed 433 

predatory gastropods in the Bárðarson collection; however, evidence of confamilial predation 434 
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was not observed in the Tapes zone.  In the Mactra zone, only one of 164 naticids displayed a 435 

complete drill hole (DF = 0.01), which was found in bed 11.  Confamilial predation was more 436 

prominent in the Serripes zone, with 20 of 786 naticid gastropods displaying complete drill holes 437 

(DF = 0.03). The difference in DF between the Mactra and Serripes zones was non-significant (p 438 

= 0.16) based on a Fisher’s exact test.  Drill holes were absent in early Serripes naticids; DF 439 

increased significantly in the late Serripes to 0.05 (p < 0.01).  No significant differences occurred 440 

in confamilial predation among beds within the late Serripes.  In the late Serripes, the native 441 

Euspira helicina (DF = 0.08) was drilled more often by confamilials than the invasive 442 

Cryptonatica affinis (0.05) or Natica sp. (0.03), but differences are not statistically significant. 443 

No incomplete drill holes were observed in the samples, indicating that confamilial predation 444 

attempts were highly successful. 445 

Invasion section analyses of predator selectivity 446 

Linear regressions of drill hole size on prey length show that naticid predators selected 447 

smaller prey as the invaders became more integrated into the community (Fig. 7).  For example, 448 

using the ODD:length regression lines for Thracia (Fig. 7C), a naticid gastropod that drills a hole 449 

with a 2 mm ODD would be predicted to select bivalve prey with a length of 18.7 mm in the 450 

early invasion. However, the same-sized naticid predator transitioned to a smaller prey in the late 451 

invasion, selecting Thracia prey with a length of 8.6 mm. The ODD:length relationship is 452 

significantly different for Thracia (p < 0.01: Fig. 7C) when comparing the early invasion to the 453 

late invasion, although there is no significant difference in the relationship between ODD and 454 

prey size for Lentidium (p = 0.21: Fig. 7A) and Macoma (p = 0.11: Fig. 7B). Increases in 455 

predator-prey size ratios (Fig. 8) also suggest that naticid predators selected smaller prey from 456 

the early Serripes to the late Serripes. Larger drill hole sizes relative to the area of drilled shells 457 
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occurred in the later stages of the invasion for Lentidium and Thracia (Fig. 8A, C); however, 458 

there was minimal change in the predator-prey size ratio for Macoma (Fig. 8B). 459 

 The TAI did not affect drill hole site selectivity of naticid predators from the early 460 

invasion (beds 13-17) to the late invasion (beds 18-25) for Lentidium, Macoma, and Thracia 461 

(Fig. 9).  When data were standardized for sector size, sector 5 remained the most common 462 

location for drill holes: Lentidium had 19 out of 23 drill holes; Macoma had 71 out of 113 drill 463 

holes; and Thracia had 21 out of 27 drill holes in sector 5. The difference in the distribution of 464 

drill holes between the early and late stages of the invasion was non-significant, based on a 465 

Kolmogorov-Smirnov test: Lentidium (p = 1); Macoma (p = 0.69); and Thracia (p = 1). 466 

Discussion 467 

Nature of Samples 468 

This study included data collected from museum samples and bulk samples. Direct bulk 469 

sampling, as represented by our Serripes zone bulk sample, generally is considered the most 470 

reliable source of data for predation studies (Kowalewski 2002). Unfortunately, direct bulk 471 

sampling of the pre-invasion Tjörnes material is difficult due to its indurated nature, and years 472 

are required to process such samples (Símonarson, personal communication to P. Kelley, 2005). 473 

Thus, we relied on museum samples of the Bárðarson collection for pre-invasion data and 474 

supplemented the Serripes zone data from our field-collected samples with data from the 475 

Bárðarson collection.  476 

We suspect that the Bárðarson collection provided an unbiased representation of the 477 

Tjörnes community for the following reasons. Sampling appears to have been adequate, based on 478 

rarefaction analysis, for the pre-invasion and invasion strata of the Tjörnes beds (Fig. 4). 479 
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Although the sample size for the Tapes and Mactra zones is less than that from the invasion 480 

strata, the combination of these two zones to form a pre-invasion dataset demonstrates that the 481 

pre-invasion is well sampled because the rarefaction curve has plateaued.  The Serripes zone 482 

rarefaction curve also shows a flattening with increasing sample size that indicates the zone is 483 

well sampled (for both the museum and bulk collected samples).  484 

In the Serripes zone, the Bárðarson collection contained 23 bivalve genera (1295 485 

specimens), in contrast to the 13 genera (1145 specimens) identified in our bulk sample.  486 

