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Abstract

The geographical exchange of non-native insects can be highly asymmetrical, with some world
regions ‘exporting’ or ‘importing’ more species than others. Several hypotheses have been
proposed to explain such asymmetries, including differences in propagule pressure,
environmental features in recipient regions, or biological traits of invaders. We tested aspects of
these hypotheses in the context of the exchange of non-native insects between North America,
Europe, and Australasia. Europe was the dominant exporter of non-native insect species between
the three regions, with most of this asymmetry arising prior to 1950. The European dominance
could not be explained by differences in import value, source species pool sizes, or native plant
richness in the recipient regions. We identified that the introduction of non-native plants, driven
in part by European colonization, best explains the asymmetrical exchange of non-native insects

between our focal regions.
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Introduction

Biological invasions can transform ecosystems, with serious ecological, economic, and cultural
consequences worldwide. Non-native insects have been implicated in displacing native species,
altering the composition of ecological communities, damaging economically important plants

including trees and food crops, vectoring diseases, and more'-2. Biosecurity measures of various
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kinds, such as phytosanitation and surveillance programs, are implemented in many countries to
minimize new non-native insect establishments; these measures are informed in part by
knowledge of the most likely invasion pathways and the taxa that pose the greatest risk®. Overall
risk associated with the invasion of an individual insect species is determined both by the
probability that the species becomes established and the damage that it is likely to cause once
established. In turn, a species’ establishment probability is affected both by the likelihood that it
is transported to the recipient region and the probability that arriving populations successfully
sustain themselves®.

An intriguing aspect of invasion risk is that some regions “export” disproportionately
more non-native insects during biotic exchange than others. For example, considerably more
phytophagous forest insects have invaded North America from Europe than the reverse’. The
question of why such asymmetries occur has fascinated ecologists for decades, with several
mutually compatible hypotheses offered’®:

1) The source species pool size hypothesis: the number of invaders from a region should

be proportional to the number of species in that region®. Using simulations, Seebens
et al.” showed that the total number of species that will eventually establish into a
region is determined mostly by the size of the pool of potential invaders. However,
they also note that the pool of potential invaders is a subset of the total species pools
and depends on many interacting factors including species distributions and
abundances, environmental suitability, and propagule pressure. Thus, species richness
in a donor region is an imperfect proxy for the size of the pool of potential invaders

coming from that region.
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85 2) The propagule pressure hypothesis: differences in the rate of establishments between

86 regions are driven by differences in arrival rates caused by differences in the

87 magnitude of trade or other invasion vectors’®!°, International trade dominates as a

88 driver of propagule pressure, though it is partly counteracted by biosecurity

89 measures'’. Propagule pressure may be the most important determinant of

90 establishment success, as high propagule pressure is likely required to overcome

91 environmental and demographic stochasticity, and Allee effects such as mate-finding

92 failure!!. Recent literature suggests that trade patterns correlate well with the

93 establishment rates of non-native insect species'>"'*. In addition, events such as world

94 wars and accelerating globalization which affected arrival rates have also left their

95 mark on temporal patterns of species establishmens'>!®. However, as trade increases,

96 the per-shipment probability of transporting new species does not scale linearly.

97 Additional shipments do not bring entirely new assemblages of species, but rather

98 ‘samples’ of species pools that have previously been sampled from. Species that are

99 abundant in a donor region are more likely to be transported to a recipient region and
100 become established earlier than less abundant species, leading to a decline over time
101 in the number of novel species that are introduced to the recipient region.
102 Consequently, effects of increasing trade may be attenuated by the gradual exhaustion
103 of donor species pools and the saturation of invaders in the recipient region'®!2.
104 3) The recipient environment hypothesis: differences in the environments of recipient
105 regions (e.g., climate, ecology, or existing biota) may promote or inhibit invasion.
106 The lack of suitable climates or host plants may explain many failed establishments

107 of introduced insects. Furthermore, approximately 75% of herbivorous insects exhibit
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6
a degree of host-specificity!’, thus successful establishment may depend on the
phylogenetic similarity of potential host plants between the native and non-native
habitats!!. Diversity of both native and non-native host plants appears to be a strong
driver of insect invasions'®. The role of non-native plants in facilitating the
establishment of insects is particularly noteworthy given that European colonization
promoted the worldwide establishment of European plants and increased the
similarity of floral composition between empires and their colonies'’.

