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Rare, long-distance dispersal events are a key process in generating and maintaining
patterns in biological diversity and species distributions across space and time. The 9.0
magnitude earthquake that struck the eastern coast of Japan in 2011, and the subsequent 38 m high tsunami washed large amounts of shoreline debris into the Pacific
Ocean that led to a large-scale biological rafting event carrying nearly 300 marine
species to the western shores of North America. Whether oceanic, trans-Pacific dispersal via rafting generates long distance dispersal events for small, flightless, terrestrial species is unknown. By sampling beach debris associated with known hot-spots
of tsunami debris along the north and east shores of Graham Island, Haida Gwaii,
Canada, I document significantly dissimilar invertebrate communities associated with
tide-line beach debris and the occurrence of several putative Japanese species of soildwelling mites (Acari: Oribatida). Previous explanations of Haida Gwaii’s unique flora
and fauna have been attributed to a proximity to the Beringian land bridge and the
accumulated evidence of near-offshore glacial refugia during the last glacial period.
However, my research also suggests that stochastic, trans-Pacific rafting events contribute to the biodiversity and biogeography of soil communities on the west coast of
North America.
Keywords: beach debris, coastal biogeography, Japan Tsunami Marine Debris
(JTMD), long-distance dispersal, propagule rain, transoceanic rafting

Introduction
The fundamental question of ‘why are species where they are?’ is particularly interesting for islands where habitable land is interspersed in a literal sea, requiring terrestrial
organisms to disperse across large distances of uninhabitable space to establish new
populations. Dispersal as a dynamic biological process, is a driver of many ecological theories such as island biogeography (MacArthur and Wilson 1967), metapopulation (Hanski 1999) and metacommunity dynamics (Wilson 1992), and neutral
models (Bell 2000, Hubbell 2001, Chave et al. 2002). However, empirical evidence
suggests that most terrestrial organisms have low dispersal capabilities (Nathan
2006). As such, the importance of rare, long-distance dispersal (LDD) events that
occur infrequently and are often correlated with extreme events, is increasingly seen
as a key process in generating and maintaining patterns in biological diversity and
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species distributions across space and time. While research
has focused on understanding LDD in plants (Levin et al.
2003, Nathan et al. 2008, Caughlin et al. 2014), and marine
organisms (Cumming et al. 2014, Smith et al. 2018) less is
known about dispersal patterns and biogeography for small
terrestrial species such as soil invertebrates.
For small, wingless, organisms, active dispersal is not
possible for long distances, and passive mechanisms such as
wind (anemochory), vertebrate vectors (e.g. migratory birds)
and water are the prospective mechanisms (Gillespie et al.
2012). There is limited evidence that supports anemochory
(Karasawa et al. 2005, Lindo and Winchester 2009, Lindo
2010, Lehmitz et al. 2011) and vertebrate vectors (Lebedeva
and Lebedev 2008) for the dominant soil-dwelling Acari, the
oribatid mites (suborder Oribatida), thus oceanic dispersal
via ‘rafting’ on floating substrates such as woody or plastic
debris is a hypothesis for LDD events to islands. The mite
fauna of Pacific coastal habitats of North America is species rich and contains unique species assemblages that are
not congruent with the fauna of continental North America
(Beaulieu et al. 2019). Many recently described species are
restricted to these coastal habitats (Lindo 2011), and morphological characteristics of these species suggest strong evolutionary relationships with Asian species (Lindo et al. 2010),
leading to the hypothesis of a ‘propagule rain’ (Gotelli 1991)
of Trans-Pacific dispersal to the west coast of North America.
The 9.0 magnitude earthquake that struck the eastern
Tōhoku coast of Honshu, Japan in 2011, and the subsequent
38 m high tsunami that washed large amounts of shoreline debris into the Pacific Ocean led to a large-scale biological rafting event carrying nearly 300 marine species to
the western shores of North America (Carlton et al. 2018).
