1 Supplementary Figures

a Bryophyltes (n=97) b Algae (n=355)

Arihrdpiods p.p. (n=93)
(Myriapods, Diplopods etc.)

4  (mainlands and islands) for taxonomic groupswith alow number of first records (a-k).



5 Colour and size of circlesindicate the number of first records of established alien species. Circles
6 denotefirst records on small islands and archipelagos otherwise not visible. The world maps

7 were created using the ‘maptools  package® of the open source software R®.
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Supplementary Fig. 2 Comparison of first record rates on islands (red) and mainlands
(black) for varioustaxonomic groups. First record rates constitute the number of first records
of alien species within a period of five years. Trends are indicated by arunning median with a
window of 15 data points (lines). The number of established alien species considered on islands

or mainlands are given in the upper left of the sub-panelsin the respective colour. The ratio of



14  island to mainland first record rates is shown below the original time series (circles). A decline

15  of theratio indicates a stronger increase of first record rates on mainlands compared to islands.
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Supplementary Fig. 3 Trends (lines) in the temporal development of first record rates

(dots) of taxonomic groups. To mathematically describe the trends, different functions were

fitted to the time series' of first record rates and the best-fitting function indicated by the lowest

AlIC was selected (highlighted as abold line). The relationships between time and first record

rates were described using the following functions: linear (grey), exponential (blue), saturating

(green), sigmoidal (red), hump-shaped (orange).
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Supplementary Fig. 4 Temporal trends of the sum of annual values of imported
commodities of all countries of the world (black) and of al countries of a continent (colours) in
current US$ from 1870 to 2009. The trend is indicated by alinear model on a semi-logarithmic
scale for global imports (dashed line) fitted separately to import values of 1870-1914, 1920-

1938, 1948-2009, respectively. Gaps indicate a lack of data due to the World Wars.
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Supplementary Fig. 5 Simulation results of the invasion process from a mainland
community (upper panels) to an island (lower panels) for various shapes of the temporal
development of the probability of translocation (middle panels). (a d, g, j, m) Five arbitrary
mainland communities (colours) with the same number of log-normally distributed species
(n=50,000) but varying relative contributions were considered. (b, €, h, k, n) At each ssmulation
time step t, a propagule from one of the mainland communities was selected with probability P(t)
and translocated to the island. The temporal development of P(t) was assumed to be constant (b),
to increase linearly (e) or exponentialy (h), or to be proportional to the global annual value of
imported commodities (k) or proportional to the cumulative number of founded botanic gardens
(n). (c, f, 1,1, 0) Theresulting first record rates on the island depend on the shape of the temporal
development P(t) while the contribution of speciesin the mainland community haslittle

influence (see Supplementary Notes for more details).
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Supplementary Fig. 6 Temporal trends of continental first record rates (i.e., first records of

49

established alien species on a continent per ten years, dots) for varioustaxonomic groups

50

with low numbersof first records per continent (for delineation of continents see

51
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55

Supplementary Fig. 12). The trend isindicated by a running median with 50-year moving
window (red line). Data after 2000 (grey dots) are incomplete and were removed from analysis.
Time series with less than 30 first records are not plotted. For visualization, 50-year periods are

distinguished by white/grey shading.
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Supplementary Fig. 7 Trends (lines) in the tempor al development of first record rates

(dots) of taxonomic groups. To mathematically describe the trends, different functions were

fitted to the time series' of first record rates and the best-fitting function indicated by the lowest

AlIC was selected (highlighted in bold). The relationships between time and first record rates

were described using the following functions: linear (grey), exponentia (blue), saturating

(green), sigmoidal (red), hump-shaped (orange). In many cases (10 out of 30), the hump-shaped

function was the best-fitting model; however, often the declining trends, which led to the good fit

of thistype of function, were dueto afew low values at the very end of the time series, which

are likely to be affected by a delay in recognition and reporting of new alien species (e.g., insects

10



66 in Africaor South America). In these cases, the application of a hump-shaped function is not

67 waell justified asthefit did only marginally perform better than other functions.

