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Abstract

New Zealand harbours a considerable number of alien plants and animals, and is often used as a model
region for studies on factors determining the outcome of introductions. Alien birds have been a particular
focus of research attention, especially to understand the effect of propagule pressure, as records exist for
the numbers of birds introduced to New Zealand. However, studies have relied on compilations of bird
numbers, rather than on primary data. Here, we present a case study of the alien yellowhammer (Emberiza
citrinella) introduced from the UK to New Zealand, to demonstrate how recourse to the primary literature
highlights significant data gaps and misinterpretations in these compilations. We show that the history of
the introduction, establishment and spread of the yellowhammer in New Zealand can be reconstructed
with surprising precision, including details of the ships importing yellowhammers, their survival rates on
board, the numbers and locations of release, and the development of public perception of the species. We
demonstrate that not all birds imported were released, as some died or were re-transported to Australia,
and that some birds thought to be introductions were in fact translocations of individuals captured in one
region of New Zealand for liberation in another. Our study confirms the potential of precise historical
reconstructions that, if done for all species, would address criticisms of historical data in the evidence base

for the effect of propagule pressure on establishment success for alien populations.
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Introduction

Propagule pressure is widely accepted as one of the key factors determining the outco-
me of biological invasions (Lockwood et al. 2005, 2009; Duggan et al. 2006; Simber-
loff 2009; Blackburn et al. 2011b). If the numbers introduced are large enough, they
have the potential to overcome the biological constraints of the invading species, and
the intrinsic resistance of biological communities to the establishment of alien species
(D’Antonio et al. 2001; Von Holle and Simberloff 2005). For these reasons, it has
been suggested that propagule pressure should be used as a null model for studies of
biological invasions that attempt to infer processes from patterns (Colautti et al. 2006).
Unlike for plants, where metrics derived from the intensity of human activities (e.g.
Dachler 2006; Kfivdnek et al. 2006; Chytry et al. 2008) are usually used as proxies for
propagule pressure (e.g. Wonham et al. 2013), analyses of bird invasions are often based
on direct data on numbers derived from historical records of introductions (Blackburn
etal. 2009). Nevertheless, the quality of data on bird propagule pressure is increasingly
being questioned in the literature (Moulton et al. 2011, 2012a, b; Santos 2012), and
this criticism has even been used to question the importance of propagule pressure as a
key driver of establishment success.

The introduction of alien birds to New Zealand has been one of the key model
systems for studying the effects of propagule pressure in historical data (e.g. Daw-
son 1984; Veltman et al. 1996; Duncan 1997; Green 1997; Sol and Lefebvre 2000;
Cassey 2001; Duncan and Blackburn 2002; Brook 2004; Meller and Cassey 2004;
Duncan et al. 2006; Blackburn et al. 2011a; Moulton et al. 2011). Bird introduc-
tions there started in the middle of the nineteenth century, under the auspices of a
range of Acclimatisation Societies (Figure 1) founded with the express aim of natu-
ralising alien species (McDowall 1994). New Zealand is an isolated archipelago,
some 2,000 km from the nearest major landmass (Australia), and so introduced
species had to be shipped there. Records from shipping and the Acclimatisation
Societies mean that information on what was imported is relatively well delineated,
compared to the situation in most continental areas. Nevertheless, the data on the
importation and release of birds to New Zealand on which analyses of the effect of
propagule pressure are based are not perfect, suffering from a variety of errors and
problems of interpretation.

First, as pointed out by Moulton et al. (2012a), studies on the role of propagule
pressure in bird introductions to New Zealand are mostly based, directly (e.g. Velt-
man et al. 1996; Blackburn et al. 2011a) or indirectly (e.g. Green 1997) through sec-
ondary sources (Long 1981; Lever 2005), on an influential book by the New Zealand
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Figure 1. A map of New Zealand identifying the locations of the principal Regional Acclimatisation
Societies.

naturalist George Malcolm Thomson. Thomson (1922) provides an extensive compi-
lation of records of attempts to acclimatise species to New Zealand. Unfortunately,
despite the volume of data it contains, the book suffers from significant information
gaps. Thomson primarily based his research on the reports of the Acclimatisation
Societies. These reports were sometimes poorly kept, and sometimes incorrectly inter-
preted by Thomson (1922). For example, a significant shipment of birds reached the
Canterbury Acclimatisation Society in 1875, but in that year the Society did not pub-
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Figure 2. Examples of resources (extracts) used, five of which concern the shipment of birds on the
Tintern Abbey. A Article about the arrival of the ship (Star 5 May 1875, Page 2) B the Twelfth and
Thirteenth Annual Reports of the Canterbury Acclimatisation Society (Archives New Zealand, Chris-
tchurch Regional Office, CH1002/37/b) € The preliminary annual report published in a newspaper
(Press 21 January 1876, Page 2) D letter of the Canterbury Acclimatisation Society confirming numbers
E Minutes of the Canterbury Acclimatisation Society (Archives New Zealand, Christchurch Regional
Office, CH1002/1/a) F Cashbook of the Wellington Acclimatisation Society (ref. number MSX-6860).
Reprinted with the permission of the Christchurch Regional Office of Archives New Zealand (B, E),
Christchurch City Libraries (D) and the National Library of New Zealand in Wellington (F).
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lish its annual report in pamphlet form due to problems in accounts that had to be
audited (Canterbury Acclimatisation Society 1877). The full text of the annual report
was published only in a newspaper (Press 21 January 1876, Page 2), and information
on the shipment is therefore not included in Thomson’s book.

Second, the further in time from the date of publication of the original source of data
on bird introduction, the higher the probability that those data will be interpreted erro-
neously. For example, Lever (2005) incorrectly interpreted the (already incomplete) data
in Williams (1969) about introduction events in Canterbury, assuming that a request in
1873 by the Canterbury Acclimatisation Society for 108 yellowhammers (Star 23 March
1872, Page 2) was met. In reality, only 34 birds reached Canterbury in this shipment
(Star 3 March 1873, Page 2).

Third, some of the birds released in New Zealand were actually born there, be-
ing captured in one part of the country and sold to another. These individuals were
therefore not introduced, but rather translocated. For example, Thomson (1922) states
that 32 yellowhammers were released on Stewart Island, and subsequent authors (e.g.
Moulton et al. 2012a) count them as an introduction to New Zealand. These birds
were, however, caught in Otago (Otago Daily Times 13 May 1879, Page 3). Transloca-
tions were even more prevalent in skylarks (Alauda arvensis). Williams (1969) says that
300 skylarks were distributed in South Canterbury in 1875, but these 300 birds were
ordered from Nelson (Timaru Herald 29 October 1875, Page 4); furthermore only 165
of them survived (Timaru Herald 12 November 1875, Page 3)!

Fourth, some of the birds reported to have been introduced to New Zealand
actually never made it into the wild: some died (e.g. Auckland Acclimatisation So-
ciety 1868; Daily Southern Cross 4 April 1871, Page 3), while others were re-trans-
ported to Australia (Press 27 March 1880, Page 3). Not surprisingly, given these
complications, there is variation in the numbers of introduced individuals reported
by individual authors (see Moulton et al. 2011); some works apparently underesti-
mate the numbers (e.g. Thomson 1922; Lever 2005; Blackburn et al. 2011a), whilst
others overestimate them for certain regions (Veltman et al. 1996; Duncan 1997).
However, this of course raises the question of what was the actual number of birds
introduced, and how much more accurate an estimate of this number can we get by
mining historical sources?

Here, we explore data on historical introductions of the yellowhammer (Emberiza
citrinella) to New Zealand, to show how much we can improve the knowledge of
introductions if more sources, such as newspaper clippings and documents kept by
Acclimatisation Societies (cashbooks, letters and minutes; Figure 2), are systematically
explored. We aim to demonstrate how imprecise information can be propagated from
one source to another, but that by going back to the primary sources of information
(and avoiding “second-hand” resources), many uncertainties and inconsistencies that
stem from using incomplete compilations can be eliminated (see also Moulton et al.
2011, 2012a; Haemig 2014). Finally, by correcting some erroneous data and pointing
to misinterpretations in other treatments, we provide the most accurate information to
date on yellowhammer introductions to New Zealand.
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Methods

Newspapers

Newspapers from the 1840s onwards have been digitised by National library of New
Zealand and made available online without any restriction through Papers Past (pa-
perspast.natlib.govt.nz); this was launched in 2001, with 250,000 pages from historic
New Zealand newspapers. New titles have been added regularly since then, and the
whole site was re-launched in 2007 with a new interface that added full text search
for a third of the collection. The whole collection was made searchable by mid-2009,
allowing every short note referring to our focal species to be located. Newspapers have
previously been used as data sources in ecological studies (Lamb 1964; Sowman 1981),
but for obvious reasons, digitisation provides a major boost to their utility.

We searched Papers Past with search strings that included ‘yellowhammer’ in sin-
gular and plural, with/without a space between ‘yellow’ and ‘hammer’, and allowing
for all sorts of possible typographical errors, which have been introduced to the text
through the optical character recognition software used in digitisation (e.g. o or ¢ in-
stead of e, U instead of 1l b or li instead of h, v instead of y, rn instead of m, etc.). We
also searched Papers Past for yel*mer*, as * represents any group of characters, again
allowing for the aforementioned typographical errors.

After identification of ships bringing yellowhammers, and years of introduction,
more directed keyword searches were used in order to understand the pathways by
which the birds arrived (examples include: name of the ship; birds + liberated; Mr.
Bills). Other details were searched directly, e.g. the address of certain purchasers of the
birds, routes of ships. For additional information we also searched through archives
of Australian (trove.nla.gov.au/newspaper) and British (newspaperarchive.com; www.

bl.uk/reshelp/findhelprestype/news/newspdigproj/database) newspapers.

Resources kept by Acclimatisation Societies

In addition to the availability of newspaper archives, access to original data records
made by Acclimatisation Societies is facilitated by the friendly attitude of New Zea-
land libraries towards researchers. We obtained the reports of three principal Societies
— Auckland, Canterbury and Otago — from various libraries in New Zealand, which
fully cover the period in which yellowhammers were introduced there (1863-1875).
Beside reports, some Societies kept letter books, cashbooks and minutes, and we also
obtained access to these records via the same libraries.

Other resources

There are also several original books and papers concerning bird introductions that date
from the period when yellowhammers were being introduced to New Zealand (Taylor
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1868; Hutton 1871; Wilson 1875) or from the early 1900s (Drummond 1906; An-
dersen 1916), including Thomson’s well-known book and other compilations (Thomson
1922; Lamb 1964; Ashby 1967; Williams 1969; McDowall 1994; Veltman et al. 1996;
Sullivan 1998). These sources served as a check on our searches of primary sources — if
any information included in these secondary sources was new to us, we searched for its
original source. We used information obtained from all of these resources to produce a
comprehensive history of the introduction of the yellowhammer to New Zealand.

Results and discussion

Reasons for introduction

Contrary to common belief, fed also by some naturalists (Chrisholm 1907), yellow-
hammers and other small passerines were not introduced from Britain to New Zealand
for sentimental reasons, but for a purely practical one: as a biological control agent to
reduce the populations of insect pests (Wellington Independent 17 April 1852, Page 2;
Lyttelton Times 19 February 1862, Page 3; Daily Southern Cross 4 April 1863, Page
3; Canterbury Acclimatisation Society 1867), most notably army worms (caterpillars
of Mythimna separata) and black field crickets (Zeleogryllus commodus) (Daily Southern
Cross 19 March 1861, Page 3). Native bird species were obviously not able to do the
job because their populations were retreating in step with their diminishing habitats
(Wellington Independent 20 July 1865, Page 5). In 1868, Canterbury Acclimatisation
Society even decided not to allow introductions of any animal species that were not
useful for humans, in order not to waste the time of the Society’s Curator (Canterbury
Acclimatisation Society 1868). That said, the beauty of the yellowhammer’s song was
mentioned when the benefits of introductions were discussed in newspapers (Lyttelton
Times 20 October 1864, Page 3). The pleasure derived from their songs, as a reminder
of ‘home’, was a welcome bonus to the original pragmatic reason for introduction (New
Zealand Herald 19 December 1872, Page 2).