The north shore beaches of Haida Gwaii, British Columbia,
Canada (54°N, 131°W) is recorded as having the second
highest mean debris influx of presumed Japan Tsunami
Marine Debris (JTMD) (Kataoka et al. 2018, Murray et al.
2018). The island archipelago Haida Gwaii – the traditional
territory of the Haida Nation – is located just south of the
Alaskan border and is one of the largest and most isolated
island chains in North America. There are at least 39 distinct
and endemic subspecies of plants and animals previously
recorded on Haida Gwaii (Gaston et al. 2008). Geological
evidence indicates the Islands themselves were glaciated
(Mathewes et al. 2015), but it has been suggested that endemism arose during the Holocene through island glacial refugia (Mathewes et al. 2015) and recolonization from near,
off-shore glacial refugia following relatively fast de-glaciation
and subsequent isolation (Byun et al. 1997). However more
recent research suggests more complex colonization patterns (Shafer et al. 2010), and perhaps ongoing colonization events (i.e. propagule rain). The concept of propagule
rain – small but constant influx of dispersing individuals or
other propagule types – is often associated with seed dispersal
(Rabinowitz and Rapp 1980), however, both Schatz (1991)
and Peck (1994) have previously suggested that oceanic currents likely bring soil invertebrates to the Galápagos Islands
from other areas of the Andean region and Central America.
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Because propagule rain involves a low number of dispersing individuals across large time scales, it is hard to detect,
while tsunami events provide mass dispersal opportunities.
I therefore used the 2011 tsunami event to find evidence of
LDD that could suggest ongoing propagule rain via oceanic
dispersal. I examined the invertebrate communities associated
with daily beach debris (beach), high tide lines (edge habitat) and forest locations (forest), focusing on oribatid mites
because they are the dominant soil animal in most surface soil
systems, and are likely to survive trans-Pacific dispersal as they
feed mainly on fungi and detritus, and are iteroparous with
slow developmental times and long life spans (Norton 1994).
Additionally, extensive taxonomic studies and literature exists
for the oribatid fauna of western North America (Lindo et al.
2010, Lindo 2011, Beaulieu et al. 2019, Behan-Pelletier and
Lindo 2019) and Japan (Aoki 1973, Fujikawa et al. 1993).

Material and methods
Working with local communities and persons involved in
beach clean-up initiatives, I obtained knowledge of locations with previously documented Japan Tsunami Marine
Debris (JTMD) and where high amounts of debris were
located. These areas were focused along the north and east
shorelines (North Beach and East Beach) of Graham Island,
Haida Gwaii, British Columbia, Canada (Supplementary
material Appendix 1 Table A1). While these areas have
undergone extensive local clean-up efforts, the evidence of
ongoing accumulation of oceanic debris stemming from Asia
is unmistakable, mostly comprising macro-plastics (e.g. water
bottles), Styrofoam debris and aerosol cans, and included
recognizable personal items such as laundry baskets, shoes
and toothbrushes that are clearly of non-maritime industry
provenance (Fig. 1).
Samples were collected from beach, tidal edge and forest
locations in Summer 2017 over a one-week period following
the morning high tide. Beach samples consisted of approx.
20 cm2 of debris from multiple items collected along the shoreline representing the daily tide line. Both anthropogenic (e.g.
water bottles, rope, plastic, Styrofoam) and natural (beach
wrack) debris were collected and shaken in a concentrating shaker to remove any adherent organisms and substrate.
Beach samples were collected across 16 different locations
where accumulation of anthropogenic debris was observed;
any indications of the origin of anthropogenic debris (e.g.
writing) was recorded. Shoreline vegetation and leaf litter at
the tidal edge zone (n = 8) were sampled to represent the first
possible, but likely non-optimal habitat that would allow for
colonization of new terrestrial migrants. Forest floor samples
(forest) were also collected (n = 6) for comparison with longterm resident species. Where possible beach, edge and forest
samples were collected at the same location (Supplementary
material Appendix 1 Table A1).