11
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Supplementary Fig. 8 Cumulative numbers of alien specieson a continent (dots) for various

taxonomic groups (for delineation of continents see Supplementary Fig. 12). The record of an

alien species was only considered once on a continent. The trend is indicated by a running

median with 25-year moving window (red line). Data after 2000 (grey dots) are incomplete and

not considered for analysis. For visualization, 50-year periods are distinguished by white/grey

shading.
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Supplementary Fig. 9 Temporal development of first record rates defined asfirst record of
an established alien species on a continent for (a) all speciesand (b-q) varioustaxonomic
groups (for delineation of continents see Supplementary Fig. 12). The consideration of first
records of alien species on a continent removes alarge amount of the influence of secondary
invasions (i.e., the subsequent spread after first introduction). This reduces the number of first
records and increases the amount of noisein the time series. The cross-correlation coefficients
with time lag zero between the time series' of first records on a continent and first recordsin a
mainland country/island (Fig. 2 in the main text) are shown in the upper left corner to enable an

assessment of the similarity of both time series. 81% of all coefficients are >0.9 and all >0.78,



85  which indicates ahigh similarity of first record rates on both geographic scales. For

86  visuadlization, 50-year periods are distinguished by white/grey shading.
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Supplementary Fig. 10 Temporal trends of first record rates of vascular plants of countries
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with highest numbersof first records of vascular plants. The trend isindicated by arunning

median with 25-year moving window (red line). Data after 2000 (grey dots) are incomplete

because of the delay between sampling and publication and therefore not included in the

analysis. First record rates constitute the number of first records per five years (dots) during

1800-2014. For visualization, 50-year periods are distinguished by white/grey shading.
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Supplementary Fig. 11 Simulation results of the accumulation of alien species using the
extended model version with the consideration of an Allee effect. From an arbitrary mainland
community of 1,000 species with log-normally distributed abundances (a) a single propaguleis
introduced to an island with probability P(t) at each time step t, while P(t) increased with time as
shown in (b). On the island, the alien population is considered to become established if the
number of propagules of the same species found during a period T on the island exceeds the
Alleethreshold a. (c) Alien species accumulation curves for various values of a ranging from 0
(red) to 30 (blue) propagules. Increasing a resulted in a more delayed accumulation of alien

species, while the overall shape of the accumulation curves remained similar. Note that the

16



105  implementation of the Allee effect introduced a new source of stochasticity to the model, which
106  resulted in dlightly fluctuating invasion curves.
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Supplementary Fig. 12 Delineation of continents (colours) used for analysis. The delineation
of continents oriented at political borders of countries modified by biogeographical boundaries
for islands. Islands (dots) were assigned to the nearest continent depending on their
biogeographical location irrespective if they were politically part of a mainland country. For
example, Hawaiian Islands (United States) were considered as Islands of Oceaniaand La
Réunion (France) as an African Island. The world map was created using the ‘ maptools

package' of the open source software R,
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Supplementary Tables

Supplementary Table 1 List of sources of first records of alien species used for the

compilation of the database. The number of records denotes the number of species considered

in this study and may be higher in the original source. In some cases, more data could be

obtained from the authors or from the data providers for this study than provided online or in the

literature.
Online databases
No of Database
records

1 8721  Delivering Alien Invasive Species Inventories for Europe (DAISIE) (http://www.europe-
aliens.org/)

2 3219 Global Invasive Species Database (GISD), Invasive Species Specialists Group (ISSG)
(http://www.issg.org/database/welcome/aboutGISD.asp)

3 2878  Australia Virtual Herbarium, Council of Heads of Australasian Herbaria
(http://avh.chah.org.au/)

4 1864  CABI Invasive Species Compendium, Wallingford , UK: CAB International
(http://www.cabi.org/isc/)

5 1458  FishBase, R. Froese and D. Pauly (Editors) 2015. World Wide Web electronic publication.
(http://www.fishbase.de/

6 857 Collection from herbaria of North-West North America, provided by Alexander Mosena:
Rocky Mountain/US Forest Service herbaria, Laramie, Wyoming, USA
(http://www.rmh.uwyo.edu/about/policies.php)

Oregon Flora Project. 2013. OSU Herbarium specimen data with Oregon Flora Project
nomenclature. Oregon State University Herbarium, Corvallis, Oregon, USA; Retrieved 12
September 2013 (http://oregonflora.org)