Common abundant genera in both collections are Lentidium, Serripes, and Macoma; however, 487 

the Bárðarson collection contained 10 unique genera with a combined relative abundance less 488 

than 5% of the total assemblage.  These unique genera indicate that the Bárðarson collection 489 

included rare species that were not included in our bulk samples and were found in beds that we 490 

did not bulk sample because fossils were less abundant in those units or the beds were not 491 

accessible (e.g., Spisula in bed 13; Hiatella arctica and Nucula in bed 16; Nuculana minuta in 492 

beds 16 and 19; Zirphaea crispata in bed 23). In addition, Venericardia borealis (absent from 493 

our bulk samples) primarily occurred in the Bárðarson (1925) collection from beds 19, 21, and 494 

23, from which we did not collect.  Thus, our bulk collected samples included only a subset of 495 

the beds represented in the museum samples, accounting at least in part for the differences in 496 

richness between the two types of samples. We thus combined data from museum and field 497 

samples in our analyses to increase sample size. Increased sample size can more accurately 498 

measure community composition by increasing the likelihood of capturing rare species and more 499 

accurately measures predator-prey dynamics, such as drilling predation, across environments 500 

(Vermeij & Herbert 2004; Sawyer & Zuschin 2010; Sawyer & Zuschin 2011).   501 

Taxonomic Turnover and Environmental Change 502 
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 Because the Tjörnes beds, with their record of the TAI, also represent a changing 503 

depositional environment, care must be taken to disentangle effects of the invasion from those of 504 

environmental change. Símonarson & Eiríksson (2008) recognized two intervals of molluscan 505 

faunal change in the Tjörnes beds: one in the middle Mactra zone, and another at the Mactra-506 

Serripes boundary.  The faunal change within the Mactra zone is accompanied by a shift from 507 

intertidal environments to sublittoral shallow water environments (Norton 1975; Símonarson & 508 

Eiríksson 2008: Fig. 2), with the loss or decreased abundance of dominant genera such as 509 

Venerupis and Spisula and changes in dominance and diversity. This faunal change is not linked 510 

to the TAI, because few taxa of Pacific origin are found in the pre-invasion Tapes and Mactra 511 

zones (see Durham & MacNeil 1967; Símonarson & Eiríksson 2008).  Thus, the faunal change in 512 

the middle Mactra zone preceded the influx of most invaders from the Pacific and is the result of 513 

change in the depositional environment (Símonarson & Eiríksson 2008).    514 

The base of the Serripes zone represents a time of taxonomic turnover that was unrelated 515 

to the transition to sublittoral environments, which occurred earlier in the sequence (Fig. 2), or to 516 

changing climate, as oxygen isotope data indicate little temperature change across the Mactra-517 

Serripes boundary (Buchardt & Simonarson 2003).  This interval is marked by the absence of 518 

many Atlantic incumbents and the abrupt appearance of boreal-subarctic sublittoral molluscs of 519 

Pacific origin within the lowermost invasion sediments at the Mactra-Serripes boundary 520 

(Durham & MacNeil 1967; Einarsson et al. 1967; Símonarson & Eiríksson 2008).  Our PCA 521 

ordination reflects this faunal change; subtidal beds 10, 12 and 13, which precede the appearance 522 

of most invasive taxa in our dataset, are more similar in faunal composition to intertidal beds 523 

(Fig. 5), whereas significant differences are seen in the Serripes zone that may be attributed to 524 

the presence of invasive taxa. Símonarson & Eiríksson (2008) argued that the Arctic Ocean, 525 



25 

 

 

 

which probably had cooler sea temperatures than the North Pacific or North Atlantic, acted as a 526 

filter for migratory fauna; those taxa that were able to migrate successfully became dominant in 527 

the lowermost Serripes zone sediments (e.g., the bivalves Serripes groenlandicus and Macoma 528 

calcarea). The establishment of Pacific genera, such as Macoma, in the Atlantic Ocean led to an 529 

increase in richness of the bivalve assemblage as resilient genera (e.g., Arctica, Lentidium) from 530 

the Tapes and Mactra zones persisted into the Serripes zone. In addition, the relative abundance 531 

and diversity of predatory naticid gastropods increased with the arrival of invasive naticids in the 532 