4) The invader quality hypothesis: differences in the biological traits of insects native to

some regions may make them better at invading or competing than those native to
other regions’*8. For example, life history traits such as asexual reproduction (e.g.,
parthenogenesis) and sib-mating are likely to reduce mate-finding failure in incipient
populations, strong dispersal abilities may help individuals find suitable host plants,
and species that are effective at colonizing disturbed habitats may be particularly
effective invaders!!.

In their influential 1996 paper, Niemeld and Mattson’ favored the recipient environment
and invader quality hypotheses to explain a relative overabundance of European phytophagous
insects in North America compared to the converse. They proposed the existence of a ‘European
crucible’ resulting from repeated and extensive glaciations which pushed species into highly
isolated refugia. The European crucible may have led to the extinction of many plant genera
(particularly of trees), reducing the availability of suitable niches for phytophagous insects.
Furthermore, repeated isolation and release from refugia may have made European species
superior competitors in disturbed and fragmented habitats, possibly increasing their ability to

invade novel habitats>. However, aspects of Niemeld and Mattson’s European crucible
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hypothesis are controversial; when non-native insects from all world regions are taken into
consideration, Europe has approximately as many established non-native forest insects as does
North America, and does not appear to be particularly resistant to invasion?’. This suggests that
the asymmetry in non-native forest insects exchanged between Europe and North America may
be a consequence of the specific invasion pathways and histories between these two regions.

We considered the above hypotheses in the context of asymmetric exchange of all non-
native insect taxa between three world regions that engage in significant anthropogenic
interactions and exchange of species: North America, Europe, and Australasia (limited to
Australia and New Zealand in our analyses), with the goal of testing predictions arising from the
source species pool size, propagule pressure, and recipient environment hypotheses:

1. Prediction for the source species pool size hypothesis: donor regions with greater
richness of native insect species will export proportionally more insects to
recipient regions.

2. Prediction for the propagule pressure hypothesis: differences in trade volume,
using inflation-corrected import values as a proxy, will drive differences in the
exchange of non-native insects between region pairs among Europe, North
America, and Australasia.

3. Prediction for the recipient environment hypothesis: recipient regions with greater
richness of native or non-native plants may provide greater niche diversity, and
thus facilitate the establishment of non-native insects.

Due to the difficulty of quantifying the ‘invasiveness’ of regional source species pools,
we only indirectly address the invader quality hypothesis as a possible explanation for variation

that cannot be convincingly attributed to other causes. An additional difficulty is that records of
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154  first discovery may be a poor proxy for dates of establishment, due to the time lags that usually
155  occur between establishments and discoveries?!. We addressed this concern by using Poisson
156  process models that allowed prediction of discovery time lags and the numbers of annual
157  establishments that best fit records of first discoveries. By drawing on recent literature and
158  combining datasets of annual discoveries of non-native insects and annual import values, we
159  have confirmed that disproportionate numbers of European insects have established into North
160  America and Australasia, across all taxa. However, our analyses do not support the notion that
161  differential import values or native plant diversity in the recipient regions are shaping these
162  asymmetries. Instead, we propose that the disproportionate invasion of European insects into
163  North America and Australasia can be explained by European colonization, which facilitated the
164  establishment of European plants and their associated insects and changed floral composition

165  such that European insect invaders were more likely to find suitable host plants.

166 Methods

167  Datasets and world regions

168  Insect establishment data were based on the International Non-native Insect Establishment

169  database?, supplemented by several other online datasets®**2°. We used an automated

170  taxonomic cleaning script’’ using the GBIF?® API to standardize species names (merge

171  synonyms and correct misspellings).