All samples were extracted on portable Berlese faunal extractors over 72 h into 75% ethanol, and specimens
observed were subsequently identified to species-level using

Figure 1. Anthropogenic beach debris observed along North and East Beach coasts of Graham Island, Haida Gwaii. (A) Macroplastic debris
in tidal jam slough, (B) plastic basket and bottle, (C) aerosol can, (D) fishing float, (E) running shoe, (F) toothbrush.
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keys from the primary literature, and compared against
> 3000 curated specimens in the author’s taxonomic collection. Specifically, this collection includes specimens that
are predominantly coastal and boreal species, but other
Canadian and world-wide specimens were available from the
Canadian National Collections (CNC) of Insects, Arachnids
and Nematodes in Ottawa, Canada when necessary. An
extensive review of primary literature was used to obtain species descriptions, taxonomic/species lists and ecological studies of oribatid mites from around the world with a focus on
studies from Japan and other Asian-pacific locations. Where
specimens were not aligned with a known species and taxonomic description, to determine whether these specimens
were undescribed but previously collected species, or new
species discovered in this study, I compared the Haida Gwaii
specimens with previously collected material from coastal
British Columbia.
All analysis was conducted in R (v3.3.2) and results were
considered significant at p < 0.05. Average total abundance
and species richness were compared across beach, edge and
forest samples using non-parametric tests mainly due to
unequal sample sizes among the sampling locations, but
also non-normality of the data. Total abundance and species richness were examined using a Kruskal–Wallis test followed by Dunn test for multiple comparisons. All species
were included in the community compositional analyses,
but sites with zero individuals (n = 1) were removed from
the dataset. Individual species abundances were Hellinger
transformed and a dissimilarity matrix among samples was
created using Bray–Curtis and the {vegdist} function in the
vegan package in R (Oksanen et al. 2018). The dissimilarity matrix was subjected to a permutational multivariate
analysis of variance (PERMANOVA) using the {adonis}
function and visualised using the {metaMDS} function in
vegan with 999 permutations followed by post-hoc pairwise contrasts using the {pairwise.perm.manova} function
in the RVAideMemoire package (Hervé 2019). To further
evaluate total and individual species abundances based on
sampling habitat, I used multivariate generalized linear
models using the mvabund package (Wang et al. 2019).
These models are better able to deal with species abundance data that exhibit strong mean–variance relationships due to high number of zeros, and when the number
of variables (i.e. species) are much greater than the number of observations (Wang et al. 2019). The models for
univariate (total abundances) and multivariate (individual
species abundances) effect based on sampling habitat was
conducted using the {anova.manyglm} function using a
Wald test, and treatment contrasts were evaluated using
the {summary.manyglm} function. All results were conducted assuming a negative binomial distribution, resampled 999 times (Warton 2011). The species that were
most strongly associated with differences in community
composition between sample locations were obtained
from the multivariate GLMs and assessed independently
using univariate GLM.
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Results
Anthropogenic debris was highly apparent across all beach
locations at the daily (beach) and frequently along high tide
lines (edge) with an estimated 95% of this debris of Asian
origin (Fig. 1). Species richness and abundance of specimens collected was lowest in beach samples (abundance:
χ22,27 = 13.48, p = 0.002, richness: χ22,27 = 14.62, p = 0.001)
(Fig. 2A–B), but were not statistically different from edge
samples. Overall composition of species in beach samples was
significantly different from forest samples (PERMANOVA
F2,27 = 2.262, R2 = 0.144, p < 0.001), and demonstrated large
heterogeneity (Fig. 2C, NMDS Stress = 0.11), in other words,
beach samples were highly dissimilar to one another in species composition. Edge samples were also highly variable, but
not statistically dissimilar to forest samples (pairwise comparisons using permutation MANOVAs on a distance matrix
p = 0.089), as some species were found in common between
the edge habitat and the forest. Edge habitats were also not
statistically significantly different from beach samples either
(pairwise comparisons using permutation MANOVAs
on a distance matrix p = 0.088), suggesting a transition
zone between the two other sampling locations. That said,
multivariate GLM found significant differences between
sites (Wald statistic = 15.52, p < 0.001) indicating unique
communities at each sampling location (all pairwise comparisons p < 0.001).
