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Abstract

Dispersal in social parasites is constrained by the presence of suitable host populations, limiting
opportunities for rapid range expansion. For this reason, although hundreds of ant species have
expanded their ranges through human transport, few obligate social parasites have done so. We
test the hypothesis that social parasites expand their ranges more slowly than their hosts by
examining the spread of an introduced social parasite-host species pair in North America—the
workerless ant Tetramorium atratulum and the pavement ant 7. immigrans. In doing so we
report a new range extension of 7. atratulum in the interior US. Consistent with host limitation
on dispersal, we found a time lag ranging from several years to over a century between the
arrivals of the host and parasite to a new region. The estimated maximum rate of range
expansion in the parasite was only a third as fast as that of the host. We suggest that relative to
free-living social insects, social parasites may be less able to rapidly shift their ranges in

response to changes in habitat or climate.
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Introduction

Over 200 ant species have expanded their global ranges due to introductions by humans
(Bertelsmeier et al. 2017). Once established in a new area, non-native ants may impact
ecological systems by altering insect or vertebrate communities or disrupting mutualisms
(Holway et al. 2002; Helms et al. 2016; Alvarez-Blanco et al. 2017). At the same time the
ubiquity of ant introductions, often including replicated introductions of the same species to
multiple places, have created ideal natural experiments for studying the ecology and evolution of
dispersal and range expansion (Helms 2018). The diversity of introduced ants makes them
particularly useful for studying interactions between co-occurring introduced species (Simberloff
& Von Holle 1999; Green et al. 2011; LeBrun et al. 2014) and the consequences of life history

variation on dispersal (Tsutsui & Suarez 2003; Helms & Godfrey 2016).

Dispersal in ants is limited to specialized reproductive castes—queens and males—such that
range expansion is constrained by reproductive strategy (Tsutsui & Suarez 2003; Helms &
Kaspari 2015). In the extreme case of obligate social parasites, queens found colonies only
inside the nests of specific host ants and cannot colonize vacant habitat (Vepsildinen & Pisarski
1982; Keller & Passera 1989; Buschinger 2009). Their introduction to an exotic range requires
the prior establishment of their host, followed by the transport of parasitized colonies or
inseminated parasite queens (Creighton 1950; Taylor 1968). Any subsequent range expansion
likewise depends on the presence of the host beyond the current range boundary (Helms &
Bridge 2017). For these reasons few obligate parasites have spread beyond their original ranges
(~1% of introduced ants, Bertelsmeier et al. 2017), despite the substantial diversity of parasitic

ants (up to a third of the species in some regions, Buschinger 1986).
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The introduction of the Eurasian workerless ant Tetramorium atratulum (Schenck, 1852) to
North America is a conspicuous exception and offers a rare opportunity to study range expansion
in social parasite-host species pairs. In its native range, the workerless ant parasitizes several
congeneric species (Lapeva-Gjonova et al. 2012; Ward et al. 2015; Wagner et al. 2017), but in
North America its life cycle is tied to just one of these, the introduced pavement ant
Tetramorium immigrans (Santschi, 1927). Young 7. atratulum queens find pavement ant
colonies whose queens have died and manipulate the surviving workers into rearing their own
offspring (Buschinger 2009). The parasite queens produce no worker young, only queens and
males, and the host colony eventually dies as its workers are not replaced. Before this occurs the
next generation of parasites mates within the host nest, either with siblings or with co-occurring
parasite lineages, and females then fly off to find new host colonies (Heinze et al. 2007). Range
expansion in the workerless ant is thus limited by the presence of appropriately aged host

populations.

The dependence of social parasites on their hosts suggests that they expand their ranges more
slowly than free-living species (Helms & Bridge 2017). We examine the host limitation
hypothesis in the context of range expansion by 7. atratulum and its host T. immigrans in North
America. We test two predictions, 1) that there is a time lag between the arrivals of the host and
parasite to a new region, and 2) that maximum rates of range expansion are slower for the
parasite than for its host. Our results confirm the link between dispersal and reproduction in
social insects, highlight the facilitation of one introduced species by another, and shed light on

the dispersal constraints faced by social parasites.