172 We worked with a subset of the establishment database that allowed us to compare non-
173 native insect discoveries between donor and recipient regions. The chosen regions were North
174  America (NA), Europe (EU), and Australia and New Zealand combined into an Australasian
175  region (AU). Note that there were minor mismatches in the spatial extents of these regions

176  depending on context. For example, as a donor region, Australasia included Papua New Guinea,
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9
177  but as a recipient region, it only included Australia and New Zealand because we did not have
178  non-native insect discovery records for Papua New Guinea.
179 For all analyses except the regional counts of non-native insects reported in Table 1, we
180  excluded discovery records where: (1) species had native ranges spanning multiple
181  biogeographic regions (e.g., Holarctic or cosmopolitan species); (2) the native ranges and
182  establishment regions were the same (indicating species spread within these regions); (3) the
183  establishment was limited to “indoors” (e.g., greenhouses); or (4) the establishment was a result
184  of intentional introduction. This left us with a dataset of 2,324 non-native insect discovery
185  records across the six pairwise routes between North America, Europe, and Australasia. For the
186  regional counts of non-native insects reported in Table 1, we only excluded intentional and
187  indoor-only establishments.
188 Trade data were obtained from the TradeHist database®®, modified with modern ISO-3
189  country codes. The TradeHist database describes the annual value of trade goods from 1827—
190 2014 in British pounds sterling (not corrected for inflation) flowing from origin to destination
191  countries. We corrected all trade values for inflation relative to 2020 based on the annual percent
192 change of the UK retail prices index*’. We grouped the origin and destination countries into the
193  same regions as above (North America, Europe, and Australasia), with some minor unavoidable
194  differences where national borders did not follow biogeographic boundaries. From these
195  groupings of countries, we created a subset of the TradeHist database representing the six
196  directional pairwise routes between North America, Europe, and Australasia by summing annual
197  trade value across all countries within each region. Records of trade between countries within

198  each of the resulting biogeographic regions were dropped.
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10
199  Analyses and Poisson process models
200  We obtained estimates of species richness for native vascular plants, non-native vascular plants,
201  and native insects in our focal regions from a variety of literature sources (see citations in Table
202 1). However, we could not find an estimate of native plant richness for the combined
203  geographical area of Australia and New Zealand. Because endemism of native plants in New
204  Zealand is estimated to be greater than 80%°° we used the sum of native plant richness in
205  Australia and New Zealand, based on the assumption that relatively few species would be
206  common to both regions. The total numbers of discovered non-native insects in each region were
207  calculated as the sums of unique non-native insect species binomials in each region’s discovery
208  records, after excluding intentional and indoor-only introductions but prior to any further
209  exclusions. We used G-tests (log-likelihood ratio goodness-of-fit tests) to test the null hypothesis
210  of equal species richness of plants and insects, both native and non-native, between our three
211  regions.
212 To investigate simple spatial asymmetries in non-native insect discoveries, we tallied the
213 number of first discoveries of non-native insects for each of the six directional pairwise routes
214 between North America, Europe, and Australasia. We investigated possible explanations based
215  on plant and insect richness by calculating the proportions of non-native insect discoveries to (i)
216  native insect richness in the donor community, (ii) native plant richness in the recipient
217  community, and (ii1) the richness of non-native plants which established from the donor to the
218  recipient. To compare the variation between these proportions and non-native insect discoveries,
219  we calculated the coefficients of variation (CV; standard deviation divided by the mean)

220  separately for each metric.
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221 To further investigate temporal patterns of non-native insect establishments between the
222 six routes, accounting for lags between species establishments and discoveries, we used a

1.3! and Morimoto et al.*. These

223 Poisson process modelling approach modified from Costello et a
224 models estimated the lag between establishments and discoveries, predicted the annual

225  establishments necessary to fit to observed discoveries given the lag estimates, and (optionally)
226  modelled reductions in the per-unit-import rate of non-native insect establishments due to the
227  saturation of finite species pools. Because the Poisson-process models depend on dated

228  discovery data, we excluded discovery records with unspecified dates. This left us with 1,945
229  dated records (84% of the dataset).