Abundant, typically forest-dwelling species (e.g.
Phthiracarus cognatus Niedbała, 1988, Hermannia gibba
(C.L. Koch, 1839)) tended to drive trends in the multivariate
ordination analysis, and most species found in the forest were
typical coastal temperate rainforest species (Supplementary
material Appendix 1 Table A2). Of the 88 species collected
in this study, approx. 44% have previously been recorded for
coastal British Columbia (although many still await formal
description), while nine species could be considered Boreal or
sub-arctic Canadian species, and five species would be considered cosmopolitan or semi-cosmopolitan. Eighteen species
(20%) are considered ‘probable new species’ as they did not
match any formal description (i.e. are undescribed) nor have
they previously been recorded from coastal British Columbia
prior to this study. However, several beach samples contained
species identified as having Asian provenance (Fig. 3A, B,
E, F). Most notably Maerkelotritia kishidai (Aoki, 1958),
Hermannia hokkaidoensis Aoki and Ohnishi, 1974, Eupelops
cf japonensis Fujikawa, 1990, Achipteria nr serrata Hirauchi
and Aoki, 1997, and Punctoribates ezoensis Fujikawa, 1982
are recognized Japanese species.

Discussion
The significantly dissimilar invertebrate communities associated with beach debris and the occurrence of several putative
Japanese species of soil-dwelling mites sampled from known
hot-spots of putative JMTD along the North and East Beach
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Figure 2. (A) Abundance (# individuals), and (B) species richness (# species) collected in beach, tide-line edge and forest habitat; letters
denote significant differences. Boxplots: center line, median, box limits, upper and lower quartiles, whiskers, 1.5× interquartile range,
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categorized by habitat type. Stress = 0.11.
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Figure 3. (A) Ceresella sp. (B) Hermannia hokkaidensis Aoki and Ohnishi, 1974, (C) Oribatella arctica Thor, 1930, (D) Ramusella sp., (E)
Pantelozetes sp., (F) Scutovertex sp., (G) Zachvatkinibates schatzi Behan-Pelletier and Eamer, 2005, (H) Zachvatkinibates maritimus
Shaldybina, 1973.
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shores of Haida Gwaii suggests that stochastic, trans-Pacific
rafting is plausible. The coastal temperate rainforest is a globally rare ecozone, and remnants of this habitat exist only in
Japan, New Zealand, Ireland and Canada. The coastal temperate rainforest, as the most diverse ecozone in Canada, contains Holarctic and Nearctic oribatid mite species, but many
recently described fauna (and fauna awaiting formal scientific
description) are seemingly restricted to this ecozone (Lindo
2011, Behan-Pelletier and Lindo 2019), and the fauna as a
whole lacks congruence with the fauna of the rest of North
America. This morphological and phylogenetic distinction
from the rest of North America may be partially explained by
vicariance of continental species during last glacial maximum,
but for others, some species are described from or have documented distributions in Japan and eastern Russia, while others still share morphological characteristics with Asian species
(Lindo et al. 2010), suggesting strong evolutionary relationships. Haida Gwaii’s proximity to the Beringian land bridge
and the accumulated evidences that suggest Haida Gwaii’s
proximity to near off-shore glacial refugia during the last glacial maximum have also been purported as mechanisms leading to high endemism for plants and vertebrates (Byun et al.
1997, Brodo and Sloan 2004, COSEWIC 2013).