University of British Columbia Herbarium, Beaty Biodiversity Museum, Vancouver,
British Columbia, Canada (http://www.beatymuseum.ubc.ca/herbarium)

Wesley E. Niles Herbarium, University of Nevada, Las Vegas, Nevada, USA
(https://www.unlv.edu/lifesciences/herbarium)

7 749 Agquatic Non-Indigeneous and Cryptogenic Species Database (AquaNIS). Editorial Board,
2015. Information system on Aquatic Non-Indigenous and Cryptogenic Species. World
Wide Web electronic publication. Version 2.36+ (www.corpi.ku.lt/databases/aquanis)

8 730 Consortium of California Herbaria (http://ucjeps.berkeley.edu/consortium/); data

provided by David Baxter
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10

11

12

13

14

15

16

17

18

669

627

93

54

46

CONABIO (2013) Sistema de informacién sobre especies invasoras en México. Comisién
Nacional para el Conocimiento y Uso de la Biodiversidad
(http://www.conabio.gob.mx/invasoras)

Introduced Species of Galapagos, Charles Darwin Foundation
(http://www.darwinfoundation.org/datazone/checklists);

Bungartz, F., Herrera, H.W., Jaramillo, P., Tirado, N., Jiménez-Uzcategui, G., Ruiz, D.,
Guézou, A. & Ziemmeck, F. (eds.) (2009). Charles Darwin Foundation Galapagos Species
Checklist - Lista de Especies de Galdpagos de la Fundacién Charles Darwin. Charles
Darwin Foundation / Fundacidn Charles Darwin, Puerto Ayora, Galapagos:
http://www.darwinfoundation.org/datazone/checklists/ Last updated 09 Nov 2015.

Data provided by Heinke Jager
Asian-Pacific Alien Species Database (APASD), National Institute for Agro-Environmental
Sciences, Japan (http://www.niaes.affrc.go.jp/techdoc/apasd/menu.html)

The Biota of North America Program (BONAP, http://www.bonap.org/); data provided
by Dr. John T. Kartesz and Misako Nishino

Alien Species of Japan, National Institute for Environmental Studies, Japan
(https://www.nies.go.jp/biodiversity/invasive/index_en.html); data checked and
provided by Piero Genovesi and Shyama Pagad

USDA Natural Resources Conservation Service, United States Department for
Agriculture (http://plants.usda.gov)

Atlas of Living Australia, National Research Infrastructure for Australia
(http://biocache.ala.org.au)

The University and Jepson Herbaria, University of California, Berkeley, USA
(http://ucjeps.berkeley.edu)

Food and Agriculture Organisation (FAO) Corporate Document Repository, World Wide
Web electronic publication (http://www.fao.org/wairdocs/ilri/x5491e/x5491e0c.htm)

The Belgian Forum on Invasive Species (BFIS) (http://ias.biodiversity.be/definitions)

Scientific publications/books/book chapters/reports (in alphabetical order)

No

No of
records

Reference

19

20

21

22

23

327

188

23

11

86

Aukema, J. E. et al. Historical Accumulation of Nonindigenous Forest Pests in the
Continental United States. Bioscience 60, 886—897 (2010).

Barina, Z., Rakaj, M., Somogyi, G., Er6s-Honti, Z. & Pifko, D. The alien flora of Albania:
history, current status and future trends. Weed Res 54, 196-215 (2014).

Barker, G. M. Naturalised terrestrial Stylommatophora (Mollusca: Gastropoda). Fauna of
New Zealand 38, 1-253 (1999).

Barua, S. P., H.Khan, M. M. & Reza, A. H. M. The Status of Alien Invasive Species in
Bangladesh and their Impact on the Ecosystems. (IUCN-The World Conservation Union,
2000).

Beenken, L.; Senn-Irlet, B., 2016: Neomyceten in der Schweiz. Stand des Wissens und
Abschatzung des Schadpotentials der mit Pflanzen assoziierten gebietsfremden Pilze.