230 We omitted an intercept term in our models, forcing them to account for all

231  establishments as a function of imports. We modelled the saturation of establishments as a non-
232 linear (squared) probability of establishment based on the assumption that the invader pool will
233 be rapidly depleted of its more numerous and/or best invaders. These modifications were

234 necessary to produce good fits to our data — initial attempts to use the same models as in

235  Morimoto et al.>? resulted in nonsensical parameter estimations and poor fits in most cases. Our

236  full model was as follows:

/1t ZTUtSt

dee”
—(1-%= )
= (1- g

t
N; ~ Poisson| §; = Z Aipjt

j=182

(1)

pje= m(1l— ),

237
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238  where:

239 Asis the predicted number of new non-native establishments in year ¢,

240  r is the number of species established per billion pounds sterling (prior to saturation),

241 v;is the value of imports (2020 billion pounds sterling) in year ¢,

242 s;1s the per-species probability of establishment in year ¢,

243 d.1s the (observed) cumulative species discovered by year ¢,

244 dg 1s the number of discoveries after which new establishments cease (saturate),

245  N;is the actual number of non-native discoveries in year ¢,

246 0, 1s the predicted number of non-native discoveries in year ¢,

247  p;.1s the probability that a species which established in year j will be discovered in year ¢,
248  and = is the annual probability of discovery.

249 The cumulative sum of discoveries (d. ;) was calculated by summing the number of
250  annual discoveries from the first year of records (1827) to year ¢, inclusive. We used the sum of
251  discoveries instead of establishments for modelling the saturation of species pools because
252 discovery sums could be easily calculated from the original data. The main drawback to this
253  technique was that it slightly complicated the interpretation of the saturation parameter (dsat):
254 rather than being a predicted maximum number of established species, it was the predicted
255  number of discoveries at which point the maximum number of established species had been
256  reached.

257 All analyses were performed in R 4.1.0%. We fit the models to observed annual

258  discoveries (N;) for each combination of donor and recipient region, minimizing the maximum
259  likelihood as described by Morimoto et al.>*:

260
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t
L(r, dgge ) 1_[ exp(—5,)8,"), @)
j=1827+T1
261
262 where 7 =20 as “preservation years” to prevent fitting the model to species that

263  established prior to 1827 (the first year of discovery records in our database) but were discovered
264  after 1827. Without these “preservation years”, J; (the predicted number of discoveries in year ¢)
265 may be underestimated near the start of the dataset because there will be a lack of prior years of
266  predicted establishments from which to model the lagged discoveries*2. We also used a reduced
267  model which omitted the saturation effect from Eq. (1), effectively making s; a constant with a
268  value of 1. We then removed the associated parameter (dsa,) from Eq. (2). This “without

269  saturation” model was otherwise identical to the full model.

270 For parameter estimation, we set lower and (in a few cases) upper bounds on each

271  parameter using the ‘L-BFGS-B’ method**. We bounded the rate of establishments () to > 0.005
272 non-native species per billion pounds sterling, and the annual probability of discovery () to

273  between 0.0125 and 0.95 (corresponding to 1.05 — 80 years of discovery lag). For the saturation
274  term (dsu), we set the lower bound to the cumulative number of dated discoveries, which varied
275  for each of the six routes (1121 for EU to NA, 205 for NA to EU, 349 for EU to AU, 70 for AU
276  to EU, 74 for NA to AU, and 53 for AU to NA), with no upper bound. We fit both the full and
277  reduced models (the latter lacking the saturation term) to each establishment route and selected
278  the one with the lowest Akaike information criterion (AIC) value.

279 The R function optim was employed for all the parameter estimation in Poisson process
280  models (R Core Team, 2022). The confidence intervals are approximately calculated using the

281  inverse of the Hessian matrix evaluated at the last iteration in the optimization process. For
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parameters with lower or upper bounds, we truncated the confidence intervals to the parameter
estimation boundaries.
Observed annual discoveries and model predictions of annual establishments and
discoveries were plotted as cumulative curves versus cumulative import value, based on Levine

and D’ Antonio'?.