Serripes zone. . 533 

 In the late Serripes (beds 24 and 25), the environment reverted to the estuarine and 534 

littoral communities characterized previously in the Tapes and Mactra zones (Norton 1975).  535 

This change is likely responsible for the lower diversity (Fig. 4) in the late Serripes (beds 18-25) 536 

than the early Serripes (beds 13-17). Diversity indices are similar for bed 25 and the Tapes zone, 537 

with Shannon indices of 1.163 and 1.124 (compared to 2.192 for beds 13-23) and Simpson’s D 538 

of 0.621 and 0.611 respectively (compared to 0.862 for beds 13-23). Bed 25 plots with the 539 

intertidal deposits of the Tapes and Mactra zones on the ordination plot (Fig. 5). 540 

Drilling predation as an indicator for integration 541 

 Drilling frequencies were greater in the bulk samples than in the Bárðarson collection, 542 

which may be related to differences in the nature of preservation, processing, and data collection. 543 

For instance, shells in our bulk samples were not completely extricated from their matrix, which 544 

prohibited adjusting the DF for durophagy bias. In addition, Macoma, which was the most 545 

frequently drilled genus in both collections, was relatively more abundant in the bulk samples, 546 

contributing to a greater overall DF in the bulk samples.  Nevertheless, patterns in drilling are 547 

consistent between the two datasets.  548 
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Overall, drilling frequency for bivalves increased from pre-invasion to invasion strata, 549 

regardless of whether DF values were corrected for durophagy, and regardless of whether the 550 

Bárðarson and bulk sampled datasets were analyzed separately or combined. Differences in DF 551 

at the bivalve assemblage level were statistically significant (though increases for individual 552 

genera were not, perhaps because of small sample size). Because predation frequencies are 553 

affected by the environment, the greater drilling frequencies in the Serripes zone could relate to 554 

the shift to an environment more favourable to drilling gastropods (sublittoral shallow water as 555 

opposed to intertidal environments: Hansen & Kelley 1995; Sawyer & Zuschin 2010; Sawyer & 556 

Zuschin 2011).  However, the environmental change preceded the increase in DF, as drilling in 557 

the sublittoral Mactra zone bed 11 remained low (0.03). A substantial rise in abundance and 558 

diversity of naticid predators occurred in the Serripes zone, in which the naticid assemblage is 559 

dominated by Pacific invaders, especially Cryptonatica affinis and Bulbus smithii.  In addition, 560 

new naticid species of Atlantic origin include Euspira aff. triseriata and E. helicina (which 561 

appeared in the later Mactra zone; Gladenkov et al. 1986).   562 

Prey effectiveness decreased between the pre-invasion strata and the Serripes zone for 563 

both the Bárðarson collection and the combined dataset. Because the Serripes zone included new 564 

naticid species of both Atlantic and Pacific origin, native and non-native bivalves would have 565 

experienced predation from new naticid enemies, which could explain these declines in PE. 566 

Within the invasion strata, PE declined from the early to late Serripes zone for the Bárðarson 567 

collection, the bulk samples, and the combined dataset, but the differences were not statistically 568 

significant. In addition, DF decreased statistically significantly from the early to the late Serripes 569 

zone in our bulk samples and in the combined dataset.  DF also decreased significantly in the 570 

combined datasets for Lentidium and Macoma and in the Bárðarson dataset for Lentidium and 571 
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Serripes (but not statistically significantly). In the Bárðarson dataset, DF was not statistically 572 

different from the early to late Serripes for the bivalve assemblage and for Macoma. However, 573 

DF declined statistically significantly within the Bárðarson late Serripes collection from bed 18 574 

through the remainder of the section (although the lack of drilling in bed 25 may be related to the 575 

return of littoral environments less conducive to naticids). Thus, the prevailing pattern of 576 

predation on bivalves from the early to late Serripes zone is one of decrease in DF.  577 