It is rather surprising that the yellowhammer was introduced as a biological control
agent for outbreaks of insect pests, as it is a mainly granivorous bird. Indeed, the list of
species for introduction surprised even contemporary New Zealand naturalist Richard
Taylor, who pointed out that the very same species (particularly sparrows) were targets
of negative campaigns in their home country just a few years back (Taylor 1868). Yet,
in New Zealand, the yellowhammer was initially regarded as a strictly insectivorous
species (Otago Witness 15 October 1864, Page 4), desirable for introductions and
protected by law (Nelson Examiner 12 January 1864, Page 6) and one of the most
useful birds (Auckland Star 7 June 1870, Page 2). Yellowhammers were also regarded
as beneficial (The Star, 10 January 1862, Page 1S) and almost purely insectivorous
(Empire 12 July 1864, Page 2; Australian Town and Country Journal 25 June 1870,
Page 19) in Australia. In 1863 the obvious granivory of yellowhammers, long known
to British farmers (Quarterly Journal of Agriculture 7, 1837; Stephens 1851), was even
questioned in England (The South Australian Advertiser 4 May 1863, Page 3, citing
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Newry Examiner; Brighton Herald 26 November 1870). Despite early complaints by
farmers (Lyttelton Times 22 January 1866, Page 4; Auckland Star 31 August 1875,
Page 2), it took members of Acclimatisation Societies more than 15 years to realise
their mistake; only as late as 1880 did the yellowhammer finally appear on the list of
granivorous birds (North Otago Times, 13 March 1880, Page 2).

It would be tempting on the basis of this history to view the Acclimatisation Socie-
ties as peopled by amateurs, but this was far from the case. Their members included
respected scientists, albeit with primary areas of expertise that did not encompass or-
nithology (e.g. botanists Thomas Kirk and Thomas Frederick Cheeseman — Auckland
Acclimatisation Society 1873, 1876; doctor and historian Thomas Hocken — Otago
Acclimatisation Society 1867; geologist Julius von Haast — Canterbury Acclimatisation
Society 18606), as well as prominent members of government (e.g. the Governor of the
New Zealand, George Grey — Otago Acclimatisation Society 1865; the Prime Minister
of New Zealand, Frederick Weld — Canterbury Acclimatisation Society 1866), and
thus may be viewed as relatively authoritative groups. Rather, this history illustrates
the huge gap that existed between scientific and agricultural experience at the time, in
England and New Zealand alike.

Capture in the native range

All yellowhammers imported to New Zealand were obtained in the United Kingdom,
although we cannot rule out completely the possibility that some of them were caught
in continental Europe and subsequently transported to UK markets, as was documented
for goldfinches from Portugal (The Mercury 3 June 1871, Page 3). The origins of at
least some of the yellowhammers are known with surprising precision. According to
reports of the Otago Acclimatisation Society, only 39 yellowhammers came to Port
Chalmers (Otago) and were released into nature (Fourth Annual report of the Otago
Acclimatisation Society extracted from Otago Acclimatisation Society’s Minutes; Otago
Acclimatisation Society 1871). All these birds were personally collected in Brighton by
Richard Bills (initially referred to as Edward Bills, although subsequentarticles confirmed
that Richard and Edward were one and the same), former respected bird fancier (Press
25 February 1871, Page 3), or several potentially by his wife (Otago Witness 8 February
1868, Page 5), and probably caught not far away from the city (Star 30 January 1871,
Page 2); eight in 1868 (Daily Southern Cross 30 December 1867, Page 2; North Otago
Times 4 February 1868, Page 2) and 31 from various districts around Brighton in 1871
(Press 25 February 1871, Page 3; Otago Witness 4 March 1871, Page 6). The first large
transportation of yellowhammers to Canterbury (on the Charlotte Gladstone in 1873)
was also arranged by Richard Bills (his services being more and more in demand, Otago
Daily Times 4 May 1871, Page 3), and the birds were also collected in Brighton (Star
30 November 1872, Page 2). Later, an even larger transportation to Canterbury (on
the Tintern Abbey in 1875) was organised by Richard’s son Henry Bills, after his father
retired to a sheep farm in Australia (Otago Witness 12 February 1876, Page 18). Henry
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Figure 3. The total numbers of yellowhammers imported into individual regions of New Zealand. The
piecharts show the proportions of birds with different fates (see inset legend).

lived in London when collecting birds (Press 20 January 1875, Page 2), and so the
origin of these birds could therefore have been quite different.

Transport

In total, 25 ships can be identified heading to New Zealand with yellowhammers on
board, all but one of which departed from London or Gravesend. The majority sailed
to Auckland, although the numbers of birds arriving to South Island and North Island
are similar (-330 vs 386; Figure 3). Details of individual ships are listed in Table 1.
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It is generally believed that data on bird survival during voyages on ships is lacking
(Duncan et al. 2006). However, we can retrieve information of this sort from the dig-
itised newspaper archives. For yellowhammers, we have complete data on the number
of loaded birds, and the number of survivors, for 11 ships (Table 1). On average the
survival rate for yellowhammers was about 50% (481-502 survivors out of 956-968
birds shipped). Some birds died before the ships departed (Daily Southern Cross 14
March 1868, Page 4) or in the first few days of the voyage (Otago Witness 11 July
1863, Page 5). The main sources of bird mortality were poor care due to the absence of
an experienced bird keeper on board (Canterbury Acclimatisation Society 1870), sub-
optimal positioning of cages next to the galley, lack of food (Otago Witness 8 February
1868, Page 5), drowning when water reached the deck (Wellington Independent 8
February 1868, Page 4), disease caused by contaminated water (Otago Acclimatisation
Society’s Minutes; Otago Daily Times 4 March 1871, Page 2), and severe cold weather
(Daily Southern Cross 11 February 1868, Page 4). In one reported case, mortality of
waterfowl was ascribed to hungry passengers (Otago Daily Times 5 March 1873, Page
2). Some birds also escaped from their cages and were lost at sea (Otago Daily Times
4 March 1871, Page 2). Voyages with yellowhammers on board took on average 102
days, but varied from 80 to 122 days. However, there was no correlation between the
duration of the voyage and the mortality rate of yellowhammers (r = 0.33, P = 0.29).
We might expect higher mortality of birds coming from the Northern Hemisphere
summer across the Tropics to the Southern Hemisphere winter, but the number of
ships for which data are available is too low (n = 11) to test for the effect of departure
season on mortality.

Attempts were also made to transport alien bird species as eggs, in the hope of
reducing costs of transport. In 1862, Captain Francis Stevens imported a box of eggs
of English birds coated with glycerine, which he offered to (and was accepted by) the
Auckland Acclimatisation Society. He had undertaken this importation as an experi-
ment to test whether birds could be transported as eggs, with the glycerine coating
presumably to preserve the egg in a state of “suspended animation”. Stevens suggested
removing the glycerine just prior to putting the egg under an appropriate surrogate
mother (Daily Southern Cross 27 October 1862, Page 3). The outcome of this ex-
periment is not recorded, although it is predictable. This method of extending the
viability of eggs was nevertheless also taken seriously five years later by the Canterbury
(Canterbury Acclimatisation Society 1867) and Otago Acclimatisation Societies (Fifth
Annual report of the Otago Acclimatisation Society extracted from Otago Acclimati-
sation Society’s Minutes), and some 13 years later by an experimenter from Australia
(New Zealand Herald 2 November 1880, Page 3). Various experiments have shown
that, under certain conditions, eggs can be successfully hatched even several weeks after
laying (Yoo and Wientjes 1991; Dudusula 2009; Gomez-de-Travecedo et al. 2014),
and so the idea may not be so far-fetched. Nevertheless, the shortest voyage time to
New Zealand at the time found by us (69 days for a ship transporting skylarks; New
Zealand Herald 15 February 1866, Page 4) was still well above the maximum storage
period in tests to date (42 days, Gomez-de-Travecedo et al. 2014).
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Introduction into New Zealand

Data from newspapers, Acclimatisation Society records and other sources reveal that
yellowhammers were imported to six regions of New Zealand: Auckland, Nelson, Can-
terbury, Otago, Hawke’s Bay and Wellington (Table 2, Figure 1). The last two have
been overlooked in previous studies (Thomson 1922; Wellwood 1968; Veltman et al.
1996; Duncan 1997).

Private efforts to introduce English birds happened before the first Acclimatisation
Society was established in Auckland in 1861 (Daily Southern Cross 26 November
1861, Page 3). For example, in 1859, some yellowhammers were sent to Auckland on
the ship Flying Fish (London Standard 4 August 1859). However, these haphazard
trials were probably not successful (Daily Southern Cross 26 November 1861, Page
3). The Canterbury Acclimatisation Society also had a bad experience with uncoordi-
nated importations of birds, as most of the birds died during the voyage (Canterbury
Acclimatisation Society 1866), and as a result concentrated its later efforts on fewer
shipments consisting of more birds (Canterbury Acclimatisation Society 1870). Rich-
ard Bills insisted that birds should be liberated in large numbers at one locality and be
allowed to spread naturally. This attitude was later adopted by the Otago Acclimatisa-
tion Society (Otago Daily Times 23 June 1871, Page 2) and also by the Canterbury
Acclimatisation Society, when Richard Bills took care of birds (Press 1 March 1872,
Page 3; Press 1 March 1873, Page 2). When his son was in charge in 1875, the Canter-
bury Acclimatisation Society had very little control over where birds were eventually
introduced as these were sold to subscribers and other applicants, though on condition
that they would be liberated within the Canterbury region (Canterbury Acclimatisa-
tion Society’s Minutes, Star 27 January 1875, Page 2). Similarly, Auckland Acclimati-
sation Society spread yellowhammers to more regions in 1871 (Figure 4).

According to Thomson (1922) yellowhammers were first introduced by the Nel-
son Acclimatisation Society in 1862. However, the first report of this Society, present-
ed in September 1864 (Nelson Examiner and New Zealand Chronicle 12 September
1864, Page 2), makes it obvious that the first three yellowhammers were not liberated
before 1863, and probably as late as 1864: the first known ship with yellowhammers
on board, the Violet (Colonist 12 July 1864, Page 5), did not arrive into Nelson un-
til June 1864. Broad (1892) and Thomson (1922) claim that, after that, the Society
kept no records. That is not actually true (Nelson Evening Mail 2 May 1867, Page 2;
Daily Southern Cross 1 May 1868, Page 4): rather, both Minutes and Letterbook of
the Society from the period between 1863 and 1879 were destroyed in a fire (Sow-
man 1981). Fortunately, at least some information about the activities of the Society
was preserved in newspapers. However, apart from the report from 1864, there is no
information about yellowhammers from Nelson, and neither are they mentioned in an
1870 report on the English birds introduced by the Acclimatisation Society there (Star
18 November 1870, Page 2; Sowman 1981).

Thomson (1922) claimed that the Auckland Acclimatisation Society introduced eight
yellowhammers as early as 1865, but at that time the Society barely existed, as it had
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lost its Secretary through his involvement in the Waikato Wars (New Zealand Herald
28 October 1865, Page 4). It is at least theoretically possible that those eight birds were
descendants of yellowhammers arriving to Auckland on the Aloe in 1863 (Otago Witness
11 July 1863, Page 5). The Society was re-established in 1867 (and the reports are only
available from that year on). Four birds claimed by Thomson (1922) to have been
introduced in 1867 were actually not released, because three of them died after arrival
(Auckland Acclimatisation Society 1868). In 1868, five yellowhammers arrived on board
of the Empress (Daily Southern Cross 14 March 1868, Page 4, Auckland Acclimatisation
Society 1869); however, it is not clear whether they were liberated. If they were, then it was
probably directly to a garden of the Society (Daily Southern Cross 4 August 1868, Page
4; Auckland Acclimatisation Society 1869). In 1869, some yellowhammers were observed
in Papatoetoe, 17 km from the Society’s garden (Daily Southern Cross 4 May 1869,
Page 6). It is possible that these could have been birds released the previous year (or their
offspring). According to reports, 16 yellowhammers were imported in 1870 and liberated
directly on the Society’s grounds (Auckland Acclimatisation Society 1871), although the
number of birds coming to Auckland harbour that year was at least 45 (Table 1).

