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Abstract 
We report the presence of the North American Crangonyx floridanus co-occurring 
with C. pseudogracilis in two Irish rivers, following surveys in three rivers, eleven 
lake sites and an ornamental pond in 2020. This is the first record of C. floridanus 
in Ireland which was previously recorded in Britain in 2017. We predict that this 
species is likely to expand its range through the river and canal connections in 
Ireland as well as from inadvertent anthropogenic transmission. The taxonomic 
criteria are cryptic and for this reason, we used genetic methods to distinguish the two 
species in this study. The results highlight the need to investigate the distribution 
and impact of these two species in freshwater habitats in Ireland. 
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Introduction 

The unintentional introduction of invasive alien species is one of the most 
significant causes of change to freshwater ecosystems (Gallardo et al. 2016). 
Alien species can change the composition of communities, displace native 
species, and alter the normal functioning of freshwater habitats (Strayer 
2010; Ricciardi et al. 2013). Freshwater ecosystems in particular support a 
rich diversity of species (Dudgeon et al. 2006) and are essential to human 
societies. Through human activities global connections are increasing 
(Hulme 2009) and many more new introductions are expected in the 
future (Seebens et al. 2020). Although somewhat isolated from mainland 
Europe, the island of Ireland has repeatedly seen the establishment of 
highly invasive alien species originating from other parts of the continent 
and Britain (Baars et al. 2020). 

Several crustaceans, particularly those originating from the Ponto-Caspian 
region and North America are either established, spreading, or are expected 
to arrive in Ireland in the near future (Lucy et al. 2020). There are four 
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alien aquatic amphipods presently recorded in Ireland. Both Gammarus 
tigrinus Sexton, 1939 and Crangonyx pseudogracilis Bousfield, 1958 are 
earlier introductions (Holmes 1975; Costello 1993) and are now thought to 
be widespread (McCarthy and McLoughlin 1993; Dick et al. 1999; Minchin 
et al. 2013). Chelicorophium curvispinum (G.O. Sars, 1895) and Gammarus 
pulex Linnaeus, 1758 were more recently introduced (Strange and Glass 
1979; Lucy et al. 2004) and are still expanding their ranges (Minchin et al. 
2013). Despite their significant role in aquatic trophic dynamics, and high 
densities, little empirical research has been conducted on these amphipods 
in Ireland. 

Freshwater habitats are difficult to monitor, and all too often a new arrival 
is detected long after it has already been well established, circumventing 
the potential for early control interventions. Two recent discoveries in 
Britain, including Gammarus fossarum Koch, 1836 (Blackman et al. 2017) 
and Crangonyx floridanus Bousfield, 1963 (Mauvisseau et al. 2019) highlight 
the need to check the identity and status of the known amphipods in 
Ireland. Both of these species recently detected are likely to have been 
present in Britain for some time, increasing the likelihood of them having 
been inadvertently introduced into Ireland. The species in the hobbsi subgroup, 
and indeed within the genus Crangonyx have proven difficult to distinguish 
using morphological characters (Zhang and Holsinger 2003; Nagakubo et 
al. 2011; Cannizzaro et al. 2019a, b), leading to the misidentification by 
experts (Mauvisseau et al. 2019). The use of molecular techniques is emerging 
as a complementary or alternative tool to resolve taxonomic ambiguities in 
freshwater ecological studies (Thomsen et al. 2012; Goldberg et al. 2016; 
Sepulveda et al. 2020). Prompted by the recent discovery of C. floridanus in 
Britain (Mauvisseau et al. 2019), this study aimed to survey areas where 
C. pseudogracilis was known to occur to determine if this new cryptic 
crangonyctid is present in Ireland. Due to the difficulties using morphological 
identifications the study also served to confirm, by using molecular 
techniques, if C. pseudogracilis was present in Ireland. 