20



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

231

249

41

s. Ref

96

135

36

29

105

252

2215

214

26

85

14

78

818

WSL Ber. 50: 92pp. PDF Download www.wsl.ch/publikationen/pdf/15783.pdf

Brundu, G. & Camarda, I. The Flora of Chad: a checklist and brief analysis. PhytoKeys 23,
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125  Supplementary Table 2 Comparison of the correlation coefficients between thetime series
126 of imported commodities and first record rates using deflated or non-deflated import

127 values. Import values were deflated using either the Consumer Price Index (CPI) for the

128  respective countries, which was only available for a short time period (at longest 1969-2000)
129  (obtained from the United States Department of Agriculture Economic Research Service,

130  www.ers.usda.gov), or the CPI of the USA spanning alonger period (1913-2000) (provided by
131  the US Bureau of Labor Statistics and available at www.inflationdata.com) was taken for all

132 countries. For comparison, the non-deflated import values were selected during the same time
133 periods. The mean and the correlation between the correlation coefficients using deflated and
134  non-deflated data are shown for each taxonomic group. The correlation coefficients are lower
135  compared to those presented in Fig. 2 due to the lower sampling size. Asthe differences of using
136  deflated or non-deflated trade values did only marginally affect the results, we used the non-

137  deflated trade values in the main text because of the longer time period (1870-2000). ‘No

138  correlation’ indicates that fitting the Michaelis-Menten function revealed a linear relationship
139  parallel to the x-axis. Asthisresulted in astandard deviation of zero, it was not possible to

140 calculate a correlation coefficient in these cases.

CPI of all countries (1969-2000) CPI of USA (1913-2000)

not deflated deflated not deflated deflated
Vascular plants 0.266 0.174 0.317 0.328
Bryophytes 0.430 No correlation 0.233 0.231
Algae 0.515 0.521 0.802 0.803
Mammals No correlation No correlation 0.141 0.142
Birds 0.297 0.303 0.543 0.557
Reptiles 0.005 0.005 0.656 0.650
Amphibians 0.167 0.162 0.236 0.252
Fishes 0.000 0.064 0.653 0.610
Insects 0.669 0.670 0.763 0.796
Molluscs 0.376 0.372 0.809 0.809
Crustaceans 0.510 0.550 0.653 0.667
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Arachnids 0.453 0.485 0.529 0.546
Arthropods p.p. (Myriapods, 0.252 0.291 0.184 0.178
Diplopods etc.)

Invertebrates (excl. 0.049 0.058 0.765 0.760
Arthropods, Molluscs)

Fungi 0.217 0.219 0.527 0.540
Bacteria and protozoans 0.217 0.219 0.527 0.540
Mean 0.29 0.29 0.52 0.53

Correlation

0.985
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Supplementary Notes

Data quality assessment

The analysis of first record rates may be hampered by the availability and quality of data.
Sampling intensity varies over time, anong geographic regions, and taxonomic groups; thus, the
trends of first record rates may be biased by variations in research efforts. The database of first
records has a taxonomic prevalence of vascular plants, birds, mammals, fishes, and insects. For
vascular plants, the database contains 7,646 species, which is 58% of the total number of
established alien plant species globally®, but many invertebrate groups are under-represented. For
bacteria, viruses, and fungi relatively few records are available, which renders an interpretation
difficult. Nevertheless, the trends are similar to those observed for invertebrate groups; therefore,

this study may serve as afirst step towards documenting their global trends in accumulation.

The spatial bias of the database is towards well-sampled regions like North America and Europe,
while Africais under-represented. The temporal trends of first record rates can vary distinctly
even between well-sampled continents. For example, while first record rates of alien vascular
plants and fishes increased in Europe, they declined (vascular plants) or tend to decline (fishes)
in North America (Supplementary Fig. 3). It remains unclear if thisis atrue pattern or an artefact
due to varying sampling intensity or varying delay in reporting new alien species. Other trends
such as the decline in first record rate of mammalsin recent times are consistent across
continents and therefore these trends seemed to be robust and not a result of a spatial biasin our
data set. However, in many cases it is difficult to assess a potential influence of a spatial bias.

One may assume a higher variability of the first record rates in less sampled regions. Indeed, the
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189

standardised variation of the residuals (expressed as the root-mean-squared-error of first records
divided by its mean) of the fits shown in Supplementary Fig. 7 declined with increasing number
of first records (Pearson’s correlation, t = -2.23, df = 34, p < 0.05). That is, the residuals of these
fits are proportionally lower for regions with more first record data, which can be interpreted as a

higher robustness associated with those trends consisting of higher number of first records.