The most important year for yellowhammer releases in the Auckland region was
1871, when more than 300 birds were liberated: 100 to Whangarei, 120 to Auckland, 43
or more to Kaipara, 19 to Waiuku and 18 to Waikato (Auckland Acclimatisation Society
1872; Daily Southern Cross 19 August 1871, Page 2; Daily Southern Cross 4 April 1871,
Page 3; Daily Southern Cross 3 October 1871, Page 2; New Zealand Herald 10 January
1872, Page 3; Figure 4). In 1872, some birds were released in Matakohe (Auckland
Acclimatisation Society 1873), probably remainders from previous shipments. In 1876,
the Society hired a full-time bird catcher, whose duty was to catch birds for translocations,
and two consignments of yellowhammers were translocated to Kawau and the Bay of
Islands (Auckland Acclimatisation Society 1877), and one given to George Grey (Daily
Southern Cross 4 April 1876, Page 1). Later on, another two consignments were sent to
Australia (Evening News 30 September 1879, Page 3; Poverty Bay Herald 29 June 1880,
Page 2) and one to New Plymouth for the Taranaki Acclimatisation Society (Taranaki
Herald 25 September 1877, Page 2; Taranaki Herald 18 March 1878, Page 2).

In Otago, the Acclimatisation Society did not waste resources on introductions
of yellowhammer. Eight yellowhammers were liberated in Dunedin in 1868 (Otago
Acclimatisation Society’s Minutes); in 1871, 31 were released in Cavernsham, now
part of Dunedin (Otago Acclimatisation Society 1871; Otago Witness 11 March 1871,
Page 5), where they were observed in large numbers three years later (Otago Daily
Times 30 September 1874, Page 7). After 1871, all liberated birds appear to have been
translocations from one part of Otago to another. There is still one uncertainty, though.
In 1873, the Otago Acclimatisation Society helped Canterbury to transport birds from
England (there was no ship going to Lyttelton from London soon enough, and so the birds
were put on a ship to Otago). One hundred yellowhammers arrived into Port Chalmers
(Wellington Independent 27 February 1873, Page 2), but only 34 were forwarded to
Lyttelton (Star 3 March 1873, Page 2; Canterbury Acclimatisation Society’s Letterbook,
page 197). It is unclear what happened to the remaining 66 birds. They probably were
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Figure 4. The number of imports and liberations of yellowhammers in the Auckland region in 1871
(likely scenario; see text for more details).

not liberated in Otago, as the Otago Acclimatisation Society kept careful records. They
were not lost on the way either, as the re-shipment on the Phoebe from Dunedin to
Christchuch arrived with scarcely any loss (Otago Daily Times 7 March 1873, Page 2),
while the number of birds arriving to Lyttelton reported in newspapers is confirmed
by a letter from the Honorary secretary of the Society (Canterbury Acclimatisation
Society’s Letterbook, page 197). Closer examination suggests that it is the number of
birds arriving to Dunedin that is probably incorrect (Star 18 February 1873, Page 2;
Press 19 February 1873, Page 2; Press 28 February 1873, Page 2; Otago Witness 1
March 1873, Page 12; Star 3 March 1873, Page 2; Press 4 March 1873, Page 2; Star
5 March 1873, Page 2; Timaru Herald 7 March 1873, Page 2; Otago Daily Times
12 March 1873, Page 6; Press 13 March 1873, Page 3; Canterbury Acclimatisation
Society’s Letterbook, pages 192-199). It may be that yellowhammers died after arrival
due to the lack of water (Press 13 March 1873, Page 3) — the ship had to stay 2 days
in quarantine because of the epidemic of typhoid fever (Canterbury Acclimatisation
Society’s Letterbook, page 197; Otago Daily Times 18 February 1873, Page 2).
Another doubt is cast by Chrisholm’s (1907) statement that until 1870, there were
not eight but 18 yellowhammers imported to Otago — however this is most likely a
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typographical error. In 1876, six yellowhammers were translocated from North East
Valley to Inch Clutcha (Otago Acclimatisation Society 1878; Star 22 February 1876,
Page 3). A further 40 were sent to Tapanui, but at least 11 of them died during the
voyage due to poor conditions, as they all travelled in one box (Clutha Leader 30 March
1876, Page 5). Probably only 14 of them reached the final destination (Tuapeka Times
26 April 1876, Page 4). In 1879, 32 yellowhammers caught in Otago by Richard Bills’
second son Charles were liberated on Stewart Island, and 24 in Queenstown (Otago
Acclimatisation Society’s Minutes; Otago Acclimatisation Society 1880).

As already noted, the Canterbury Acclimatisation Society has significant gaps in
its reports and, without newspapers, it would appear they introduced only 35 birds.
In fact, they actually introduced 219 or more. Moreover, two yellowhammers (out of
12 boarded) appear to have arrived in 1864, shortly after the Society started, thanks to
the private efforts of a Mr. Prince (Lyttelton Times 10 September 1864, Page 5; In-
verness Courier 27 April 1865). The first yellowhammer (a singleton) was released by
the Canterbury Acclimatisation Society in 1867 (Canterbury Acclimatisation Society
1868; Lyttelton Times 4 February 1868, Page 3). In 1868, another one arrived on the
Matoaka (Lyttelton Times 4 March 1868, Page 4), and later on, five arriving on the
ship Blue Jacket were liberated, likely in Society’s gardens (New Zealand Herald 28
November 1868, Page 6; Lyttelton Times 19 December 1868, Page 2). Even when
added to the previous shipment of the pair by Mr. Prince, these are low numbers. Yet,
flocks of yellowhammers were already being seen in the Society’s garden in March
1870 (Press 2 March 1870, Page 2). Furthermore, in the Canterbury Acclimatisa-
tion Society Secretary’s letter to the Taranaki Acclimatisation Society that same year,
yellowhammers were mentioned on the list of successfully acclimatised bird species
(Taranaki Herald 21 September 1870, Page 2). The following year, Hutton mentions
Canterbury as a region, where yellowhammers had been introduced, in his Catalogue
of New Zealand birds (Hutton 1871). Despite the successful establishment of yel-
lowhammer, birds kept coming. In 1873, 34 yellowhammers were forwarded from
Dunedin (see above) and released in Christchurch (Star 3 March 1873, Page 2). In
1875, 180 yellowhammers arrived on the Tintern Abbey (Press 4 May 1875, Page 2).
Although there is no mention of the arrival of this ship or of the subsequent release of
the birds in the Society’s report, newspapers and the Society’s minutes make it pos-
sible to reconstruct the fate of the birds to a certain degree. Forty were forwarded to
South Canterbury and distributed as equally as possible among several localities within
a distance of 50 km from Timaru (Star 15 May 1875, Page 2; Figure 5). Most of the
remaining 140 birds were sold and released in various localities in North Canterbury,
probably mainly in Christchurch and partly along the coast towards the South of
Christchurch (Press 26 May 1875, Page 3; Star 31 May 1875, Page 2; Figure 5). That
each location received at least three pairs was ensured by the fact that no one could buy
fewer birds than that (Canterbury Acclimatisation Society’s Minutes).

In 1880, the ship Waimate docked at Lyttleton, bringing a considerable number of
birds that had not been requested, including 22 yellowhammers (Star 5 March 1880,
Page 2). These birds were never released into the wild as the objections of local farmers
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50 Kilometers

Figure 5. A map of possible localities of release of yellowhammers from the ship Tintern Abbey in 1875;
red — localities selected for introduction in South Canterbury (40 in total), blue — home addresses of
purchasers of yellowhammers in North Canterbury (140 in total).

were already too strong (Auckland Star 5 March 1880, Page 2). The Canterbury Ac-
climatisation Society had only two options — to destroy the birds, or to send them to
another colony. They were sent to Adelaide in Australia (Press 27 March 1880, Page
3) and probably sold there (Canterbury Acclimatisation Society 1881).

The Wellington Acclimatisation Society never introduced yellowhammers. How-
ever, before this Society was formally recognised in 1871 (Wellington Independent 2
May 1871, Page 2), yellowhammers brought for acclimatisation purposes by the Pro-
vincial Government arrived on the ship Wild Duck in 1869 (Wellington Independent
16 January 1869, Page 6), and three of them were sold on the market (Hawke’s Bay
Herald 23 January 1869, Page 3). These were probably the only survivors of the trans-
portation as all individuals of other species, for which the number of surviving indi-
viduals is known (New Zealand Herald 14 January 1869, Page 4), were sold (Welling-
ton Independent 14 January 1869, Page 2) following the instruction of the Provincial
Government (Evening Post 6 January 1869, Page 3). In 1875, an advertisement was
circulated in the UK offering a reward for yellowhammers (Evening Post 17 July 1875,
Page 2); this probably had no effect, as the Society did not spend any money on yel-
lowhammers between 1871 and 1884, whereas transactions involving other bird spe-
cies were noted (Wellington Acclimatisation Society’s Cashbook for years 1871-1884;
Figure 2). Yellowhammers are also not listed in the table of species introduced by the



How the Yellowhammer became a Kiwi: the history of an alien bird invasion revealed 21

Wellington Acclimatisation Society between 1874 and 1884 (Wellington Acclimatisa-
tion Society 1887).

The Hawke’s Bay Acclimatisation Society received 12 or 13 yellowhammers in
1873 from the ship Forfarshire, which were forwarded on the steam ship Rangitira
(Wanganui Herald 19 March 1873, Page 2; Press 20 March 1873, Page 2 ). These were
most likely released within 15 km of the city Napier (Evening Post 7 March 1873,
Page 2; Press 20 March 1873, Page 2). The shipment was overseen by one of Richard
Bills’ sons (Press 4 March 1873, Page 2).

Establishment in the wild

The introduction of yellowhammers to New Zealand was rapidly successful. In 1871,
when most of the yellowhammers introduced to the Auckland region had been re-
leased, the Acclimatisation Society was already claiming that the species was estab-
lished and spreading. The Society even wrote to its agent in London, Grahame, not
to send any more birds (New Zealand Herald 8 August 1871, Page 3). Yellowham-
mers were claimed to be acclimatised in the Canterbury region even earlier, in 1870
(Taranaki Herald 21 September 1870, Page 2), although shipments to there were not
discontinued until 1880. Natural spread was enhanced by direct translocations, which
were carried out in the Otago and Auckland regions (Table 2). By the 1900s, yellow-
hammers were established all over New Zealand (Figure 6), although the population
close to Dunedin (Otago) almost perished for an unknown reason (Press 24 July 1897,
Page 7; Otago Witness 21 September 1899, Page 62).

Environmental conditions in New Zealand would have been amenable to estab-
lishment. It is climatically similar to the UK. Large portions of the landscape were be-
ing cleared of forests even before the arrival of British colonists (McWethy et al. 2010),
and were later transformed into cultivated habitats, fields or pastures (Wilmshurst et
al. 1999), representing an ideal habitat for yellowhammers (del Hoyo et al. 2011).