Materials and methods 

Fifteen sites across Ireland were selected where Crangonyx pseudogracilis 
was expected to occur. Sites examined included several river and lake sites 
and a pond (Supplementary material Table S1). Standard kick-sweep 
sampling for a 2-minute period was conducted at each site surveyed 
between 13 August and 10 September 2020. At each site, six to eleven 
individuals, of roughly equal sex ratio, were selected from a pool of 
specimens (mostly with a strong female bias) and preserved in absolute 
ethanol. DNA extraction was conducted in a dedicated PCR-free lab, 
where all surfaces and tools were decontaminated using Deconex solution, 
distilled water and 70% ethanol. From each site DNA from five Crangonyx 
specimens was extracted using the E.Z.N.A.® Tissue DNA Kit (OMEGA 
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Bio-tek) following the manufacturer’s instructions (total of 65 DNA 
extraction). Cytochrome c Oxidase subunit I (COI) fragments were then 
amplified as in (Mauvisseau et al. 2019) on a BioRad T100™ Thermal 
Cycler using forward primer LCO1490 5’-GGTCAACAAATCATAAAGA 
TATTGG-3’ and reverse primer HCO2198 5’-TAAACTTCAGGGTGACC 
AAAAAATCA-3’ primers (Folmer et al. 1994). PCRs were performed in a 
15 μl final volume with 1.25 μl of 1X reaction buffer, 1.25 μl of 15 mM 
MgCl2 (KAPA Biosystems), 0.1 μl of 10mM dNTPs (GeneAmp), 1.25 μl of 
0.4 μg/μl BSA, 0.25 μl of each primer (10 µM), 0.1 of Amplitaq DNA 
polymerase (ThermoFisher), 9.4 μl of ddH2O and 1 μl of template DNA. 
PCR conditions were as follows: 2 min at 94 °C, followed by 35 cycles of 
denaturation at 94 °C for 1 min, annealing at 48 °C and elongation at 72 °C 
for 1 min. A final step of 5 min at 72 °C was added at the end of the PCR. 
Negative controls consisting of non-template DNA were added to ensure 
the absence of contamination. PCR products were then checked by 
electrophoresis and cleaned using the illustra™ ExoProStar™ Clean-Up Kit 
(GE Healthcare) before being sent for sequencing by Macrogen Europe B.V. 

Results and discussion 

Crangonyx specimens were found in thirteen of the fifteen sites within 
vegetated and non-vegetated littoral habitats (Figure 1). COI fragments 
from 55 Crangonyx specimens across the 13 sites were successfully sequenced. 
All sequences obtained were aligned using the Geneious 6.0.6 software, 
blasted in the NCBI database for identification and submitted in GenBank 
(Accession numbers MW251749–MW251803). Amongst the 55 COI 
sequences, 52 belonged to C. pseudogracilis spread over the 13 positive sites 
(Accession numbers MW251749–MW251800) and suggest a widespread 
distribution in Ireland. Only 3 of the 55 sequences belonged to C. floridanus 
over two sites (Accession numbers MW251801–MW251803), one in the 
River Barrow and another in the upper reaches of the River Liffey (see 
Figure 1). All C. pseudogracilis sequences showed 100% similarities to 
previously published C. pseudogracilis sequences from France (AJ968900), 
Netherlands (AJ968896), United Kingdom (AJ968893) or Canada (HQ966493) 
and all C. floridanus sequences showed 100% similarities to previously 
published C. floridanus sequences from both Britain (MK036646–MK036659) 
and Japan (AB513830–AB513835) (Nagakubo et al. 2011; Tomikawa et al. 
2016; Mauvisseau et al. 2019). The similarities suggest that initial 
introductions may have occurred from a single source, but further studies 
using 18S and 28S analyses will be necessary to confirm this, and to reliably 
identify the source of the invasions (Cannizzaro and Sawicki 2019). 

Crangonyx floridanus is native to south-eastern North America where 
there is an extensive radiation of this genus (Zhang and Holsinger 2003). 
This species has been spreading within North America to Oregon in 1937 
and Colorado in 1953 (Toft et al. 2003) and to the freshwater region of the 
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Figure 1. Map showing the locations sampled across Ireland. Squares show where C. floridanus 
and C. pseudogracilis were both recorded, circles show where only C. pseudogracilis was 
recorded, and dark circles show where no Crangonyx specimens were found. For details see 
Supplementary information Table S1. 