Methods
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Range expansion

To compare range expansion in the two species, we searched for the earliest documented
occurrence of both species in every US state and Canadian province. We first searched each
region for museum specimens and published records using AntWeb (AntWeb 2018), the Harvard
Forest Data Archive (Ellison et al. 2012; Ellison & Gotelli 2018), AntMaps (Janicki et al. 2016),
and the Global Ant Biodiversity Informatics database (Guénard et al. 2017). We then searched
resulting publications and their references for citations of even earlier records. Some
publications reported a range of a few sampling years, making the precise first detection year
unclear. In those cases, we used the most recent reported year if the species in question was the
pavement ant host, and the earliest year if it was the workerless parasite. This method
conservatively minimized any calculated time lags between the arrival of the two species. For
the earliest pavement ant records, recorded only as being present for some time before 1905 or at

least as far back as 1895 (Wheeler 1905), we conservatively used a recent arrival date of 1895.

Specimen collection

We supplemented our occurrence data by collecting a 7. atratulum queen (Figure 1) during her
dispersal flight at the W.K. Kellogg Biological Station in southwest Michigan, USA (4223’47’
N, 85722°26> W, elevation 288 meters). The queen was captured in a pitfall trap between 4 and
6 June 2018, in a 30 x 40-meter field planted in switchgrass (Panicum virgatum) as part of the
Great Lakes Bioenergy Research Center’s Biofuel Cropping System Experiment (Slater et al.
2015; USDOE 2018). The pitfall trap was a 10-centimeter diameter plastic cup partially filled
with 95% ethanol and two to three drops of dish detergent. Pavement ant workers were collected
in the same pitfall trap and in 76% of 88 other pitfall traps placed at varying distances (up to 350

m away) within a 13-hectare area, suggesting an availability of potential host nests in the

5
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immediate vicinity. The specimen is preserved at the Kellogg Biological Station in the reference

collection of the senior author.

Data analysis

Apparent time lags may result from differences in detection probability between the two species,
rather than delays in arrival of the parasite. Workerless ant species like 7. atratulum are less
likely to be detected by survey methods focused on foraging workers (Gotelli et al. 2011), and
parasites may also exist at lower population densities than their hosts (Buschinger 1986), further
lowering detection probabilities. It is thus possible for the parasite to exist in an area for several

years without being observed, making it appear as if it arrived later.

We addressed this by testing whether observed time lags were greater than expected from lower
detection probabilities alone. Given the absence of studies measuring differences in detectability
between workerless parasites and their hosts, or measures of sampling effort across regions and
years, we used a crude calculation of detection probabilities. To do this, we estimated a range of
relative detection probabilities of the parasite versus its host using our sampling data plus
observations for both species from one location in which ant species occurrences were recorded
with pitfall traps over several years (Nantucket Island, Massachusetts, Ellison & Gotelli 2018).
The first estimate accounted for how the absence of workers impacts detection probability by
using the host 7. immigrans as a proxy. We did this by dividing the number of observations of
host queens by those of host workers on Nantucket Island within the same year. We averaged
the ratios for each of three years in which both queens and workers were detected (2 collections
of workers to 1 of queens in 2004, 4 of workers to 2 of queens in 2007, and 56 of workers to 11
of queens in 2009), to arrive at a parasite detection probability of 0.4 relative to its host. The

second estimate accounted for the rarity of the parasite by comparing the number of occurrences

6



122 of parasite and host queens within the same year (1 collection of the parasite versus 11 of host
123 queens in 2009), arriving at a detection probability of 0.09. The third and most conservative
124  estimate accounted for both the absence of workers and the rarity of the parasite by comparing
125  occurrences of the parasite queen with both host queens and host workers (1 parasite versus 67
126  hosts), resulting in a detection probability of 0.015. Finally, we compared occurrences of

127  parasites versus host workers in our pitfall traps in Michigan (1 parasite versus 68 hosts), for

128  another detection probability of 0.015.