In contrast, confamilial predation was absent in the early Serripes zone and increased 578 

significantly in the late Serripes; native and non-native naticid species were drilled at statistically 579 

similar frequencies. Across this interval, the abundance of naticids increased relative to bivalves, 580 

which would have increased both encounter rates for confamilial prey and competition among 581 

naticid predators, especially because the favored prey Macoma declined in relative abundance 582 

(33.3% to 21.2%). An increase in confamilial predation could have suppressed competition with 583 

other naticids (Kelley 1991; Dietl & Alexander 2000; Kelley & Hansen 2007a).    584 

In addition to these changes in DF, the linear regressions for ODD:length relationships of 585 

the combined data showed that same-sized naticid predators selected smaller bivalve prey within 586 

a genus in the later part of the Serripes zone compared to the early Serripes zone.  This pattern 587 

was also observed in boxplots for predator-prey size ratios for Lentidium and Thracia.  Naticid 588 

predators alter their prey size preference when prey of the preferred size decrease in abundance 589 

or become otherwise less available or more difficult for the predator to attack successfully 590 

(Murdoch & Oaten 1975; Kitchell et al. 1981). Predation on smaller prey was not caused by 591 

unavailability of larger prey; in fact, mean size of Lentidium and Thracia increased over this 592 

interval. It is possible that larger bivalve prey became less accessible to naticid predators if the 593 

size increase was accompanied by an increase in burrowing depth, especially because naticid 594 



28 

 

 

 

predators significantly decreased in size from the early to late Serripes, even though mean size of 595 

naticids did not differ significantly between the pre-invasion and Serripes zones.  Alternatively, 596 

as competition increased among naticid predators, larger prey may have become riskier to attack 597 

because they were more difficult to subdue and took longer to drill. 598 

Although naticids switched to smaller-sized prey, the predators still exhibited stereotyped 599 

drilling behavior.  Analysis of drillhole site selectivity showed that sector five remained the 600 

dominant sector for drilling to occur throughout the TAI.  Kelley (1988) supported the existence 601 

of stereotypy in the drilling behavior of naticid gastropods in the Miocene and found that 602 

nonrandom siting occurred in the umbo and central region of the bivalve genera Anadara, 603 

Eucrassatella, Astarte, and Lucina. More variable site selectivity occurs when the preferred size 604 

prey is not abundant, which distorts stereotyped behavior (Kitchell et al. 1981; Kelley 1988).  605 

However, this is not the case for this study because drill hole stereotypy persisted throughout the 606 

Serripes zone, even though naticids switched preferred prey size. 607 

Implications for conservation science 608 

Understanding the factors affecting the impact of invasive species on recipient 609 

communities remains a challenge for conservation science. More rigorous testing of hypotheses 610 

is needed to develop general principles that could be used to better understand and predict how 611 

an ecosystem responds to invasive impacts (Ricciardi et al. 2013). Thus, long-term perspectives 612 

on invasions are necessary to better understand the trajectory of invasion (Strayer et al. 2006), 613 

because impacts can vary over time.  The fossil record of the TAI preserved in the Tjörnes 614 

deposits, Iceland, provides some insights useful in this regard.   615 
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Ricciardi et al. (2013) evaluated empirical evidence for 19 hypotheses proposed to 616 

explain temporal and spatial variation in impact of invasions and concluded that impact is related 617 

to characteristics of and interactions among the recipient community, the invader(s), and the 618 

abiotic environment. In terms of the recipient community, diverse communities appear to be 619 

more resistant to invasion and less diverse communities more susceptible (Elton 1958; Ricciardi 620 

et al. 2013). Our results are consistent with this conclusion in that the Tapes and Mactra zones 621 

were much less diverse than the Serripes zone; however, diversity patterns must be interpreted in 622 

the context of the environment, and intertidal environments (such as those characterizing the 623 

Tapes zone and much of the Mactra zone) generally are less diverse than sublittoral 624 

environments (Sawyer & Zuschin 2010; Zuschin et al. 2011; Zuschin & Ebner 2015) represented 625 

by the late Mactra and most of the Serripes zone.   626 

In addition, invasive impact is affected by the evolutionary experience of the recipient 627 

community relative to invader traits (Ricciardi et al. 2013; Strayer et al. 2006; Wallingford et al. 628 