Infrequent, but continuous trans-Pacific dispersal to the
west coast of Canada may be a significant influence in the
biodiversity of the coastal temperate rainforest. Trans-oceanic
dispersal has been invoked to explain apparent vicariance
patterns in several other taxa (de Queiroz 2005, Cowie and
Holland 2006, Cumming et al. 2014), and rafting of oribatid
mites on floating substrates such as wood or plastic is possible
(Goldstein et al. 2014), especially given their small size compared to the larger rafts with high windage that are common
for Haida Gwaii and Alaska (Murray et al. 2018) and that
would likely provide adequate resource availability on route
(Houle 1998, Mazza et al. 2019). While oribatid mites are not
generally associated with saltwater environments, they have
been shown to survive being fully submerged in both fresh
and saltwater for several days (Coulson et al. 2002, Pfingstl
2013, Bardel and Pfingstl 2018) suggesting some species
could survive transport on seawater along a strong current for
over 3000 km. Sea surface dispersal (as pleuston or neuston)
without rafting was found to be a viable mode of transport
for small, flightless arthropods surrounding the Galápagos
Islands including oribatid mites (Peck 1994). Resources and
climate, as well as the population size of the dispersing species
play a role in whether a species becomes established following oceanic dispersal to islands (Schatz 1991). Haida Gwaii
has similar climate to northern Japan, and tsunami events
could facilitate whole populations being dispersed en masse.
Similarly, propagule rain can also enhance population establishment success (Gotelli 1991, Simberloff 2009).
Haida Gwaii is an understudied region in Canada; there
is no previous concerted sampling event for soil biodiversity
from Haida Gwaii, and to date there are no published studies
containing a species list for oribatid mites. The proportion
of new and known-but-undescribed species in this study is

consistent with previously published work in the field of soil
biodiversity, as a large proportion of species in this taxonomic
group (i.e. oribatid mites) are not yet described regardless of
the ecosystem or geographic location examined. For instance,
Beaulieu et al. (2019) list a total of 592 described oribatid
mite species in Canada, with another ~300 that represent
undescribed species currently housed in collections, as well
as an estimated 1250 unrecorded species of oribatid mites
in Canada yet to be discovered. More in-depth taxonomic
work and greater sampling effort in other locations of coastal
Canada and Japan could reveal even greater linkages in the
species distributions or their phylogenies.
Schatz (1991) also suggests that oceanic currents play a
role in oceanic dispersal success for Galápagos Acari, while
Pfingstl et al. (2019) postulates that specific ocean currents might play a role in the distribution of intertidal Acari
in southern Japanese islands. The Alaska current travels
10–200 cm s−1, but historically tsunami that originate near
Japan cross the Pacific Ocean in less than nine hours (NOAA
2019a), and the 2011 tsunami hit southern Alaska after just
eight hours (NOAA 2019b), although reports of JTMD
reaching the coasts of North America did not come until nine
months after the event (Carlton et al. 2018, Maximenko et al.
2018). Numerous Japan earthquakes resulting in tsunami
have been recorded for the west coast North America in the
past 100 yr (e.g. 1944 Kii Peninsula (8.1 magnitude), 1946
Honshu (8.1), 1952 Hokkaido (8.1), 1968 Honshu (8.2))
(NOAA 2019a). Drifting plastics and other anthropogenic
marine debris are posited to enhanced levels of dispersal and
colonization (Barnes and Milner 2005), while these plastics combined with events like tsunami that can cause pulse
dispersal events, may lead to community homogenization
(Chown 2017). However, while tsunamis create the potential
for a pulse dispersal event, it is most probable that natural
(e.g. logs) as well as other anthropogenic debris (e.g. glass
floats) serve as more frequent rafts that create a propagule
rain that is not solely limited to disaster events such as tsunamis. However, the relative frequency of Pacific tsunamic
events alongside ongoing ‘propagule rain’ of terrestrial long
distant dispersers across the Pacific Ocean is a parsimonious
explanation for similarities in coastal North American and
coastal Asian fauna, and highlights the role of rare dispersal
events in generating and maintaining patterns in biodiversity.
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