129  Since these estimates are limited to a sampling method biased towards workers (pitfall traps),
130  vary widely (spanning two orders of magnitude), and are subject to extreme sample size effects
131 (3 of the 4 estimates are based on the collection of a single parasite individual), our approach
132 investigated the implications of a range of possible detection probabilities, rather than focusing
133 on any single calculation. To do this we roughly calculated the probability that the parasite had

134  been present but undetected throughout each of the apparent time lags, according to the formula
135 P=(1-¢q)f

136  where ¢ is the detection probability of the parasite relative to its host, and ¢ is the time lag in
137  years. We repeated the calculation with all detection probabilities (0.40, 0.09, 0.015) and

138  considered a delay to be real if the probability was below 0.05.

139  Results

140  Pavement ants were unintentionally introduced from Europe to the mid-Atlantic states by the late
141 19" century, and possibly as far back as the 17" century (Smith 1943a; Creighton 1950; Weber
142 1965), and spread outward from there (Figure 2, Table 1). They crossed the Appalachian

143 Mountains by 1895, when they were seen in Tennessee and Nebraska (Creighton 1950; Brown

7
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1957). By the 1940s they had moved into Ohio, Indiana, and Illinois (Wesson & Wesson 1940;
Morris 1942; Gregg 1945), and by the 1970s had reached southern Ontario (Guénard et al. 2017).
They were first collected in Michigan around 1990 (Wheeler et al. 1994), where they quickly
became one of the most common ants in disturbed areas (Uno et al. 2010). On the west coast a
second isolated population had been established by the 1920s in the Central Valley of California,
probably due to human transport (Essig 1926; Mallis 1941). This west coast population then
expanded inland to western Nevada (1972, Wheeler & Wheeler 1986) and northward to Oregon,
Washington, and Idaho (1979 to 1984, Krombein et al. 1979; Merickel & Clark 1994). Finally, a
third set of populations, seemingly separated from both coastal populations, were established in
Salt Lake City, Utah by the late 1970s (Allred 1982), in Colorado in 1985 (Dash & Sanchez
2009), and in Albuquerque, New Mexico by 2001 (MacKay & MacKay 2002). The pavement
ant range is still expanding and will likely soon include urban or disturbed areas in most of the

continental USA (Steiner et al. 2008).

The spread of the parasite 7. atratulum has mirrored that of its host. First detected in
Englewood, New Jersey in 1932 (Creighton 1934), it dispersed outward from there (Figure 2,
Table 1). By the late 1990s it was known from all Atlantic coastal states from Connecticut to
Virginia (Smith 1943b; Coovert 2005; Fisher & Cover 2007). Spreading to the west and north, it
then reached Ohio (between 1996 and 2002, Coovert 2005; Ivanov 2016), Massachusetts (in
2005, Clark et al. 2011), Quebec (in 2007, Francoeur & Pilon 2011), and Ontario (in 2012, Schir
et al. 2018). During the same period it also dispersed to non-contiguous areas, showing up in the
isolated pavement ant population in Colorado (in 2005, Dash & Sanchez 2009). It has not yet,
however, been found anywhere in the Pacific coast range of the pavement ant. The specimen we

collected in 2018 is the second westernmost individual collected in North America. Our record
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is the first from Michigan and increases the number of exotic ants in that state from two to three
(in addition to the pavement ant, the pharaoh ant Monomorium pharaonis (Linnaeus, 1758) is an
indoor exotic in Michigan; Wheeler et al. 1994; Guénard et al. 2017). If it has not done so
already, T. atratulum will likely continue to expand its range southward and westward to most

areas colonized by pavement ants.

Consistent with the host limitation hypothesis, there is a time lag between the first detections of
pavement ants and their parasites. 7. atratulum reached new areas a median of 51.5 years after
its host (range 7 to 105 years, n = 14), or 30.5 years (n = 6) if we exclude the eight states
occupied by pavement ants since before 1900 that had uncertain arrival years (Table 1). All time
lags were longer than expected due to delayed detection alone (P < 0.05) using the highest
relative detection probability, and all but the three shortest time lags (in Québec, Colorado, and
Michigan) were longer than expected using the intermediate probability. No time lags were
longer than expected (P > 0.20) using the most conservative detection probability. Maximum
rates of spread were also slower for the parasites (~11 km/year from Englewood, New Jersey in
1932 to Kellogg Biological Station, Michigan in 2018) than for the host (~30 km/year from
coastal South Carolina in 1918 to Louisiana in 1960, or ~27 km/year from Northern California in
1926 to western Idaho in 1979 via the Columbia River). The workerless parasite is still

unrecorded in over 60% of the areas where its host occurs (25 out of 39 states or provinces).