2020); novel (i.e., functionally distinctive) invaders to which the recipient community is naïve 629 

have the greatest impact. Despite some evidence that invasive naticids posed new threats to the 630 

Tjörnes community (increased drilling frequency and decreased prey effectiveness), naticids 631 

were already present prior to invasion and mean size of naticids did not change among zones. 632 

The mean size of known invasive naticids was less than that of known incumbents within the 633 

Serripes zone. Thus, invasive naticids appear to have been functionally similar to incumbents 634 

and did not represent a novel, more powerful threat. Nevertheless, the abundance of naticids 635 

relative to bivalves increased substantially, which may be responsible for the relatively modest 636 

(though statistically significant) increase in drilling.   637 
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Disturbance and directional changes in the environment can affect both the invaders and 638 

natives, as a changing abiotic environment could become less hospitable for natives and more 639 

hospitable for the invaders in the early stages of invasion (MacDougall & Turkington 2005; 640 

Ricciardi et al. 2013). For example, the change from an intertidal to subtidal environment in the 641 

Mactra zone may have removed the incumbent Venerupis (an intertidal species and the dominant 642 

genus in the Tapes zone) before the start of the invasion, vacating a niche that incipient Pacific 643 

invaders could occupy (Símonarson & Eiríksson 2008).  Loss of incumbent species of the Tapes 644 

and Mactra zones may have facilitated invasion, as argued by Vermeij (1991a, b), even though 645 

many resilient native genera, such as Lentidium, persisted and increased in relative abundance 646 

throughout the invasion.  Interestingly, despite the return to littoral environments in the later part 647 

of the late Serripes (i.e., beds 24-25), Lentidium remained dominant in bed 25 and Venerupis was 648 

absent.    649 

The changing environment from the Mactra through the Serripes also was conducive to a 650 

higher rate of species introduction (termed colonization pressure: Lockwood et al. 2009; 651 

Ricciardi et al. 2013) and ecosystem disruption.  The TAI involved not only naticid invaders but 652 

also non-native prey taxa with the Serripes bivalve assemblage approximately evenly split 653 

between taxa of Atlantic and Pacific origin.  In particular, Macoma was a non-native prey taxon 654 

that became the dominant bivalve genus in the Serripes zone and was the most frequently drilled.  655 

When an invasion involves colonization by multiple taxa, interactions occur among them and 656 

with native species, yielding both direct and indirect effects. As demonstrated in this study, 657 

direct interactions among taxa can be tracked via naticid drill holes in prey taxa; however, the 658 

role of indirect interactions among taxa in the impact of invasion is not well understood (White 659 

et al. 2006) but is likely important (Ricciardi et al. 2013). The arrival of Macoma in the 660 
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community may have facilitated invasive naticids and consequently increased the hazard of 661 

naticid predation on native taxa such as Lentidium, in keeping with the conclusion that indirect 662 

effects of interactions contribute to the impact of invasion (Ricciardi et al. 2013).  663 

Interactions, both direct and indirect, also occurred among naticid predators, which not 664 

only compete with but also prey upon each other (Hutchings & Herbert 2013). These interactions 665 

appear to have intensified from the early to late Serripes zone: preferred bivalve prey, including 666 

Thracia, Serripes, and Macoma, declined in abundance, and the proportion of naticids (and 667 

especially invasive naticids) in the assemblage increased. As a result, competition and the threat 668 

of confamilial predation could have increased among naticids. The associated risks may have 669 

limited naticid foraging or caused interference, leading to the observed decrease in DF on the 670 

bivalve assemblage and abundant genera (Lentidium, Macoma, and Serripes) from early to late 671 

Serripes. Concomitantly, naticids exhibited a decrease in mean size and a significant increase in 672 

confamilial predation. The same-sized predator also attacked smaller-sized bivalve prey that 673 

could be drilled more quickly and were less likely to be able to escape between the early and late 674 

Serripes zone.  However, Hutchings & Herbert (2013) suggested that increased competition 675 

among naticids could result in higher PE for bivalve prey (i.e., more incomplete drill holes), 676 

which we did not observe in our data. 677 

These changes within the Serripes zone are consistent with the idea that impacts vary 678 

temporally (Strayer et al. 2006), with effects leveling off or dissipating due to adaptations of the 679 

invasive species and/or recipient community or because of abiotic change.  In addition to 680 

changes in depositional environment from the late Mactra through the Serripes (littoral to 681 

sublittoral and back to littoral: Norton 1975; Símonarson & Eiríksson 2008), temperatures also 682 

varied. Oxygen isotope data indicate an overall decline in temperature from the middle Mactra to 683 
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middle Serripes zone punctuated by a slight increase between beds 11 and 13 at the Mactra-684 