A potential temporal biasis more difficult to assess since historical sampling frequencies are
missing in nearly all cases. Some studies of alien vascular plants corrected invasion dynamics
using herbarium sampling intensities*™. This may be appropriate if afew native and alien
species were compared” or if the herbaria could be accessed as awhole, so that additional biases
such as the preferential digitalization of new records can be avoided. Otherwise, the
consideration of sampling intensities will cause other sampling biases, which have to be
additionally addressed. Few studies have applied statistical or mathematical modelling to correct
for temporal sampling biases®™*. However, without knowledge of the real sampling intensities,
the application of these approaches requires strong assumptions, such as a constant propagule

pressure, which is not fulfilled in this study.

The consequence of atemporal biasis achange of the time lag between the introduction and
detection of new alien species. One may assume a general increase of sampling intensity during
the past two centuries. This may have resulted in higher first record ratesin early times and a
shift to dlightly lower slopes of these rates during the whole sampling period, while the average
number of alien species should be the same or even higher. However, it is highly unlikely that

such a shift can explain the main findings of this study that e.g. first record rates of many
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invertebrate groups increased after 1950 more strongly, a decline of mammals and fishes first
record rates after 1950, or the distinct increase of vascular plants first record rates in the 19"

century.

In summary, our data set is by far the most comprehensive one in terms of geography, taxonomy,
and temporal coverage. To account for variations within individual data sets, we pooled data by
continents for analyses. Despite the uncertainties mentioned above, the consistency of observed
trends also among data sets of different size and quality and within short periods of high
sampling intensity, such as the last decades, indicates the overall robustness of the observed

trends.

Discussion of model results

The development and application of island-colonization models have along tradition™?, but a

continuous temporal change of the probability of translocation P(t) on islands has rarely been

considered. Thus, we first present the simplest cases of a continuous temporal development of

P(t), and subsequently increased its complexity for various mainland communities.

In the simplest case, P(t) was set constant for all times. The resulting first record rates on the
island were very similar for five different mainland communities, with a steep initial increase
and a continuous decline afterwards (Supplementary Fig. 5a-c). A linear increase of P(t) with
time resulted in alinear increase of the first record rate with a saturation (Supplementary Fig. 5d-
f). Note that a saturation of these rates indicates that alien species numbers still increase but

constantly. The resulting temporal dynamics of first record rates were similar to those found for
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vascular plants (Fig. 2b), and thus already comparable to observational data. The consideration
of an exponential increase of P(t) resulted in an exponentia increase of the introduction rate

(Supplementary Fig. 5g-i).

To make the model more realistic, we modelled P(t) proportional to the value of imported
commodities (in US$); and to incorporate trade data into the model, we linearly interpolated the
time series of annual total import values to 1000 values per year for 1800-2000 to allow for
201,000 simulation time steps. As trade values are not available prior to 1870, we set the values
from 1800 to 1869 to the same as 1870, which had only negligible effects on the results (i.e.,
although the intensity of trade before 1870 was assumed to be likely higher than in reality, the
rate of new introductions was still around zero, Supplementary Fig. 5l). At each time step, a
propagule was selected from the mainland community with probability P proportional to total
trade values at that time step. The resulting first record rates were low until around 1950 with a
steep increase thereafter (Supplementary Fig. 5j-1). A very similar pattern was found for those
taxonomic groups that are most likely introduced through trade such as algae, arachnids, insects,

and molluscs (Fig. 2d, j, k, m).

To account for variation of first record rates typical for vascular plants, P(t) was assumed to be
proportional to the cumulative number of botanic gardens worldwide. The resulting rates already
increased in the 19" century with a further acceleration around 1900 (Supplementary Fig. 5m-0).
However, the simulated rates are lower compared to the observed ones particularly in the 19™

century, which indicates that additional sources of introduction, such as acclimatization societies,
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have to be considered in addition. Nevertheless, even these simple colonization models can

reproduce observed invasion dynamics relatively well.
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