Successful establishment in New Zealand was additionally supported by legislation.
The Protection Act made any shooting of introduced small passerines illegal and fines
were paid for violations (Nelson Examiner and New Zealand Chronicle 12 January
1864, Page 6; Daily Southern Cross 19 July 1866, Page 4; Protection of Animals Act
1867). The two native bird predators, New Zealand falcon (Falco novaeseelandiae) (Daily
Southern Cross 5 December 1872, Page 2) and morepork (Ninox novaeseelandiae),
were killed to stop them taking introduced birds (Daily Southern Cross 10 March
1870, Page 4), and even the native kingfisher (Zodiramphus sanctus) was regarded
as an enemy of introduced birds (Auckland Acclimatisation Society 1870). What
difference this may have made in practice is unclear, as Europeans had introduced
cats (Canterbury Acclimatisation Society 1867; New Zealand Herald 13 July 1878,
Page 7) and ship rats (Rattus rattus), which attacked yellowhammers even on trees
(New Zealand Herald 4 April 1871, Page 2), as well as a wide range of other alien
mammalian predators (King 2005). Yellowhammers and other birds of English origin
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Figure 6. A map of observation records of yellowhammers from the date of first introduction 1864 to
1900, based on reports from newspapers and from Drummond (1906).

would nevertheless presumably have been well adapted to the predation risk presented
by these mammal species from their native range, as well as to bird predators due to
the threat of the European sparrowhawk (Accipiter nisus).

Spread, public perception, and attempts at eradication

The first warning about the destructive behaviour of yellowhammers came as early
as the mid-1860s (Lyttelton Times, 22 January 1866, Page 4), even before large-
scale introductions had commenced. In the 1870s, the number of negative voices
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increased as farmers started to experience direct consequences of yellowhammer
establishment and spread (Auckland Star 31 August 1875, Page 2; New Zealand
Herald 18 November 1876, Page 1; New Zealand Herald 11 July 1878, Page 3) — in
total, negative references to yellowhammers appear twelve times in newspapers in
the period 1872 to 1879. In early 1870’, the Canterbury Acclimatisation Society
defended sparrows and regretted that farmers could not see the evident benefit
from “insectivorous” birds brought for the fight against the ravages of insect pests
(Canterbury Acclimatisation Society 1872-1874). Similarly, in 1877, farmers were
decried as short-sighted by Mr. Firth, the president of the Auckland Acclimatisation
Society, for their designation of these birds as feathered pests (New Zealand Herald
23 October 1877, Page 5).

By 1880, however, the tide had turned, and it was the intelligence and competence
of the members of Acclimatisation Societies that was being questioned (Auckland Star
5 March 1880, Page 2). The “precious” load of birds being imported on the ship Wai-
mate was the subject of criticism even before it had arrived, and given the abundance
of the yellowhammer in New Zealand, was viewed as “carrying coals to Newcastle” in
the eyes of one author (Star 26 January 1880, Page 4). Yellowhammers not only had to
be forwarded on from the New Zealand territory, but were included for the first time,
though not officially, on a list of granivorous birds (North Otago Times 13 March
1880, Page 2). From then on, they started to be killed in large numbers (New Zealand
Herald 13 July 1880, Page 3) by various means: boys competed in egg collection (Bay
of Plenty Times 4 December 1883, Page 2; Feilding Star 22 October 1898, Page 2),
money was offered for their heads (Bay of Plenty Times 29 August 1882, Page 2) and
poisoned grain was spread in winter fields (Waikato Times 14 July 1883, Page 2; Wai-
kato Times 28 September 1889, Page 3). The public attitude towards yellowhammers
was nicely expressed in a report from Parua Bay after the autumn harvest: “sparrows
and yellowhammers will have to do a starve until sowing time comes” (New Zealand
Herald 2 February 1889, Page 6).

In 1882, The Small Birds Nuisance Act came into force, which specified which
means it was possible to use in the battle with birds injurious to crops, and under
what conditions  (www.nzlii.org/nz/legis/hist_act/sbnal88246v1882n14275.pdf).
Although yellowhammers are (unlike sparrows) not mentioned in the law, it is likely
that it concerned them as it concerned all birds not protected as stated in other acts.

Some people continued to defend small birds into the 1880s and 1890s (New
Zealand Herald 2 February 1884, Page 1), arguing that their temporary insectivory
outweighed the damage to crops. In 1891, for example, an author calling himself
“entomologist” speculated that the yellowhammer could be a useful and inexpensive
weapon against codlin moth (Cydia pomonella), as it had proven to be in United States
(Otago Witness 2 April 1891, Page 5). However, another writer questioned whether
the U.S. yellowhammer is the same species as that in New Zealand (Nelson Evening
Mail 11 February 1891, Page 3), which indeed it is not: ‘yellowhammer’ is an American
vernacular name for the northern flicker (Colaptes auratus), a species of woodpecker.
These voices of defence petered out in the 1890s, although in some locations the
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yellowhammer was still argued to be a farmer’s friend even into the twentieth century
(Bay of Plenty Times 12 June 1901, Page 2).

In 1902, the yellowhammer was proclaimed an injurious bird under the Birds Nui-
sance Act, and the whole of the South Island was divided into eight parts to enhance co-
ordinated efforts to tackle bird pests (New Zealand Herald 22 May 1903, Page 5; www.
nzlii.org/nz/legis/hist_act/bnal9022ev1902n25239). In 1905, Acclimatisation Societies
introduced a bird predator, the little owl (Athene noctua), to help with these efforts, with
no thought to its likely impact on already vanishing populations of native birds (Otago
Acclimatisation Society Letterbook 1887-1914, page 220; Drummond 1912). Yellow-
hammers were still being killed in large numbers even in the late 1920s (Thomson 1926),
and Oliver (1930) wrote that it must be ranked among the most harmful birds ever intro-
duced to New Zealand. In some places it was considered to be more damaging than the
sparrow (New Zealand Herald 17 May 1894, Page 6; New Zealand Herald 26 December
1904, Page 6). Nowadays, the yellowhammer is no longer regarded as a serious threat to
New Zealand agriculture, although it is still listed as a crop pest there (Porter et al. 1994).

Although yellowhammers had attained the status of public enemy, some people
were still willing to pay for them (Auckland Star 22 February 1888, Page 1; Auckland
Star 26 August 1896, Page 1; Auckland Star 1 April 1910, Page 2). Among them
was Charles Bills, son of Richard (Ashburton Guardian 18 October 1910, Page 3),
who was probably interested in reselling the birds for profit. In 1911, yellowhammers
were sold from Ashburton to a bird fancier in Dunedin (Ashburton Guardian 15
December 1911, Page 4), and the species was still being offered for sale as late as 1934
(Auckland Star 25 August 1934, Page 2). Thus, there existed a flow of birds across
New Zealand even towards the middle of the twentieth century, the extent of which
is difficult to assess.

Conclusions

Current biological invasions are the result of past human activities, and hence historical
information potentially has a significant role to play in their study. The quality of
New Zealand historical data on bird introductions has recently been criticised by
Moulton et al. (2011, 2012a). They go so far as to state that “these historical records
are in many cases mere rumors and impressions, and not actual “data” in any sense
(Moulton et al. 2012a). We agree that the data presented by Thomson (1922) turn out
on close inspection to contain inaccuracies, as clearly illustrated by our exploration of
the historical records for the yellowhammer. Dates in Thomson (1922) are sometimes
mismatched, there are significant omissions, all birds shipped are erroneously claimed
to have been released and translocation is counted as introduction. Some later authors
introduced further errors by misinterpreting the information (Williams 1969, Lever
2005). Nevertheless, it is far from the truth that historical data on bird introductions
are poor. Our paper demonstrates that the quantity and quality of historical
information may be much higher than has been argued, which can potentially improve
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the precision of analyses based on it (Pysek et al. 2015). Rather, they are simply hard
work to unearth. That work has been made easier by the digitisation of key newspaper
sources, but even so remains substantial. Focusing on just one species allowed us to
mine the enormous seam of relevant primary sources as much as possible, and to assess
the quality of records from Acclimatisation Societies and secondary compilations; it
would be a Herculean task to assemble a faultless compilation of data for all species
that the New Zealanders attempted to introduce (at least 120; Duncan et al. 2006).

Our exploration of the historical literature in fact reveals a wealth of information on
bird introductions to New Zealand — indeed, far more is available, and in far more detail,
than has hitherto been appreciated. Using it, we have been able to produce a detailed and
nuanced history of the invasion of yellowhammer, tracking not only the transportation,
introduction and establishment of the species, but also local attitudes to the species as it
spread. Our study has significantly improved knowledge about the numbers, localities
and dates of introductions, provided details about shipments, and filled in gaps and cor-
rected misinterpretations in the literature. Assuming that the newspaper and Acclimati-
sation reports are reliable (and that the fact that different sources frequently confirm the
same information suggests that they are), we have shown that Thomson (1922) underes-
timated introduction effort, whilst subsequent compilations (Andersen 1916, Williams
1969, Veltman et al. 1996; Duncan 1997) sometimes overestimated it. We have shown
that the localities of release are often known, and that where they are not, it is often pos-
sible to identify likely sites. We have shown that it was common practice for birds to be
liberated in large numbers at one locality and allowed to spread naturally. We have also
found information about unorganised shipments, and shown that such birds represented
a tiny fraction of the overall introduction effort for the yellowhammer.

We have also identified remaining gaps in our knowledge of yellowhammer intro-
ductions. Examples include the fate of the ship Queen Bee with 140 yellowhammers
on board and the fate of the 66 birds arriving into Port Chalmers on the Charlotte
Gladstone that were not forwarded to Lyttelton (Table 1). Nevertheless, these uncer-
tainties are small relative to the body of information that is available. Despite them,
it is clear that repeating our study on all the other bird species that New Zealanders
attempted or succeeded in introducing would give an unparalleled database to study
key features of the invasion process. Not least, it would put to bed ongoing arguments
about the influence of propagule pressure on these species (Blackburn et al. 2013).

Although our study set out to understand the invasion history of the yellowhammer
in New Zealand, our exploration of the historical literature also revealed snippets of
information about the history of the yellowhammer in its native range. Nowadays,
the yellowhammer is widespread and abundant in New Zealand, whereas in the UK it
has experienced a rapid population decrease (Baillie et al. 2002). Recent studies have
shown that it reaches three times higher densities in New Zealand than in similar
habitats in its native range in the UK (MacLeod et al. 2005a, b). Historical sources
show that the populations in the wild were already becoming scarcer in the UK around
the time that birds were being shipped to New Zealand, partly due to the loss of
habitat (typically hedges) and changes in agricultural land use (intensive harvesting),
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and partly because of “predation” pressure from humans, for food, population control
of a perceived crop pest (Pall Mall Gazette 8 June 1872), or for use in the manufacture
of fashionable objects (New Zealand Herald 11 March 1876, Page 1). Exploring the
population history of a species from newspaper reports would until recently have
been a lifetime’s work, but the digitisation of archives is changing that. Our study
suggests that the popular press, while not always very accurate in its reporting, may also
represent a mine of information for studying changes in native bird populations that
pre-date modern monitoring programmes. Indeed, data on acclimatisation represents
only a tiny fraction of the information hidden in old newspapers, thus our study could
even inspire research from other fields of study.
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Abstract

Non-native rats (Raztus spp.) threaten native island species worldwide. Efforts to eradicate them from
islands have increased in frequency and become more ambitious in recent years. However, the long-term
success of some eradication efforts has been compromised by the ability of rats, particularly Norway rats
(Rattus norvegicus) which are good swimmers, to recolonize islands following eradications. In the Falkland
Islands, an archipelago in the South Adantic Ocean, the distance of 250 m between islands (once sug-
gested as the minimum separation distance for an effective barrier to recolonization) has shown to be in-
sufficient. Norway rats are present on about half of the 503 islands in the Falklands. Bird diversity is lower
on islands with rats and two vulnerable passerine species, Zroglodytes cobbi (the only endemic Falkland
Islands passerine) and Cinclodes antarcticus, have greatly reduced abundances and/or are absent on islands
with rats. We used logistic regression models to investigate the potential factors that may determine the
presence of Norway rats on 158 islands in the Falkland Islands. Our models included island area, distance
to the nearest rat-infested island, island location, and the history of island use by humans as driving vari-
ables. Models best supported by data included only distance to the nearest potential source of rats and
island area, but the relative magnitude of the effect of distance and area on the presence of rats varied
depending on whether islands were in the eastern or western sector of the archipelago. The human use
of an island was not a significant parameter in any models. A very large fraction (72%) of islands within
500 m of the nearest potential rat source had rats, but 97% of islands farther than 1,000 m away from
potential rat sources were free of rats.
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Introduction

Introduced species can have detrimental consequences for native island communities
(Wiles et al. 2003, Kurle et al. 2008) and rats are among the most problematic species
introduced to islands (Hilton and Cuthbert 2010). Three species of rats (Rattus nor-
vegicus, R. rattus, and R. exulans) live as commensals of humans. As a result of human-
aided dispersal (Blackburn et al. 2004), these rodents are found on a very large fraction
of the world’s islands (King 1985) where they often have negative consequences for
native species (Atkinson 1985). Rats can cause population declines and even the ex-
tinction of many species of island birds, amphibians, and reptiles (Towns et al. 2006,
Cree et al. 1985). Eradicating rats from islands can lead to the recovery of native spe-
cies and many of the ecological processes that they mediate. For example, between 12
and 22 years after rats were removed from several islands in New Zealand, population
densities of seabirds recovered and their increase was accompanied by gains in soil ni-
trogen content (Jones 2010). Rats disperse to islands with human assistance, but they
can also move among islands by themselves (Russell et al. 2010, Russell and Clout
2004). Norway rats (R. norvegicus) are particularly good swimmers and can reinvade
eradicated islands (Russell et al. 2008). To eradicate rats successfully and permanently,
it is necessary to understand the factors that determine their capacity to colonize islands
(Fewster et al. 2011).