Serripes boundary. Cooling or stable temperatures in the early Serripes were followed by an 685 

increase in temperature in the late Serripes (Buchardt & Símonarson 2003; Denk et al. 2011).  686 

Latitudinal studies of modern molluscs provide insight on how drilling predation responds to 687 

temperature shifts and suggest that high latitudes have relatively low DF compared to more 688 

temperate or tropical latitudes (Kelley & Hansen 2007b; Visaggi & Kelley 2015), perhaps due to 689 

lower metabolic rates of naticids at colder temperatures. Thus, increased seawater temperature at 690 

the Mactra-Serripes boundary could have played a role in the observed increase in DF across the 691 

TAI.  However, Buchardt & Símonarson (2003) considered the temperature increase to be slight 692 

(1-2°C), and increased temperature in the late Serripes coincided with a decrease in DF, 693 

contradicting that explanation. To discern more accurately the effect of temperature, spatial 694 

trends of DF in the fossil record would require correlation between deposits of similar ages.  The 695 

Red Crag Formation of East Anglia, England, may correlate with the Serripes zone of the 696 

Tjörnes deposits, which could allow for spatial comparisons of DF with the Arctic region; 697 

however, further study is required to substantiate this correlation (Gladenkov et al. 1986; Larkin 698 

& Norton 2010; Marincovich 2000). 699 

Conclusions 700 

Data from the pre-invasion (Tapes and Mactra zones) and invasion strata (Serripes zone) 701 

of the Tjörnes deposits, Iceland, allowed temporal comparisons of naticid gastropod predator-702 

prey interactions through the trans-Arctic invasion.  Although this interval included change in the 703 

depositional environment from littoral to sublittoral settings, the environmental changes did not 704 

coincide with the influx of most invaders in the early Serripes zone. The initial stages of the 705 

invasion were marked by an increase in the presence and abundance of invasive taxa coupled 706 
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with an increase in drilling frequency and a decrease in failed drilling.  As the invasion 707 

progressed, naticid predators became more abundant, but preferred bivalve prey decreased in 708 

relative abundance, leading to an increase in competition among predators.  Confamilial 709 

predation increased, naticid predators selected smaller, more easily drilled bivalve prey that were 710 

less able to defend themselves, and drilling on bivalves decreased, albeit stereotypy of drill hole 711 

location on prey shells was maintained. These results support our hypothesis that the infiltration 712 

of Pacific molluscs would increase diversity and intensify predator-prey interactions early in the 713 

invasion, but that impact would attenuate as predators became more integrated into the 714 

community.     715 
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Fig. 1. Map of the northwestern portion of the Tjörnes Peninsula, Iceland. The Tjörnes 934 

deposits are located between the Kaldakvísl and Hallbjarnarstaδaá streams.  Our bulk 935 

sampled fossils were collected in the Serripes deposits where the Hallbjarnarstaδaá 936 

stream meets Skjalfandi Bay.   937 

  938 
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Fig. 2. Stratigraphic section of the Tjörnes beds.  Beds numbered (1-25) after Bárðarson (1925) 939 

represent molluscan-bearing beds. The Tjörnes beds are bounded by basalt of ages 4.3 ± 0.17 Ma 940 

and 2.55 ± 0.27 Ma.  Samples from the Bárðarson (1925) collection were analyzed from beds 1, 941 

2, 4-8, 10-19, 21, 23 and 25. Numbered beds denoted with an asterisk (*) are beds from which 942 

we collected bulk samples (i.e., beds 14, 15, 16, 18).  Environmental interpretations from 943 

Símonarson & Eiríksson (2008). Thickness of lithostratigraphic sections from Gladenkov (1980).  944 

  945 
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Fig. 3. Examples of drilled specimens found in the Tjörnes collection at the Icelandic Institute of 946 

National History: (A) Complete drill hole on Astarte sp.; (B) Two incomplete drill holes on 947 