Sacramento/San Joaquin Delta in 1998 (Toft et al. 2002). Furthermore, 
C. floridanus has spread to Japan and Europe (Morino et al. 2004; Mauvisseau 
et al. 2019). Although it is unclear how it spread from the US, Zhang and 
Holsinger (2003) suggested the transmissions to Japan and Oregon were 
with ships’ ballast water. This may be one of the ways it was introduced to 
Britain and Ireland. It is unknown if C. floridanus can survive in brackish 
water as C. pseudogracilis can, which should it have arrived in Ireland by 
this means may help to explain its possible introduction to the River 
Barrow in the port of New Ross. An arrival to the upper Liffey River 
catchment is more difficult to explain via boat transport. In its native and 
introduced range Crangonyx floridanus occurs in many different freshwater 
habitats including isolated ponds, rivers and lakes at some distance from 
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freshwater ports (Zhang and Holsinger 2003; Morino et al. 2004; Cannizzaro 
et al. 2019b). Its association with aquatic plants (Tojo et al. 2010; Nagakubo 
et al. 2011) may be significant in this context, as Zhang and Holsinger 
(2003) also suggested it may spread within North America with aquarium 
and ornamental plants and this may also be the case in Japan. Furthermore, 
the stocking of fish might account for some secondary dispersal (Pennak 
and Rosine 1976). The appearance of C. pseudogracilis in isolated weeded 
ponds and tanks holding aquatic plants in Ireland (Holmes 1975; O’Connor 
et al. 1991; McCarthy and McLoughlan 1993) and its appearance in canals 
(Reynolds 1993), rivers and lakes (Dick 1996), leads us to suspect a similar 
spread by C. floridanus in Ireland. However, given the relatively small 
number of sites and specimens included in our study it is unlikely that 
C. floridanus is restricted to the two east coast catchments that the results 
suggest, and there is a need to assess the current distribution and abundance 
of this species in Ireland. Until we have a better understanding of its 
distribution within the Barrow and Liffey catchment, and possibly elsewhere, 
interpreting likely means of arrival may be too speculative at this time. 
Both the Barrow and Liffey catchments are connected to other large 
catchments in Ireland, for example, the Shannon via the Grand Canal 
(Figure 1). If C. floridanus has been present in Ireland for some time it may 
well have spread to other parts through natural means or aided by human 
activities. Future assessments should target both the Grand and Royal 
canals and river stretches of the middle region of the River Shannon. 

Crangonyx floridanus, in Japan, has a capability of reproducing throughout 
the year at temperatures ranging from 4 °C to 20 °C and for periods 
outside of this range (Tojo et al. 2010). During the time of the sample 
collection almost all the females had well developed eggs. Given the mild 
temperate conditions in Ireland it is likely that most freshwater habitats 
will be suitable for C. floridanus. Further research is required to determine 
its life history under Irish conditions and to determine its impact. The 
distribution in Britain is still undetermined but current records suggest it is 
widespread (Mauvisseau et al. 2019; Benucci 2020), and an arrival of 
C. floridanus on the European continent may also be expected. 

On account of its potential to spread, and the wide range of habitats 
where it is known to occur, we expect it to become more widely dispersed 
in Ireland. Considering their potential large impact on local ecosystems, 
owing to their high grazing rate and/or varied diet ranging from plant detritus 
to small invertebrates including other alien species (Benucci 2020), there is 
a need to provide an accurate distribution of both C. pseudogracilis and 
C. floridanus in Ireland. As both species are reportedly difficult to identify 
(Mauvisseau et al. 2019), we recommend the use of environmental DNA 
(eDNA) based approaches to effectively monitor both species (Mauvisseau 
et al. 2020), and that further morphological assessments be completed to 
evaluate if other characteristics are useful to confirm their identification. 

https://doi.org/10.3391/bir.2021.10.3.13
https://www.invasivesnet.org


 First record of Crangonyx floridanus in Ireland 

 Baars et al. (2021), BioInvasions Records 10(3): 629–635, https://doi.org/10.3391/bir.2021.10.3.13 634 

Acknowledgements 
The authors wish to thank the reviewers for their comments and suggestions which has 
improved the manuscript. 

Funding Declaration 
The field collections were supported by the UCD Output-Based Research Support Scheme, and 
the University of Oslo (UiO) fund supported the genetic analysis. The School of Biology and 
Environmental Science UCD provided funding for publication. 