Norway rats (Rattus norvegicus) were introduced to the Falkland Islands (or
“Falklands”) in the 18" century (Poncet et al. 2011). They are present on the two
largest islands, East and West Falkland, and about 235 of 503 smaller offshore
islands that comprise the archipelago (Falkland Islands Government 2013). The
Falkland Islands are situated in the southwest South Atlantic Ocean between lati-
tudes of 51°S and 53°S and 57°30'W and 61°30'W. They occupy 12,173 km? of
land and in 2012 had a human population of 2,932 inhabitants (Falkland Islands
Government 2012). In addition to the introduction of Norway rats (henceforth
referred to as “rats”), the Falklands have undergone significant ecological chang-
es since the 18" century. These ecological changes include overgrazing with con-
comitant vegetation changes (McAdam 1980), increased fire frequency (Armstrong
1994, Woods and Woods 2006), climate change (Bokhorst et al. 2007), and de-
clines in the abundance of marine mammals and seabirds throughout the archi-
pelago (Palomares et al. 2006, Strange 1992). The pattern of human movement and
activity on the islands has also varied since the arrival of sealers and whalers in the
early 18" century and the establishment of the first permanent settlements in the
1760s (Strange 1992). Many, if not all, of these factors have likely influenced the
distribution of rats.

The presence of rats in the Falkland Islands is associated with a significant reduction
in the diversity and abundance of passerine birds (Hall et al. 2002, Tabak et al. 2014).
Two species of passerines are particularly sensitive to rats. Cobb’s wren (77oglodytes cobbi,
Fig. 1), the only endemic land bird species of the Falklands, is absent from islands in



Modeling the distribution of Norway rats (Rattus norvegicus) on offshore islands... 35

Figure 1. Two bird species of conservation concern in the Falkland Islands. Cobb’s wren (A) and Tus-

sacbird (B) are both highly vulnerable to the presence of rats. Protecting these species from local extinction
requires effective management in the Falkland Islands, including the eradication of Norway rats.

which rats are present. Cobb’s wren is considered a vulnerable species by the International
Union for the Conservation of Nature (IUCN 2012). Tussacbird (Cinclodes antarcticus,
Fig. 1) is found very rarely on islands with rats and, when they are present, their abun-
dance is much lower than that observed on islands free of rats (Tabak et al. 2014). This
species is only found in the Falkland Islands and on rat-free islands of the southern tip of
South America (Strange 1992, Pina and Cifuentes 2004). Protection of these two species
requires the maintenance of rat free islands in the Falkland Islands. Rat eradications ap-
pear to benefit the diversity of native passerine birds in the Falklands (Tabak et al. 2014a),
but eradication efforts are hampered by the ability of rats to swim between islands.

Brown (2001) suggested that if an island in the Falkland Islands was at least 250
m (later revised to 350 m) from the nearest rat-infested island, it was likely to be safe
to eradicate rats from this island because rats would not reinvade by swimming. These
threshold distances were derived from physiological experiments on the maximum
swimming distance of rats at different temperatures. Sea surface water temperature
in the Falklands ranges from 5 to 8 °C (Waluda et al. 1999; Agnew et al. 2000). The
length of time that Norway rats can survive in water decreases with temperature. At
9 °C, this time is about 9 + 1 min (Le Blanc 1958). The maximum speed Norway
rats have been recorded swimming in the laboratory is 1.4 km/h (Dagg and Windsor
1972). Therefore, assuming that Norway rats can survive in Falkland Islands seawa-
ter for ten minutes and that they swim their maximum speed this entire time, their
estimated maximum swim distance is 233 m. The estimates of 250 to 350 m were
conservative based on laboratory studies.

Since 2001, 66 islands in the Falklands have been successfully treated for rat eradi-
cation. However, rats have reinvaded 10 of the islands from which they were eradicat-
ed (Falkland Islands Government 2013; Fig. 2), suggesting that this threshold distance
for preventing reinvasions is too low. Tabak et al. (2014b) used population genetic
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Figure 2. Evidence for rat reinvasion following eradication. Gnawed chewsticks (A, right) and rat
tracks (B) indicate that an island has been reinvaded by rats. Chewsticks are wood pieces soaked in edible
oil. They are useful and cost-effective tools used to determine if an eradication attempt was effective at
removing rats and to determine if rats have returned to an island after a successful eradication.

analyses to estimate how far rats tend to move between islands in the Falkland Islands.
They found evidence of significant migration, and hence presumably rats swimming,
distances of up to 830 m. They suggested that 830-1,000 m was a conservative dis-
tance for safe and effective eradication. Our study complements the work of Tabak et
al. (2014b) by our use of occupancy modeling based on the distribution of rats and
the distance to the nearest rat source to estimate the maximum swimming distance of
rats between islands.

Here we examined the relationship between the presence of Norway rats and is-
land characteristics in the Falkland Islands. To guide our analyses, we conceived of rats
in the Falklands as a metapopulation in which island sub-populations are linked by
dispersal, and in which the presence of rats is determined by the balance between colo-
nization and extinction among islands (Fronhoffer et al. 2012). Following this classical
view of metapopulations (Levins 1969, 1970), we hypothesized that the presence of
rats would decrease with distance from the nearest island with rats, the island presum-
ably functioning as a reservoir and source of rats (for the purposes of this manuscript,
we use “source” to describe any island on which rats are present). We also hypothesized
that rats would be found more often on larger than on smaller islands (Hanski et al.
1996). Larger islands are more likely to be visited by humans, represent a larger colo-
nization target, and presumably maintain larger rat populations that are less likely to
become locally extinct than smaller islands (Russell and Clout 2004). In addition to
these two major variables, we examined the potential roles of geographic location and
human presence on the prevalence of rats on islands, as humans tend to carry rats when
they travel to islands (Atkinson 1985).
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Methods

Our analysis included 158 islands, 56 of which had rats and 102 of which had no evi-
dence of rats (Fig. 3). None of the islands in this analysis had been the subject of eradica-
tion programs. Islands ranged in size from 0.3 ha to 5,585 ha. Data for rat status (pres-
ence or absence) on each island, island surface area, and the geographic location of each
island (east or west sector of the archipelago) were obtained from the Falkland Islands
Biodiversity Database (Falkland Islands Government 2013). Surveyors walked at least 1
km along the coast and assessed the presence of rats based on fresh sign (i.e., droppings,
tracks, sightings of live animals, and rats caught in traps). It is possible that rats were
present on some islands, but not detected in surveys (Mackenzie et al. 2002). Therefore,
we estimated the detection probability of rats by conducting 5 repeated surveys on each
of 10 randomly selected islands in the Falkland Islands from 30 March—-27 April 2013.

Data for human activity on each island were obtained from the Falkland Islands
Biodiversity Database (Falkland Islands Government 2013). Human use is defined
as the use (both historical and contemporary) of an island by humans for activities
involving temporary or permanent occupation of the island and landing of livestock,
building materials, and other goods. Most of these activities in the Falkland Islands are
traditionally associated with grazing of livestock. We ranked the intensity of human
use into 5 categories according to the type of occupation or use: 0 (island has never
had grazing nor structures and there has never been temporary nor permanent human
occupation or use); 1 (island has been grazed but no structures have been built and the
island has no history of temporary nor permanent occupation by humans); 2 (island
has been grazed and minor structures [i.e., fences or corrals but not woolsheds, huts,
or houses] have been built and there has never been temporary nor permanent human
occupation); 3 (island has been grazed, minor structures and major structures [i.e.,
woolsheds, huts, or houses] have been built, and the island has been occupied tempo-
rarily but never year round); and 4 (island has been grazed, minor and major structures
have been built, and the island has been occupied year round).

To determine if island location had an effect on the probability of rat occupancy,
we allocated islands to one of two geographical sectors: western or eastern. We separat-
ed the islands into sectors by measuring the straight-line distance between each island
(i) and East Falkland (¢) and West Falkland (w) using maps published by the Direc-
torate of Overseas Surveys (1961) with a resolution of 1:50,000. If the distance from
island 7 to East Falkland (D,) was less than the distance to West Falkland (D, ), we
assigned this island to the eastern sector. If D, < D, we assigned island 7 to the west-
ern sector. For each island, we identified the nearest rat source (or potential source)
by measuring the straight-line distance from each island (7) to the nearest rat-infested
island (j) and the second-nearest rat infested island (k) using maps published by the
Directorate of Overseas Surveys (1961) with a resolution of 1:50,000.

To identify the most important variables that predict rat distribution in the Falkland
Islands, we constructed a collection of nested generalized linear models (GLMs) using
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Figure 3. Distribution map of Norway rats in the Falkland Islands. Islands with rats (red points) appear
in clusters. We hypothesize that rats are able to move between islands that are geographically close. Islands
without rats (blue points) are typically farther from the mainland (East and West Falkland). Islands were
assigned to geographic sectors based on their location: islands closer to West Falkland are in the western
sector, while islands closer to East Falkland are in the eastern sector.

rat presence or absence as response variables. The full and most complex model includ-
ed as independent variables the following four factors: log -transformed distance to the
nearest rat-infested island (Log,Dist), log, O—transformed island area (Log, A), human use
(HumUse), and geographic sector (eastern or western; Wesz). Because island area ranged
from 1 to over 5,000 ha, we log-transformed data using base 10. This transformation al-
lowed us also to compare graphically with data on other islands and in other publications
(log,, is traditionally used in island biogeography studies; MacArthur and Wilson 1967;
Morley and Winder 2013). We used a base 2 logarithmic transformation for distances
as it allowed easier visualization of the shorter distances that we wanted to emphasize for
comparison with the estimated maximal distance that rats were supposed to swim (i.e.,
less than 500 m). The full model also included all possible pairwise interactions between
these predictor variables. We compared these models using AIC . scores and chose the
model with the lowest score as the model best supported by data. For each of the models
we fitted in the analyses, we estimated Nagelkerke’s pseudo-R? (N-R?) as a qualitative
measure of goodness of fit (Nagelkerke 1991). For each of these models we also tested for
overdispersion (d > 1; Moore 1986). When multiple models had similar levels of support
(AAIC,. < 2) we calculated predicted values associated with each of the alternative models
(Anderson 2008). Because we favor parsimony in our models, if the differences between
predicted values were very small and models had similar levels of support (AAIC . < 2)
we chose the simpler of models (i.e., the model with fewer variables; Burnham and An-
derson 2002). Our models do not consider the potential role of shipwrecks in dispersing
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rats because data on the history of shipwrecks are not available for each island. However,
13 of the 158 islands analyzed are known to have shipwrecks off their shore (Southby-
Tailyour 1985). Of these, only 3 islands are rat infested.