Discussion

Social parasites that depend on colonies of host species may experience limited opportunities for
rapid dispersal. We found that during range expansion of an exotic social parasite-host species

pair in North America, the workerless parasite always arrived in a region later than its host, in



189  some cases after an apparent delay of a century or more. Rough estimates of the maximum rate
190 of range expansion show that the parasite spreads at only a third the speed of its free-living host
191  and has yet to reach most of the areas colonized by pavement ants. Our results are consistent
192  with the host limitation hypothesis and demonstrate a novel way in which symbiotic

193  requirements can constrain range expansion.

194  Interactions between the social structures of the host and parasite provide additional dispersal
195  constraints beyond those experienced by solitary parasites. Parasites in general experience high
196  risks of coextinction due to reliance on specific hosts and inability to independently shift their
197  ranges in response to environmental changes (Dunn et al. 2009; Carlson et al. 2017), and the
198  risks are greatest in species with more complex or specialized life cycles (Cizauskas et al. 2016).
199  Some pathogens and parasites with simple life cycles can spread rapidly, outpacing host

200  dispersal to quickly arrive at a host’s expanding range edge (Ross & Tittensor 1986; Hastings
201  2000; Fagan et al. 2002). But our results suggest that social parasites, which have long

202  generation times (months to several years) and specific social requirements (host colonies of a
203  certain age, size, or demography), are particularly limited in their ability to rapidly shift their
204  ranges. In the absence of host switching, this added dispersal limitation may be a general

205  phenomenon among social symbionts.

206  Viewed in the opposite light, the presence of the host facilitates that of the parasite. Threatened
207  social parasites, for example, can be effectively conserved by focusing restoration efforts on host
208  colonies (Thomas et al. 2009). Pavement ants will likely continue to colonize urban and

209 agricultural landscapes across North America, aided by occasional transport by humans (Steiner
210  etal. 2008), and the workerless parasite will almost certainly follow. It has now been found in

211 two of the three main regions colonized by pavement ants, and other disjunct populations of host

10
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and parasite may arise in cities throughout the continent. Over the next few years the workerless
parasite will probably expand its range southward to the lower Mississippi & Ohio Valleys and
the southeastern USA and is also likely to colonize pavement ant populations in Utah and
northern New Mexico. It will be especially interesting to see if it reaches isolated pavement ant
populations on the Pacific coast. There is even a chance that, with the help of human transport,
T. atratulum may show up in pavement ant populations in southern South America (Steiner et al.

2008).

Due to its obscure lifestyle and absence of a worker caste, 7. atratulum is rarely collected even in
its native range, where it is a threatened species (IUCN 2018), and its apparent spread in North
America may reflect delayed detection due to rarity rather than actual range expansion. The
observed time lags, however, were longer than expected due to rarity alone under most assumed
detection probabilities. We estimate that the parasite would have to be less than 3% as likely to
be detected as its host to account for all the time lags. Further studies measuring detection bias
in the parasite versus the host while accounting for search effort would help resolve their
geographic patterns of colonization. Beyond apparent delays in arrival, delayed detection of the
parasite is unlikely to account for its slower calculated rate of range expansion, unless there were
systematic biases in detectability from place to place. Taken together, our results suggest the

apparent spread of the parasite is probably a real range expansion following that of its host.