References 
Baars J-R, Minchin D, Caffrey JM, Lucy F (2020) Aquatic invasive alien species past, present and 

future threats to Irish rivers. In: Kelly-Quinn M, Reynolds J (eds), Ireland’s Rivers, UCD Press, 
Dublin, pp 303–327 

Benucci M (2020) Untangling molecular food webs of non-native invertebrates and their 
communities. PhD thesis, University of Hull, UK, 221 pp 

Blackman R, Constable D, Hahn C, Sheard A, Durkota J, Hänfling B, Lawson Handley L (2017) 
Detection of a new non-native freshwater species by DNA metabarcoding of environmental 
samples – first record of Gammarus fossarum in the UK. Aquatic Invasions 12: 177–189, 
https://doi.org/10.3391/ai.2017.12.2.06 

Cannizzaro AG, Sawicki TR (2019) Two new species of the genus Crangonyx Bate, 1859 
(Amphipoda: Crangonyctidae) from the St. Marks River Basin with notes on the “Crangonyx 
floridanus complex”. Zootaxa 4691: 301–332, https://doi.org/10.11646/zootaxa.4691.4.1 

Cannizzaro AG, Balding D, Lazo-Wasem EA, Sawicki TR (2019a) A redescription of Hobbs’cave 
amphipod Crangonyx hobbsi Shoemaker, 1941 (Amphipoda: Senticaudata: Crangonyctidae) 
including genetic sequence data for mitochondrial and nuclear genes and notes on its ecology. 
Proceedings of the Biological Society of Washington 132: 73–95, https://doi.org/10.2988/19-00004 

Cannizzaro AG, Balding D, Lazo-Wasem EA, Sawicki TR (2019b) Morphological and molecular 
analyses reveal a new species of stygobitic amphipod in the genus Crangonyx (Crustacea: 
Crangonyctidae) from Jackson County, Florida, with a redescription of Crangonyx floridanus and 
notes on its taxonomy and biogeography. Journal of Natural History 53: 1–49, https://doi.org/ 
10.1080/00222933.2019.1584341 

Costello MJ (1993) Biogeography of alien amphipods occurring in Ireland, and interactions with 
native species. Crustaceana 65: 287–299, https://doi.org/10.1163/156854093X00720 

Dick JTA (1996) Post-invasion amphipod communities of Lough Neagh, Northern Ireland: influences 
of habitat selection and mutual predation. Journal of Animal Ecology 65: 756–767, https://doi.org/ 
10.2307/5674 

Dick JTA, MacNeil C, Anderson R (1999) The distribution of Crangonyx pseudogracilis Bousfield, 
1958 (Crustacea: Amphipoda) in Northern Ireland, with notes on its ecology and behaviour. The 
Irish Naturalists’ Journal 26(7/8): 236–240 

Dudgeon D, Arthington AH, Gessner MO, Kawabata Z-I, Knowler DJ, Lévêque C, Naiman RJ, 
Prieur-Richard A-H, Soto D, Stiassny MLJ, Sullivan CA (2006) Freshwater biodiversity: 
importance, threats, status and conservation challenges. Biological Reviews 81: 163–182, 
https://doi.org/10.1017/S1464793105006950 

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994) DNA primers for amplification of 
mitochondrial cytochrome c oxidase subunit I from diverse metazoan invertebrates. Molecular 
Marine Biology and Biotechnology 3(5): 294–299 

Gallardo B, Calvero M, Sanchez MI, Vila M (2016) Global ecological impacts of invasive species in 
aquatic ecosystems. Global Change Biology 22: 151–163, https://doi.org/10.1111/gcb.13004 

Goldberg CS, Turner CR, Deiner K, Klymus KE, Thomson PF, Murphy MA, Spear SF, McKee A, 
Oyler-McCance SJ, Cornman RS, Laramie MB, Mahon AR, Lance RF, Pilliod DS, Stickler KM, 
Waits LP, Fremier AK, Takahara T, Herder KM, Taberlet P (2016) Critical considerations for the 
application of environmental DNA methods to detect aquatic species. Methods in Ecology and 
Evolution 7: 1299–1307, https://doi.org/10.1111/2041-210X.12595 

Holmes JMC (1975) Crangonyx pseudogracilis Bousfield, a freshwater amphipod new to Ireland. 
Irish Naturalists’ Journal 18: 225–226 

Hulme PE (2009) Trade, transport and trouble: managing invasive species pathways in an era of 
globalization. Journal of Applied Ecology 46: 10–18, https://doi.org/10.1111/j.1365-2664.2008.01600.x 