Arctica sp.; (C) Complete drill hole on naticid gastropod drilled by confamilial predator; (D) 948 

Nine-sector grid, created by dividing length and height of drilled bivalve shells into thirds, used 949 

for categorization of drill hole location (Kelley 1988): image is an A. islandica shell with 950 

incomplete drill hole; shell length = 27.5 mm. 951 

  952 
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Fig. 4. Rarefaction curves comparing the generic-level richness of bivalves from the Tjörnes 953 

Beds, Iceland. (A) The rarefaction curves from the Bárðarson (1925) collection: (a) Tapes zone; 954 

(b) Mactra zone; (c) Serripes zone.   (B) Rarefaction from (c) the Bárðarson Serripes zone and 955 

(d) our bulk sampled collection  Serripes zone, comprised of beds 14, 15, 17, and 18.  (C) 956 

Combined rarefaction curves from our bulk sampled collection and the Bárðarson collection: (e) 957 

early Serripes (beds 13-17); (f) late Serripes (beds 18-25). (D) rarefaction curves for (g) 958 

combined post-invasion Serripes zone (beds 13-25); (h) combined pre-invasion (Tapes and 959 

Mactra) zones from the Bárðarson (1925) collection. Dashed lines represent 95% confidence 960 

intervals. 961 

  962 
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Fig. 5. Principal component analysis (PCA) results for first two axes based on abundance data of 963 

31 bivalve genera that were present in either intertidal or subtidal environments from sampled 964 

fossil beds in the Tjörnes deposits, Iceland.  Datapoints are labeled with their corresponding bed 965 

number.    966 
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Fig. 6. Mean size for incumbent bivalve genera (A) Arctica, (B) Cardium, (C) Cyrtodaria, (D) 967 

Lentidium and (E) for naticid gastropods (family: Naticidae) that persisted throughout the TAI in 968 

the Tjörnes beds, Iceland. Measurements in millimeters (mm). The data are combined from the 969 

Bárðarson (1925) collection and our bulk sampled collection.  Solid lines indicate size change 970 

across the TAI with the Serripes zone divided into early Serripes (beds 13-17) and late Serripes 971 

(beds 18-25); whereas dashed lines indicate size change from the pre-invasion to combined 972 

Serripes strata (beds 13-25); dotted lines represent 95% confidence intervals. 973 

  974 
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Fig. 7. Linear regression of outer drill hole diameter (ODD: mm) on prey length (mm) for the 975 

bivalve genera: (A) Lentidium, (B) Macoma, and (C) Thracia. The data are combined from the 976 

Bárðarson (1925) collection and our bulk sample for the early invasion (Serripes beds 13-17) and 977 

late invasion (Serripes beds 18-25).  Regression line equations: (A) early Serripes: y=0.15x-0.68; 978 

late Serripes: y=0.10x+0.44; (B) early Serripes: y=0.09x+0.40; late Serripes: y=0.05x+1.27; (C) 979 

early Serripes: y=0.08x+0.47; late Serripes: y=0.11x+1.06. 980 

  981 
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Fig. 8. Boxplots of predator-prey size ratios for (A) Lentidium, (B) Macoma, and (C) Thracia.  982 

The data are combined from the Bárðarson (1925) collection and our bulk sample for the early 983 

invasion (Serripes beds 13-17) and late invasion (Serripes beds 18-25).    984 
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Fig. 9. Drilled sector distribution for three bivalve genera: (A) Lentidium, (B) Macoma, and (C) 985 

Thracia.  The data from the Bárðarson (1925) collection and our bulk sampled collection are 986 

combined for the early invasion (Serripes beds 13-17) and late invasion (Serripes beds 18-25). 987 
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Table 1.  Identified bivalve taxa and number of specimens for each biozone (Tapes, Mactra, and Serripes) of the Tjörnes beds, 

Iceland. Data are combined for the Serripes zone from our bulk sampled collection and the Bárðarson (1925) collection, dividing this 

zone into the early (beds 13-17) and late (beds 18-25) Serripes. Taxa with an asterisk (*) are invasive (Vermeij 1991a).    