Results

We found that rats were present on 5 of the 10 islands that were surveyed repeatedly.
On islands where rats or their sign were found to be present, rats (or their sign) were
detected in each of the 5 repeated surveys. They were not found in any repeated surveys
of islands determined to be rat-free. Therefore, the detection probability of rats in the
Falkland Islands can be assumed to be close to 100%.

The model best supported by the data included an effect of distance to the nearest
rat-infested island, island area, and geographical sector (Table 1). The probability of rat
occupancy decreased with distance to the nearest rat source, increased with island area,
and was higher in the western sector. The overdispersion parameter was not significant
for this model (p = 0.95). None of the models that were best supported by the data
included human use (AAIC . > 2). Since there was a significant effect of the geographi-
cal sector in the model, we separated the islands into two sectors (eastern and western
sectors) and ran the models separately for each of them. When we analyzed the data
separately for each geographical sector, in all of the best-supported models, rat occu-
pancy decreased with distance to the nearest rat-infested island (Tables 2 and 3). In the
western sector, two models had substantial support (AAIC . < 2, Table 2). These mod-
els both included distance to the nearest rat source and island area as effects, but one
included an interaction between these variables, while the other did not. We calculated
the difference between the predicted values associated with these models. Because the
mean difference in the values predicted by the two alternative models was very small
(0.0022 + 0.083 (SD)), we chose the simpler of the two models. This model included
an effect of the log of island area as well as the log of the distance to the nearest rat
source, but no interaction term (Fig. 4). In contrast, for islands in the eastern sector,
three models were well supported by the data (AAIC . < 1, Table 3). We calculated the
differences associated with the predicted values for each pair of models. The average
difference between the predictions of pairs of models was very low (1.73 X 107 + 1.35
X 10" (SD)). We concluded that the models were not biologically different and chose
the simplest of the three models. The only parameter in the model selected for islands
in the eastern sector was the log of distance to the nearest rat-infested island (Fig. 4).

In the western sector, the odds of rat presence increased by a factor of about 8.9
for each 10-fold increase in island area. In the eastern sector, the best model did not
include an effect of island area. The effect of swim distance differed between eastern
and western sectors. In the east, for every doubling of the distance to the nearest rat-
infested island the odds of rat presence decreased by a factor of 0.36, whereas in the
west, doubling the distance to the nearest rat source decreased the odds of rat occu-
pancy by a factor of 0.09.
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Tablel. Models predicting the Probability of rat presence ().

Model AIC. |AAIC, |N-R®
logit (r) = 12.67 - 1.42*Log Dist + 0.80* West + 0.54* Log, A - 0.34*( Log,Dist - 10.25)X(Log, A-1.29) | 118.78| 0 | 0.62
logit () = 11.55 - 1.36* Log,Dist + 0.78* West + 0.83* Log, A 119.48| 0.7 |0.61
logit (m) = 12.26 - 1.42* Log Dist + 0.60* West + 0.84* Log, A - 0.24*(LogDist - 10.25)X West 12042 | 1.64 |0.61
logit (w) = 11.53 - 1.36* Log,Dist + 0.79* West + 0.82* Log, A + 0.02*HumUse 121.61| 2.83 |0.61
logit () = 11.90 - 1.41* Log Dist + 0.84* West + 0.92* Log, A - 0.38*( Log, A - 1.29)X West 123.34 | 4.56 |0.62

Probability of rat presence () was best predicted by the logarithm of distance to the nearest rat-infested
island (Log,Dist), the nearest large landmass (East or West Falkland; Wesz), and the logarithm of island
area (Log, A).

Table 2. Models predicting the Probability of rat presence () for the west half of the archipelago.

Model AIC_ | AAIC_ | NR?
logit (n) = 27.49 - 2.91* Log Dist + 1.75* Log, A - 0.92*( Log,Dist - 1.45)X(Log, A - 10.75) | 32.84 0 0.84
logit (r) = 20.66 - 2.36* Log,Dist + 2.19* Log, A 33.91| 1.07 | 0.82
logit (r) = 14.19 - 1.45* Log Dist 46.05 | 13.21 | 0.69
logit (m) =-0.34 - 0.02* Log, A 93.49 | 60.65 |0.0003

For the west half of the archipelago, the probability of rat occupancy decreased with the distance to the
nearest rat-infested island (Log,Dist) and increased with the logarithm of island area (Log, ,A).

Table 3. Models predicting the Probability of rat presence (r) for the east half of the archipelago.

Model AIC. |AAIC. |[N-R?
logit () = 8.72 - 1.02* Log Dist 82.93 |0 0.44
logit () = 8.72 - 1.07* Log Dist + 0.42* Log, A 83.34 10.41 0.46
logit () = 10.11 - 1.18* Log,Dist + 0.12* Log, A - 0.36*( Log Dist - 9.89)X(Log, A - 1.78) |83.76 |0.83 0.48
logit (1) =-0.71 + 0.021* Log A 117.27 |34.34 0.0001

In the east half of the archipelago, the probability of rat occupancy decreased with distance to the nearest
rat-infested island (Log,Dist). There was also substantial support for the model that predicted occupancy
would increase with the logarithm of island area (Log, A), however we chose the simpler of the two models.

Discussion

Our results indicate that the incidence of rats decreased with distance to the nearest rat-
infested island. Also, for islands in the western sector of the archipelago, we found that
the probability of rat occupancy increased with island area. In the eastern sector, we did
not find a significant effect of island area on rat presence. Human activity did not ap-
pear to be a significant variable in the models, suggesting that it is not as important in
determining the distribution of rats as distance from sources and island area. Here we
consider the possible processes that might have produced these patterns. Specifically,
we explore whether the observed patterns might be shaped by the balance between
colonization and extinction as the classical metapopulation model suggests (Hanski et
al. 1995), and argue that rats in the Falkland Islands satisfy some of the assumptions
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Figure 4. Models for rat distribution included distance to the nearest rat source and island size. This
figure presents the fraction of islands of a given size (bubble size is proportional to island size) predicted to
have rats by our models as a function of distance to the nearest rat source. Colors of dots represent islands
with (red) or without rats (blue). In both the west and east of the Falkland archipelago, the probability
of rat presence on an island decreased with distance to the nearest rat-infested island. There was a higher
probability of rat presence in the western sector than in the eastern sector and in the west rats were more
likely to be found on larger than on smaller islands. In the east, there was no significant effect of island
area on rat occupancy. Black dots (+ SE) represent the fraction of islands with rats binned in groups of

500 m of swim distance.

of this model. To illustrate, we present preliminary evidence that rats migrate between
islands in the Falklands, and that rat populations can go extinct. Then, we consider the
implications of our data and models to management of rats in the Falklands.

Interpreting models

The models that we used to analyze the factors that determine the presence of rats in
the Falkland Islands are descriptive. They document patterns, but by themselves, they
do not reveal the processes that create them (Clinchy et al. 2002). Similar models are
widely used in the study of metapopulations and can be used to estimate a variety of
parameters, including extinction and colonization rates, from a snapshot of presence/
absence data (Driscoll 2007). Our data do not satisfy many of the assumptions needed
to make these estimates. First, presence or absence of rats was assessed not as a snap-
shot, but over a period of several years (Falkland Islands Government 2013). Second,
we only have data for a subset of islands and hence have to rely on distance to the near-
est rat-infested island rather than on the distances to all possible island sources of rats
for a focal island. Nevertheless, our data and results are consistent with the idea that
rats in the Falklands represent a metapopulation.
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As predicted by all classical metapopulation models (Hanski 2004), the occur-
rence of rats decreased with distance to potential rat sources. This result together
with anecdotal observations suggests that rat subpopulations are linked by disper-
sal, but that exchanges of rats are more likely between adjacent rather than distant
islands. Field observations support the conjecture that rats can move between sub-
populations. For example, rats were successfully eradicated from Rookery Island in
2002 (and confirmed absent three years later using chew sticks), but eight years later
we visited the island and found abundant fresh rat sign (Fig. 2). The most likely
source of rats is Rat Island, 500 m away. Similar reinvasions have now been recorded
on 8 islands between 2 and 6 years following successful eradication, over distances of
up to 500 m (Falkland Islands Government 2012). It is more difficult to show that
rat sub-populations go extinct, but 7 islands on which rats are currently known to be
absent seemingly exhibit the legacy of being occupied by rats, with the absence of 7.
cobbi and low densities or absences of C. antarcticus, conditions which are otherwise
only found on islands with rats present or shortly following rat eradication (Tabak
et al. 2014a). It is possible that these islands had rats recently but that their local
populations became extinct.

Although rats likely colonize islands and go locally extinct on islands, we doubt
that the patterns of rat distribution revealed by our dataset are solely the steady state
outcome of colonization and extinction. It is likely that these processes continue to
occur, but it is also likely that the patterns that we have documented are the result of
the interplay of environmental factors, both contemporary and historical. Neverthe-
less, human activity was not a significant variable in the models, suggesting that it is
less important than distance to sources and island area. Russell and Clout (2004) also
reported no correlation between an anthropogenic variable and Norway rat distribu-
tion in New Zealand. It appears that swimming is the most important mechanism by
which rats move between islands in the Falklands.

How far can rats swim among islands?

The swimming abilities of rats are poorly understood but remarkably important,
because they determine whether and when rats will reinvade islands that have been
eradicated (Russell et al. 2010). The prevalence of rats decreased with distance from
potential sources (Fig. 4), and very few islands further than 1 km away from a potential
source of rats appeared to have been invaded. However, about 72% of the 54 islands
within 500 m from the nearest source had rats, about 40% of 34 islands between 500
and 1,000 m away had rats on them, and of the 69 islands farther than 1,000 m from
the nearest source, only two had rat populations (Table 4). Rats are also known to have
swum at least 500 m to reinvade an island successfully cleared of rats (Falkland Islands
Government 2013). This suggests that although there are limitations to how far rats
can move among islands, these animals can swim relatively long distances, and consid-
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Table 4. Proportion of islands occupied by rats at different distances from the nearest source.

Distance between islands (m) Percent of islands occupied rats (%)
<500 72
500-1,000 40
> 1,000 3

The probability of rat occupancy decreased with distance to the nearest rat source. Beyond 1,000 m, there
was a low probability of rat occupancy.

erably farther that the 250 m initially suggested as a possible safe separation distance
for eradication in the Falkland Islands (Brown 2001).

These results are surprising as the swimming endurance of rats decreases with
water temperature and sea-surface temperatures in the Falkland Islands are cold
(ranging from 2 °C in winter to 10° C in summer; Otley et al. 2008). At those tem-
peratures, rats in the laboratory can only swim for less than 10 minutes (reviewed
by Russell et al. 2008). Assuming a maximal speed of ~ 25 m/min (Meller 1983),
rats could potentially swim only between islands that are less than 250 m apart. Our
data suggest that either Falklands rats are both hardier and better swimmers than
laboratory rats or Falklands rats are frequently carried distances much larger than
laboratory rats by oceanic currents. Rats in the Falklands appear capable of swim-
ming relatively frequently (at least in ecological time) between islands separated by
500 m. Consequently, they might be able to swim even longer distances on occasion.
Although the probability of a rat surviving a long distance swim and establishing a
viable breeding population may be extremely low, the cumulative probability will
increase over time. Factors that precipitate dispersal are unknown in the Falklands.
One possible explanation is that rats swim to islands where whale strandings have
recently occurred. These events provide an abundance of food for rats and occur with
regular frequency in the Falklands (Otley 2012). Hypothetically, rats could smell
these whale strandings from nearby islands and swim to this food source (Harper
2005). Another possible explanation is that large storms might facilitate rat dispersal
(Losos et al. 1993).