Lucy FE, Minchin D, Holmes JMC, Sullivan M (2004) First records of the Ponto-Caspian amphipod 
Chelicorophium curvispinum (Sars) in Ireland. Irish Naturalists’ Journal 27(12): 461–464 

Lucy FE, Davis E, Anderson R, Booy O, Bradley K, Britton JR, Byrne C, Caffrey JM, Coughlan NE, 
Crane K, Cuthbert RN, Dick JTA, Dickey JWE, Fisher J, Gallagher C, Harrison S, Jebb M, Johnson 
M, Lawton C, Lyons D, Mackie T, Maggs C, Marnell F, McLoughlin T, Minchin D, Monaghan 
O, Montgomery I, Moore N, Morrison L, Muir R, Nelson B, Niven A, O’Flynn C, Osborne B, 
O’Riordan RM, Reid N, Roy H, Sheehan R, Stewart D, Sullivan M, Tierney P, Treacy P, 
Tricarico E, Trodd W (2020) Horizon scan of invasive alien species for the island of Ireland. 
Management of Biological Invasions 11: 55–77, https://doi.org/10.3391/mbi.2020.11.2.01 

https://doi.org/10.3391/bir.2021.10.3.13
https://www.invasivesnet.org
https://doi.org/10.3391/ai.2017.12.2.06
https://doi.org/10.11646/zootaxa.4691.4.1
https://doi.org/10.2988/19-00004
https://doi.org/10.1080/00222933.2019.1584341
https://doi.org/10.1080/00222933.2019.1584341
https://doi.org/10.1163/156854093X00720
https://doi.org/10.2307/5674
https://doi.org/10.2307/5674
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1111/gcb.13004
https://doi.org/10.1111/2041-210X.12595
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://doi.org/10.3391/mbi.2020.11.2.01


 First record of Crangonyx floridanus in Ireland 

 Baars et al. (2021), BioInvasions Records 10(3): 629–635, https://doi.org/10.3391/bir.2021.10.3.13 635 

McCarthy TK, McLoughlin E (1993) The introduced amphipod Crangonyx pseudogracilis Bousfield in Co 
Cork and Co Galway. Irish Naturalists’ Journal 24(8): 342 

Mauvisseau Q, Davy-Bowker J, Bryson D, Souch GR, Burian A, Sweet M (2019) First detection of a 
highly invasive freshwater amphipod Crangonyx floridanus (Bousfield, 1963) in the United 
Kingdom. BioInvasions Records 8: 1–7, https://doi.org/10.3391/bir.2019.8.1.01 

Mauvisseau Q, Kalogianni E, Zimmerman B, Bulling M, Brys R, Sweet M (2020) eDNA‐based 
monitoring: Advancement in management and conservation of critically endangered killifish 
species. Environmental DNA edn3.92, https://doi.org/10.1002/edn3.92 

Minchin D, Jażdżewski K, Anderson R (2013) Further range expansions of two North American 
amphipods in Ireland. The Irish Naturalists’ Journal 32(1): 13–18 

Morino H, Kusano H, Holsinger JR (2004) Description and distribution of Crangonyx floridanus 
(Crustacea: Amphipoda: Crangonyctidae) in Japan, an introduced freshwater amphipod from 
North America. Contributions from the Biological Laboratory, Kyoto University 29: 371–381, 
https://doi.org/10.3739/rikusui.68.449 

Nagakubo A, Sekiné K, Tanaka Y, Kuranishi RB, Kanada, Tojo K (2011) Rapid expansion of the 
distributional range and the population genetic structure of the freshwater amphipod Crangonyx 
floridanus in Japan. Limnology 12: 75–82, https://doi.org/10.1007/s10201-010-0323-3 

O’Connor JP, O'Connor MA, Holmes JMC (1991) Ornamental plants and the distribution of exotic 
amphipods (Crustacea) in Ireland. Irish Naturalists’ Journal 23: 490–491 

Pennak RW, Rosine, WN (1976) Distribution and Ecology of Amphipoda (Crustacea) in Colorado. 
American Midland Naturalist 96: 324–331, https://doi.org/10.2307/2424073 

Reynolds JD (1993) Crangonyx pseudogracilis Bousfield in the Grand Canal. Irish Naturalists’ 
Journal 24(8): 342–343 

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding the 
ecological impacts of nonnative species. Ecological Monographs 83: 263–282, https://doi.org/10. 
1890/13-0183.1 