Taxon 

Stratigraphic Samples 

Bárðarson (1925) Bulk Sampled Combined Collections 

Tapes Mactra Serripes Serripes Early Serripes Late Serripes 

Abra sp.   12 7 25 17 15 

Acanthocardium sp.   3       

Arctica islandica 3 70 50 110 158 2 

Astarte sp.* 2  74 1 11 64 

Cardium sp. 91 23 21  21   

Cerastoderma lamarki 1  
      

Chlamys tjörnesensis   2       

Cyprina rustica   5       

Cyrtodaria sp. 1 25 93 21 82 32 

Ensis sp.    8  8   

Glycymeris glycymeris   1       

Hiatella arctica    3  3   

Lentidium sp. 44 112 141 172 145 168 

Macoma sp.*   1 213 503 549 167 

Mactridas sp.   31       

Musculus niger    7  5 2 

Mya sp.*    74 18 83 9 

Mytilus edulis 27 1 41 8 9 40 

Nucula sp.   3 3  3   

Nuculana minuta    4    4 
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Panomya norvegica    4  4   

Panopaea sp.    25 9 23 11 

Pygocardia rustica   2 201 8 109 100 

Serripes groenlandicus*    174 140 215 99 

Spisula sp.   174 3  3   

Thracia sp.*    60 131 181 10 

Venerupis sp. 216 4       

Venericardia borealis    64    64 

Yoldia myalis*    19 2 21   

Zirphaea crispata   1 1    1 

Unidentified  4     

TOTAL 385 474 1290 1148 1650 788 
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Table 2. Diversity indices for bivalves the pre-invasion (Tapes and Mactra) section, and the post-invasion (Serripes) section of the 

Tjörnes beds, Iceland. The data are combined from the Bárðarson (1925) collection and our bulk sampled collection for the early 

Serripes, late Serripes, and post-invasion analyses. 

Stratigraphic Sample 
Sample 

Size 

Generic 

Richness 

Simpson 

Index 

Shannon's 

Diversity 

Shannon's 

Evenness 

Tapes 385 8 0.61 1.20 0.41 

Mactra 474 18 0.78 1.86 0.36 

Bárðarson (1925) Serripes  1290 23 0.9 2.52 0.54 

Bulk Sampled Serripes 1148 13 0.75 1.71 0.43 

Combined Early Serripes (13-17) 1650 20 0.83 2.16 0.44 

Combined Late Serripes (18-25) 788 16 0.86 2.18 0.55 

Pre-Invasion 859 20 0.83 2.03 0.38 

Combined Post-Invasion 2438 23 0.86 2.31 0.44 
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Table 3. Drilling frequency (DF) and prey effectiveness (PE) for the Tjörnes beds, Iceland.  Pre-invasion Tapes and Mactra samples 

were solely from the Bárðarson (1925) collection. Early (beds 13 – 17) and late (beds 18 - 25) Serripes sample data are shown for the 

Bárðarson (1925) collection and our bulk sampled collection separately and combined. For the Bárðarson collection, durophagy bias 

was accounted for by recalculating DF based on the methods established by Smith et al. (2019). Dc is the number of complete drill 

holes; Dinc is the number of incomplete drill holes; δ is the durophagy correction factor; and DFT is the true DF.  

 

Stratigraphic Samples 
Specimens Drilling Predation Durophagy Bias 

Total  Whole Fragments Dc Dinc DF PE  δ DFT 

Tapes 385 368 17 6 1 0.03 0.14 0.04 0.03 

Mactra 474 287 187 4 3 0.03 0.43 0.40 0.02 

Pre-Invasion 859 655 204 10 4 0.03 0.29 0.24 0.02 

Bárðarson Serripes 1290 1029 261 43 4 0.08 0.09 0.20 0.07 

Bárðarson Early Serripes 672 590 82 19 3 0.06 0.14 0.12 0.06 

Bárðarson Late Serripes 618 442 176 24 1 0.11 0.04 0.29 0.08 

Bulk Sampled Serripes 1148 1148  151 8 0.26 0.05     

Bulk Sampled Early Serripes 978 978  140 8 0.29 0.05   

Bulk Sampled Late Serripes 170 170  11 0 0.13 0.00   

Combined Serripes 2438 2177  194 12 0.18 0.06   

Combined Early Serripes 1650 1568  159 11 0.20 0.07     

Combined Late Serripes 788 612  35 1 0.11 0.03     

 