Implications for management

Norway rats have reinvaded islands following eradications in the Falklands and in
other archipelagoes. For example, three species of rats were eradicated from Perl Is-
land, New Zealand in 2005 and Norway rats re-established a population across the is-
land by 2007 (Russell et al. 2010). A relatively large proportion (29%) of islands from
which Norway rats have been eradicated in New Zealand have been reinvaded (Clout
and Russell 2006, Russell et al. 2008). Cost effective rat management strategies must
account for the possibility that rats will reinvade after eradications, and must attempt
to minimize this possibility. Although we cannot estimate with precision the rates of
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rat colonization and dispersal among islands, nor the effect that distance and island
area have on these, our data and results can still inform active rat eradication efforts
in the Falklands.

Our models suggest that islands farther than 1,000 meters from the nearest rat-
infested islands have a low probability (less than 0.05) of having rats, and hence of
having been invaded. Indeed, of the 69 islands that are farther than 1,000 m from
the nearest rat source in our dataset, only 2 have rat populations. We think that 1
km away from the nearest rat source is a reasonable threshold for eradication. This
threshold does not guarantee that these islands will remain rat-free in perpetuity, but
it represents a reasonable threshold that ensures a low probability of reinvasion after
eradication (Russell et al. 2008).

Our data confirm the ability of rats to disperse among islands that are close to
each other. If two or more islands are sufficiently close to each other as to have a
high probability of reciprocal re-invasion, from a management perspective, these
islands form a single “eradication unit,” requiring simultaneous baiting (Robertson
and Gemmel 2004). Eradication units can be informed by genetic profiling of dif-
ferent island populations (Abdelkrim et al. 2005). In a genetic profile of Falkland
Islands rats, Tabak et al. (2014b) found that rats are capable of swimming distances
of at least 830 m. We find the congruence between our current estimate of 1,000
m and the previous estimate of 830 m evidence of the robustness of these estimates.
We argue that a threshold distance of 830-1,000 m is safe for eradication with a low
probability that rats will recolonize. However, we recommend that prior to eradica-
tion attempts, rats on candidate islands and nearby rat-infested islands are sampled
for genetic analyses to ensure that migration does not occur from rat sources to the
candidate island.

Conclusion

Eradication of invasive rats can be an effective conservation tool, but the propensity of
rats to return to islands following eradication can hamper the effectiveness of this strat-
egy. We found, by modeling the distribution of Norway rats in the Falkland Islands,
that rats are capable of moving, presumably by swimming, between islands. When we
compared our estimate with the literature, we conclude that rats are unlikely to move
distances of greater than 830-1,000 m between islands in the Falklands. We suggest the
use of this distance for future eradication plans.
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Abstract

Over the last few decades, considerable attention has focused on small-scale studies of invasive plants
and invaded systems. Unfortunately, small scale studies rarely provide comprehensive insight into the
complexities of biological invasions at macroscales. Systematic and repeated monitoring of biological
invasions at broad scales are rare. In this report, we highlight a unique invasive plant database from the
national Forest Inventory and Analysis (FIA) program of the United States Forest Service. We demonstrate
the importance and capability of this subcontinental-wide database by showcasing several critical macro-
scale invasion patterns that have emerged from its initial analysis: (1) large portion of the forests systems
(39%) in the United States are impacted by invasive plants, (2) forests in the eastern United States harbor
more invasive species than the western regions, (3) human land-use legacies at regional to national scales
may drive large-scale invasion patterns. This accumulated dataset, which continues to grow in temporal
richness with repeated measurements, will allow the understanding of invasion patterns and processes at
multi-spatial and temporal scales. Such insights are not possible from smaller-scale studies, illustrating
the benefit that can be gained by investing in the development of regional to continental-wide invasion
monitoring programs elsewhere.
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Introduction

Exotic invasions can significantly alter the structure, function, and services of ecosystems
(Vitousek et al. 1997, Simberloff et al. 2012, Fei et al. 2014). Over the last few decades,
considerable attention has focused on small-scale studies of invasive plants and invaded
systems. Unfortunately, small scale studies rarely provide comprehensive insight into the
complexities of biological invasions at macroscales or across scales (Pauchard and Shea
20006). There is a need for regional to continental-scale invasion data and complementary
analyses to facilitate our understanding of scale-dependent phenomena and cross-scale
interactions (Soranno and Schimel 2014). Additionally, debate over the detectability of
biotic interactions across broad scales (Aratijo and Rozenfeld 2014) can only be compre-
hensively approached through datasets that cross multiple geographic scales. This under-
standing needs to be incorporated into management plans to ensure the sustainability of
vital ecosystem services such as those that are provided by forest ecosystems.

Monitoring plants and animals at a national scale can be difficult and expensive,
so databases of this kind are rare. The national Forest Inventory and Analysis (FIA)
program in the United States (U.S.) has been monitoring invasive plants (here defined
as alien plants whose introduction does or is likely to cause economic or environmental
harm or harm to human — see U.S. Executive Order 13112 (1999)) occurrence and
spread across all public and private U.S. forests for more than a decade, but to date no
attempts have been made to aggregate and analyze data at a national scale. The consist-
ent nature of the FIA sample design (Bechtold and Patterson 2005), and its national
sampling intensity of approximately one plot per approximately 2,400 forested hec-
tares (ca. 120,000 total plots), provides a unique view of plant invasions across space
and time. The design for FIA inventory plots consists of four 7.3 m fixed-radius sub-
plots spaced 36.6 m apart in a triangular arrangement with one subplot in the center
(Bechtold and Patterson 2005) that are measured once every 57 years in the eastern
U.S. and once every 10 years in the western U.S.

The objective of this short communication is to showcase the importance and
capability of this unique invasive plant database to encourage its utilization by
research and management communities, and to promote the establishment of such
large-scale monitoring programs in other regions and continents. To meet these
objectives, we present summary results both across the nation and within individual
regions to illustrate how such a program can produce new insights into invasion
ecology and the potential drivers of invasions that are not possible from smaller-
scale investigations.

Due to the considerable number of invasive plants in the U.S., data are collected
based on region-specific monitoring lists of problematic forest plant invaders agreed
upon by invasive plant experts (Oswalt et al 2012). We extracted invasive plant data
from the FIA program and calculated summary statistics for each region, as well as
across the entire nation. As invasive plants of concern differ by region and, in some
cases, by state, we normalized the data to be able to characterize nation-wide pat-
terns using an invasion-intensity metric. Normalization was achieved by calculating
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Figure |. Forest plant invasion intensity (percent of forested plots with an invasive plant recorded for a given
county based on FIA sampling) for the United States including estimates of region-wide invasion intensity.

the number of forested subplots with at least one invasive species present in a given
county divided by the total number of forested subplots monitored in the same coun-
ty. Therefore, we define invasion-intensity as the percent of forested subplots within a
county containing any invasive plants that are on the region/state-specific monitoring
lists. We then mapped the subcontinental spatial distribution of invasive plants based
on this invasion-intensity metric. In addition, we mapped the expansion of Imperata
eylindrilca to showcase the capability of the database in studying the temporal dynamic
of invasive plants.

We observed multiple macroscale invasion patterns based on our simple initial
analyses that would not have been detectable from smaller scale studies, highlight-
ing the utility of national-level sampling efforts. First, 39% of forested plots sampled
nationwide for invasive plants contained at least one invasive species, revealing that
a significant portion of the more than 300 million hectares of U.S. forests have been
invaded. Clearly, the footprint of invasives is significant at large scales. Hawaii had
the highest invasion-intensity (70%). Second, forests in the eastern U.S. had higher
invasion-intensity (46%) than in the west (11%), while forests in Alaska (6%) and
the Intermountain region (6%) had the lowest invasion intensity (Figure 1). Third,
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Table I. Top five most inventoried forest invasive plants by the FIA program within each region of the
United States.

Rank South North Intermountain West Pacific
1 Lonicera japonica Rosa multiflora Bromus tectorum Bromus tectorum
2 Ligustrum sinenselvulgare | Phalaris arundinacea Cirsium arvense Rubus armeniacus
3 Rosa spp. Alliaria petiolata | Centaurea biebersteinii Hypericum perforatum
4 Lespedeza cuneata Lonicera japonica | Cynoglossum officinale Cirisium arvense
5 Microstegium vimineum | Rhamnus cathartica Carduus nutans Taeniatherum caput-medusae

clusters of more highly invaded counties may suggest a strong relationship between
invasion intensity and human land-use legacies at regional to national scales. Specifi-
cally, highly fragmented landscapes (as in the North Central region) and major travel
corridors (as in the Piedmont of the Southeast) tended to exhibit higher invasion-
intensity (Figure 1). In addition, we observed variability in invasion patterns across
both climate regimes and elevation gradients suggesting further investigations into
how climate change could facilitate or impede future invasions are needed.

The dataset also revealed it will be important to understand what factors have
driven the expansion of the most prevalent invaders in forest ecosystems, such as Rosa
multiflora in the north, Lonicera japonica in the south, and Bromus tectorum in the
Intermountain and Pacific regions (Table 1). The same is true for invaders that are
currently quickly expanding, such as the expansion of Imperata cylindrica from an epi-
center located near Mobile Bay (Figure 2) in the southern U.S. At fine scales, repeat-
edly measured FIA plots will allow for investigating the drivers of such expansions. The
accumulated dataset, which continues to grow in temporal richness, with its inclusion
of multiple measurements of the same plots will allow researchers to reveal temporal
invasion patterns and processes at large spatial scales.

As other large-scale datasets (e.g., climate, elevation, land cover, soils, human
population and natural resource management practices, etc.) become more readily
available, we can conduct more comprehensive investigations into ecologically and
economically important questions such as: What are the underlying processes that
produce the macroscale invasion patterns and how do these processes differ and/or
interact across scales? What are the traits of both invaders and invaded ecosystems that
facilitate invasion? And what are the cross-scale interactions that lead to the emergence
of macroscale patterns such as those observed in this report? Integration of these data
and other invasive taxonomic groups, such as insects, birds, and mammals, could pro-
vide macrosystems ecologists with broader “systems” perspective of invasive ecology.

While these data aid the development of a more comprehensive understanding of
plant invasions within forests of the United States, there were challenges to assembling
them in their current form and obstacles to their analytical use. To harmonize the data,
several normalizations had to be performed and some comparability across regional
boundaries at finer scales was lost. Nonetheless, no comparable dataset exists, and the
macroscale invasion patterns that have emerged from even the relatively simple analysis
of this dataset clearly reveals the benefit of large-scale invasion monitoring program.
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Figure 2. Spatial progression of Imperata cylindrica based on multiple measurements of forested plots from
the FIA sampling grid. Time 1 represents data collected from 2001 to 2005 and Time 2 from 2006 to 2011.
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Abstract

Using the MAXENT algorithm, we developed risk maps for eight invasive plant species in southern Tran-
sylvania, Romania, a region undergoing drastic land-use changes. Our findings show that invasion risk
increased with landscape heterogeneity. Roads and agricultural areas were most prone to invasion, whereas

forests were least at risk.
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Erigeron annuus, MAXENT, Robinia pseudoacacia, Romania, Solidago canadensis, Xanthium strumarium

Introduction

Species distribution models are a useful tool in biological invasion risk management
(Jiménez-Valverde et al. 2011). They allow a rapid assessment of the distribution of alien
species, which may serve to identify areas of high invasibility and to understand the mech-
anisms behind the establishment and spread of alien species (Zimmermann et al. 2011).
We focused our study on southern Transylvania, in Central Romania, where tem-
porary or permanent abandonment of agricultural land is common. Knowledge on
the introduction history of invasive plant species and their current distribution in this
region is largely missing, although several common alien plant species are among the
world’s 100 worst invaders (DAISIE 2013; GISD 2013). To address this knowledge
gap, we aimed to identify predictors of the distribution of eight highly invasive species.