Seebens H, Bacher S, Blackburn TM, Capinha C, Dawson W, Dullinger S, Genovesi P, Hulme PE, 
van Kleunen M, Kühn I, Jeschke JM, Lenzner B, Liebhold AM, Pattison Z, Pergl J, Pyšek P, 
Winter M, Essl F (2020) Projecting the continental accumulation of alien species through to 
2050. Global Change Biology 27: 970–982, https://doi.org/10.1111/gcb.15333 

Sepulveda AJ, Nelson NM, Jerde CL, Luikart G (2020) Are environmental DNA methods ready for 
aquatic invasive species management? Trends in Ecology and Evolution 35: 668–678, 
https://doi.org/10.1016/j.tree.2020.03.011 

Strange CD, Glass GB (1979) The distribution of freshwater gammarids in Northern Ireland. 
Proceedings of the Royal Irish Academy 79(B): 145–53 

Strayer DL (2010) Alien species in fresh waters: ecological effects, interactions with other stressors, and 
prospects for the future. Freshwater Biology 55: 152–174, https://doi.org/10.1111/j.1365-
2427.2009.02380.x 

Thomsen PF, Kielgast J, Iversen LL, Wiuf C, Rasmussen M, Gilbert MTP, Orlando L, Willerslev E (2012) 
Monitoring endangered freshwater biodiversity using environmental DNA. Molecular Ecology 21: 
2565–2573, https://doi.org/10.1111/j.1365-294X.2011.05418.x 

Toft JD, Cordell JR, Fields WC (2002) New records of crustaceans (Amphipoda, Isopoda) in the 
Sacramento/San Joaquin Delta, California, and application of criteria for introduced species. 
Journal of Crustacean Biology 22: 190–200, https://doi.org/10.1163/20021975-99990222 

Toft JD, Simenstad C, Cordell JR, Grimaldo LF (2003) The effects of introduced water hyacinth on 
habitat structure, invertebrate assemblages, and fish diets. Estuaries 26: 746–758, https://doi.org/ 
10.1007/BF02711985 

Tojo K, Tanaka Y, Kuranishi RB, Kanada S (2010) Reproductive biology and adaptability of the 
invasive alien freshwater amphipod Crangonyx floridanus (Crustacea: Amphipoda, 
Crangonyctidae). Zoological Science 27: 187–202, https://doi.org/10.2108/zsj.27.522 

Tomikawa K, Nakano T, Sato A, Onodera S, Ohtaka A (2016) A molecular phylogeny of 
Pseudocrangonyx from Japan, including a new subterranean species (Crustacea, Amphipoda, 
Pseudocrangonyctidae). Zoosystematics and Evolution 92: 187–202, https://doi.org/10.3897/zse.92. 
10176 

Zhang J, Holsinger JR (2003) Systematics of the freshwater amphipod genus Crangonyx (Crangonyctidae) 
in North America. Virginia Museum of Natural History, Virginia, 274 pp 

   
   

Supplementary material 

The following supplementary material is available for this article: 
Table S1. List of sampling sites and presence of Crangonyx species. 
This material is available as part of online article from: 
http://www.reabic.net/journals/bir/2021/Supplements/BIR_2021_Baars_etal_SupplementaryMaterial.xlsx 

https://doi.org/10.3391/bir.2021.10.3.13
https://www.invasivesnet.org
https://doi.org/10.3391/bir.2019.8.1.01
https://doi.org/10.1002/edn3.92
https://doi.org/10.3739/rikusui.68.449
https://doi.org/10.1007/s10201-010-0323-3
https://doi.org/10.2307/2424073
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1111/gcb.15333
https://doi.org/10.1016/j.tree.2020.03.011
https://doi.org/10.1111/j.1365-2427.2009.02380.x
https://doi.org/10.1111/j.1365-2427.2009.02380.x
https://doi.org/10.1111/j.1365-294X.2011.05418.x
https://doi.org/10.1163/20021975-99990222
https://doi.org/10.1007/BF02711985
https://doi.org/10.1007/BF02711985
https://doi.org/10.2108/zsj.27.522
https://doi.org/10.3897/zse.92.10176
https://doi.org/10.3897/zse.92.10176
http://www.reabic.net/journals/bir/2021/Supplements/BIR_2021_Baars_etal_SupplementaryMaterial.xlsx


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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /RUS <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