The crossing of the Atlantic Ocean by T. atratulum demonstrates that obligate social parasites
can colonize new areas if given opportunity and time. Due to the ubiquity and diversity of
introduced ants, we expect more social parasites to invade exotic ranges in the future. But the
host limitation hypothesis and the slow spread of 7. atratulum within North America suggest that

social parasites are less able to rapidly exploit novel ecological opportunities or track changing
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habitats. Many organisms, for example, are shifting their ranges in response to climate change,
or will need to do so in the future to avoid extinction (Parmesan et al. 1999; Hickling et al. 2006;
Colwell et al. 2008; Chen et al. 2011). This may be difficult for social parasites that cannot
colonize a new area until their host has done so, regardless of how favorable the potential habitat
is or how unsuitable their current habitat is becoming (Vepséldinen & Pisarski 1982; Dunn et al.
2009; Helms & Bridge 2017). If environmental changes occur rapidly enough, this limited
opportunity for rapid range expansion may put social parasites at greater risk of extinction due to

habitat loss or climate change.
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Fig. 1 A queen of the workerless parasite Tetramorium atratulum collected in southwest

Michigan in (a) lateral, (b) dorsal, and (c) full face view
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Fig. 2 Exotic range expansion in the workerless parasite Tetramorium atratulum and its

Kellogg Biological Sttion

pavement ant host 7. immigrans. Unshaded areas are not known to contain the parasite. Both
species were first detected in North America on the Atlantic coast and dispersed inland from
there. The parasite has reached two of the three regions occupied by its host and will likely

continue to spread south and west. It remains to be seen whether it will reach the Pacific coast.
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418  Table 1. Range expansion in an introduced social parasite-host species pair in North America

State/Province Year of first record Lag References

T immigrans T. atratulum (Y©3rS)
New Jersey Before 1900 1932 37 Wheeler 1905; Creighton 1934; Creighton 1950
Delaware Before 1900 1940 45 Wheeler 1905; Creighton 1950; AntWeb 2018
Virginia Before 1900 1943 48 Wheeler 1905; Smith 1943b; Creighton 1950
Connecticut Before 1900 1950 55 Wheeler 1905; Creighton 1950
New York Before 1900 1996 101 Wheeler 1905; Creighton 1950; Guénard et al. 2017
Pennsylvania Before 1900 1996 101 Wheeler 1905; Creighton 1950; Coovert 2005
Washington, D.C. Before 1900 1996 101 Wheeler 1905; Creighton 1950; Coovert 2005
Maryland Before 1900 1996 101 Wheeler 1905; Creighton 1950; Coovert 2005
Nebraska Before 1900 - - Wheeler 1905; Creighton 1950
Tennessee Before 1900 - - Wheeler 1905; Creighton 1950
Massachusetts 1900 2005 105 Clark et al. 2011; Ellison & Gotelli 2018
South Carolina 1918 - - Smith 1918
California 1926 - - Essig 1926
Ohio 1939 1996 57 Wesson & Wesson 1940; Coovert 2005
Kentucky 1941 - - Guénard et al. 2017
Indiana 1942 - - Morris 1942
Illinois 1945 - - Gregg 1945
North Carolina 1957 - - Carter 1962
Louisiana 1960 - - Moser & Blum 1960
Missouri 1965 - - Smith 1965
New Hampshire 1967 - - Ellison & Gotelli 2018
Rhode Island 1971 - - Ellison & Gotelli 2018
Nevada 1972 - - Wheeler & Wheeler 1986
Ontario 1977 2012 35 Guénard et al. 2017; Schir et al. 2018
Idaho 1979 - - Merickel & Clark 1994
Utah 1979 - - Allred 1982
Vermont 1979 - - Ellison & Gotelli 2018
Washington 1979 - - Krombein et al. 1979
Oregon 1984 - - Merickel & Clark 1994
Colorado 1985 2005 20 Dash & Sanchez 2009
Maine 1986 - - Ellison & Gotelli 2018
Michigan 1992 2018 26 Wheeler et al. 1994
Québec 2000 2007 7 Francoeur 2002; Francoeur & Pilon 2011
New Mexico 2001 - - MacKay & MacKay 2002
Alabama 2005 - - MacGown & Forster 2005
Mississippi 2005 - - AntWeb, MacGown et al. 2010
Wisconsin 2008 - - Guénard et al. 2017
Arkansas 2010 - - Verble & Yanoviak 2013
Georgia 2012 - - Grodsky et al. 2018
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419  All time lags are longer than expected at P < 0.05 based on a detection probability for 7. atratulum of 0.4 relative to
420 T. immigrans. Those in bold are also longer than expected based on a lower relative detection probability of 0.09.

421  No time lags are longer than expected with relative detection probabilities of 0.015.
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