Copyright H. Zimmermann et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Methods

Study area

Our study area comprised an area of 7,440 km? (Fig. 1). It is a heterogeneous, hilly,
rural landscape, at elevations from 230 to 1100 m, and characterized by a mosaic of
different land cover types supporting high farmland biodiversity (Loos et al. 2014).
Small-scale semi-subsistence farming with little use of machinery or agrochemicals,
as well as extensively used hay meadows and grasslands are typical for the region. The
small-scale mosaic pattern of different land cover types prevails throughout the study
area, although the North-West has a relatively higher percentage of arable land, the
South has a relatively higher percentage of pastures, and the central part a higher per-
centage of forests (Hanspach et al. 2014). Like many other parts of Eastern Europe,
Romania has experienced drastic socio-economic changes, with the collapse of the
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Figure |. Location of our study area in Romania. Inside the enlarged map of our study area the cities
Medias and Sighisoara are outlined and black points represent the presence points of all eight study species.
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Figure 2. Population census data from 1990, 2000 and 2005 for a subsample of 22 communes across
the study area. One commune typically includes four villages. In Romania the communist regime and its
collapse in 1989 triggered mass emigration from these areas.

communist regime in 1989, and its accession to the European Union in 2007 (Kue-
mmerle et al. 2009). Among other changes, the communist regime and its collapse
triggered mass emigration from some areas, resulting in widespread farmland aban-
donment (Fig. 2).

Sampling

In summer 2013, we mapped presences of eight prominent alien plant species across
the study area using a handheld global positioning system (Table 1, see also Suppl.
material 1). Our sampling covered a large variety of landscape elements within 50
km of the town of Sighisoara (Fig. 1). In each local valley, we undertook at least two
extended survey walks that lasted between 30 and 180 minutes. We sampled along
roads, but also tracked species off-road, by walking towards the top of the hills bor-
dering a given valley (see Suppl. material 2 for details). Furthermore, we took sample
points whenever we observed an invasive species during our other field activities. For
Robinia pseudoacacia we did not record planted trees, but only naturally dispersed
individuals. We did not measure the distance to the next adult tree, but the minimum
distance was approx. 100 m and for most recordings adult trees were not in sight.
We also included vegetation sampling data from 2012, which was based on a rand-
omized stratified design. The minimum distance between sampling points was 30 m.
In combination, our sampling approach covered a wide range of environments across
the study area.
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Table I. Overview of study species and number of sampling points (N Am = North America).

. . Common | ., . . . Presence
Species Family name Life strategy | Origin Reproduction/dispersal points
monoecious, wind pollinated,
Amaranthus Amaranthaceae Redroot | “annual herb NAm | dispersed by wind, water and 45
retroflexus L. amaranth ~1m .
animals
) ) . insect pollinated, seeds wind
Asclep Zij yruca Apocynaceae C(.)IIE‘;IH 01; P eretim;l herb N Am dispersed, and vegetative 65
’ fmufiawvee oioem reproduction (thizomes)
Conyza . . .
canadensis (L) Asteraceac Canadian | annual herb N Am 1ns??t pf)llmated, sel'f— an('i Cross- 35
Cronquist horseweed ~-1m fertilization, seeds wind dispersed
. insect pollinated, self- and cross-
Erz(%i"o)npzzsnum Asteraceae fﬁ:g;ﬁi: annulal rilerb NAm | fertilization, winged achenes 475
' ) dispersed by wind and animals
insect pollinated, dioecious,
Fallopia japonica Japanese | perennial herb . er%ged achenes (.ilspersed by
(Houtt.) Ronse | Polygonaceae Kknotweed 3m Asia wind, water, animals, and 69
Decr. onwee - reproduces vigorously by
rhizomes
insect pollinated, seeds wind
Robinia Fabaceac Black | deciduous tree N Am dispersed, reproduces vigorously 264
pseudoacacia L. locust ~-30 m by root suckering and stump
sprouting
insect pollinated out-crossing,
Solidago Ast Canadian | perennial herb N Am wind dispersed achene with 298
canadensis L. craceac goldenrod ~2.5m pappus, and vegetative
reproduction (rhizomes)
wind-pollinated, monoecious,
Xanthium Common | annual herb self- and cross- fertilization,
strumarium L. Asteraceae cocklebur ~1m NAm apomixis, seeds dispersed by 236
animals and water
Analysis

We derived invasion risk maps for each species individually. To this end, we applied
the Maximum Entropy algorithm (MAXENT), which is based on presence only data
to map the likely current distribution for each species in our study area (Phillips et al.
20006; Elith et al. 2011; Merow et al. 2013). Our approach to model the likely cur-
rent distribution based on presence only data is in line with our assumption that the
expansion of our species has not yet reached equilibrium, making the use of observed
absences misleading (Jiménez-Valverde et al. 2011). Clamping was activated as well as
random seed, and we made an internal validation with 50 replicates and 20 % random
test percentage. Predictors encompassed information on the topography, land use and
potential distribution corridors (Table 2). Slope and terrain ruggedness (the variation
in altitude) did not improve any of the models. Our final models therefore included
four predictors (road and village distance, heterogeneity, and land cover classes). Each
of these predictors was re-sampled to a cell size of 30 x 30 m within ArcGIS, which



Aliens in Transylvania: risk maps of invasive alien plant species in Central Romania

59

Table 2. Predictors for the MAXENT model. All predictors have a 30 x 30 m resolution. (h.s. = habitat

suitability).

Predictor

Description

Relative importance in the MAXENT model

Road distance

minimum distance to the closest road

18 t0 < 40 % (A. retroflexus, A. syriaca, C. canadensis)
4548 % (E. annuus, R. pseud s)
>50%—56% (F japonica, X. strumarium)
for all species h.s. high with decreasing distance

acia, S. canad

Village distance

minimum distance to the closest

village

15 % (S. canadensis) high h.s. at 3-4 km

for remaining species values <10%

>20 %-35% (A. syriaca, C. canadensis, E. annuus,

H;ge(;;ggzizb(i}jfs variation in the panchromatic channel E japonica, S. canadensis, X. strumarium)
S y I SA) of SPOT 5 satellite imagery >40%—46% (A. retroflexus, R. pseudoacacia)
potimage for all species h.s. high with increasing heterogeneity
(1) broad leaved forest 15 % (X. strumarium high h.s. for class 8)
(2) coniferous and mixed forest 22% (A. retroflexus high h.s. for class 4)
(3) water 23 % (A. syriaca high h.s. for classes 8, 9)

(4) inland marshes
(5) natural areas (sparsely vegetated,
bare rocks, natural grasslands)
(6) transitional woodland-shrub

35% (C. canadensis high h.s. for classes 8, 10)

Corine land cover classes for remaining species values <15 %

(Corine 2006 Land Cover
Map, EEA (2006) Corine

land cover 2000 - A habitats
seamless vector database (7) artificial surfaces
(European Environment (8) agriculture
Agency, Copenhagen) (9) pasture

(10) Land principally occupied by
agriculture with significant areas of
natural vegetation

thus equals the resolution of our risk maps. To calculate the potential areas suitable for
each species a threshold rule was applied to convert continuous suitability surfaces into
binary outputs. We selected the threshold “maximum training sensitivity plus speci-
ficity logistic threshold”, which focuses on the correct classification of presences and
background points (Jiménez-Valverde and Lobo 2007).

For each grid cell, we then calculated the mean probability of occurrence over all
eight species. This resulted in a map of general invasion risk for the study area, referred
to “the invasibility map” hereafter.

Results

Single distribution models of the eight study species all had high discrimination perfor-
mances with AUC values ranging from 0.8 to 0.9 (Elith 2002). Standard deviation of
the output grids showed no signs of autocorrelation (see also Suppl. material 2). Road
distance and heterogeneity were the most important predictors (Table 2). Corine land
cover classes substantially improved the MAXENT model of three species, with agricul-
tural areas, pastures and land principally occupied by agriculture with significant areas
of natural vegetation, having the highest risk of invasion. Forest was at least risk of being
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Figure 3. The likely current distribution for a Erigeron annuus and b Asclepias syriaca in our study area.
c Shows the invasibility, calculated as the mean probability of occurrence over all eight study species.
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invaded. With 31 % potential habitat, Erigeron annuus has the largest potential distribu-
tion and with 8 %, Asclepias syriaca had the lowest (Fig. 3 a, b). Risk maps of all species
show a high invasibility of distribution corridors such as roads and rivers (see Suppl.
material 3). The overall invasibility map therefore shows a network structure with the
highest invasibility close to distribution corridors stretching across the whole study area
(Fig. 3¢c). However, the invasibility was highest in heterogeneous areas, which is where it
also reached furthest away from roads.

Discussion

Our risk maps show that the eight invaders considered have great potential to further
expand their distributions. All except for one study species are wind dispersed, which
is an effective long distance dispersal method (Cain et al. 2000). Roads serve as in-
vasion corridors, enabling the species establishment inside disturbed road margins
(Birdsall et al. 2011). Environments at greatest risk of invasion away from roads ap-
peared to be heterogeneous agricultural areas. Landscape heterogeneity is beneficial
for native species in farming landscapes, because it offers a greater variety of habitats
(Fischer and Lindenmayer 2007). However, invasive species also appear to benefit
from this variety. A positive correlation of native and invasive plant species richness
in relation to landscape heterogeneity was also shown for the Rocky Mountain Na-
tional Park in the USA (120-960 m radius scale; Kumar et al. 2006), for rural and
urban areas in Germany (32 km? scale; Deutschewitz et al. 2003), as well as for rural
areas and woodlands in Catalonia (100 km?scale; Bartomeus et al. 2012). Further-
more, heterogeneous landscapes offer more edge environments which are subject to
higher levels of propagule pressure and disturbance, and therefore a higher abun-
dance of invasive plant species (Vila and Ibdnez 2011). Like many invasive species,
our study species are adapted to disturbance through their short life cycles, rapid
germination, persistent seed banks, or vegetative reproduction (Rejmdnek and Rich-
ardson 1996; Kolar and Lodge 2001).

We observed that areas with a high heterogeneity often coincides with areas
that experienced the most widespread emigration following the collapse of com-
munism. Socio-economic effects at regional or local scales are rarely considered
in invasion science (Vila and Pujadas 2001, Guo et al. 2012). This is a potentially
important oversight. For example, farmland abandonment and land-use change can
facilitate high abundances of alien plant species (Hobbs 2000; Cramer et al. 2008).
Decades of cultivation may deprive native seed banks and altered soil conditions
may no longer be suitable for native species (Cramer et al. 2008). In comparison
to native species, species new to this region may possess traits that make them bet-
ter colonizers of abandoned fields. They benefit from increased human mediated
propagule pressure (propagule bias), are often stronger competitors (enemy release,
novel weapons), and once established may further transform their environment,
making it even less suitable for native species — thereby creating self-perpetuating
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alien monocultures (Catford et al. 2012). Our study area continues to undergo
socio-economic changes. With our main project (“Fostering sustainable develop-
ment in Eastern Europe” http://peisajesustenabile.wordpress.com/) we aim to pro-
vide leverage points for enabling sustainable land use practices. Based on the results
of this study we recommend to preserve the remaining intact forests, which seem to
be least in risk of invasions and to further investigate the role of land abandonment
and land use change in our study area.
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Table of species localities.

Authors: Heike Zimmermann, Jacqueline Loos, Henrik von Wehrden, Joern Fischer

Data type: (measurement/occurence/multimedia/etc.)

Explanation note: Table of all species localities (latitude and longitude in decimal degrees,
WGS 84).

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.

Supplementary material 2

Check for sampling bias.

Authors: Heike Zimmermann, Jacqueline Loos, Henrik von Wehrden, Joern Fischer

Data type: (measurement/occurence/multimedia/etc.)

Explanation note: We checked our dataset for sampling bias, that is the distribution of
presence points (N = 1484) at different road distances.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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Risk maps for all eight study species.

Authors: Heike Zimmermann, Jacqueline Loos, Henrik von Wehrden, Joern Fischer

Data type: (measurement/occurence/multimedia/etc.)

Explanation note: Risk maps for all eight study species derived from the MAXENT model.

Copyright notice: This dataset is made available under the Open Database License
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License
(ODDL) is a license agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others, provided that the
original source and author(s) are credited.
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