Results

Regional differences in cumulative discoveries, plant richness, and species pools

Table 1. Approximate numbers of described native and non-native vascular plants and insects in
North America (NA, north of Mexico), Europe (EU), and Australasia (AU). Counts of non-
native insects are from all world regions in our dataset (excluding intentional and indoor-only

introductions). All other counts are obtained from literature or taxonomic databases (see

citations). We used log-likelihood ratio goodness-of-fit tests (G-tests) to assess the equality of
counts between regions for each category.
Vascular plants Insects
Native Naturalized non-native Native Non-native
(extra-continental)®’ (all origins)
North America 15,4473 3,513 in total 87,107%7 3,364
(1,839 from EU
364 from AU)
Europe 16,00038 1,883 in total 94,000%° 1,439
(759 from NA
163 from AU)
Australasia ~21,826" 3,371 in total 81,667424 2,146
(19,324 in Australia®, (1,322 from EU (1,004 in Australia,
2,502 in New Zealand*!) 775 from NA) 1,543 in New Zealand)
G(df=2) 1,363 (p <0.001) 601 (p <0.001) 955 (p <0.001) 813 (p <0.001)

* Assuming few native species are common to both Australia and New Zealand due to high endemism of plants in
New Zealand™’.
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298 Species counts of vascular plants and insects, both native and non-native, differed
299  significantly between North America, Europe, and Australasia (all p <0.001; Table 1). Counts of
300 non-native plants and insects are particularly variable between regions and follow similar
301  patterns: Europe has approximately half as many non-native plants as North America or
302  Australasia, 57% fewer non-native insects than North America, and 33% fewer non-native

303  insects than Australasia (Table 1).
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a. ncn-native insects (NNI) (CV: 123%) b. NNI/donor insect richness (CV: 120%)

. North America . Europe . Australasia

Figure 1. Counts of discovered non-native insects exchanged between North America, Europe,

and Australasia (a) and the proportions of these counts to the richness of native insects in the
donor regions (b), the richness of native plants in the recipient regions (c), and the number of
non-native plants established from the donor to the recipient regions (d). Proportions were
calculated from the values in Fig. 1a and Table 1. Arrow widths are proportional to the
counts/proportions. CVs are the coefficients of variation (standard deviation divided by the

mean) for each of the six counts/proportions per panel.

European insects accounted for 80% of the discoveries of non-native insects exchanged
between Europe, North America, and Australasia. The bidirectional exchange of species between
Europe and North America was highly asymmetrical, with 6.1 times more European insects

discovered in North America than the converse. Nearly the same relationship was seen between
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Europe and Australasia, with 5.8 times as many European insects discovered in Australasia than
the converse (Fig. 1a).

The relative magnitudes and coefficients of variation for non-native insect discoveries
were similar regardless of whether they were based on simple counts of non-native insects, their
proportions to donor species pool sizes, or their proportions to recipient native plant richness. In
contrast, expressing non-native insect discoveries as proportions of the numbers of non-native
plants established over the same routes reduced the apparent asymmetries between donor and

recipient pairs, and consequently reduced the coefficient of variation (Fig. 1).

Spatiotemporal analyses and Poisson process models
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327  Figure 2. Cumulative discoveries (observed and modelled) and establishments (modelled) of
328  non-native insects exchanged between Europe (EU), North America (NA), and Australasia (AU)
329  versus cumulative import value (inflation-corrected to 2020 British pounds sterling), 1827-2014.
330  Alternating background shading indicates decade boundaries, with shading omitted prior to the

331  1940s for clarity.
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332 Per-unit-import establishments of European insects into North America began to slow in
333  the 1950s, indicated by highly convex plots of cumulative establishments/discoveries versus
334  cumulative imports. The best model included a saturation effect. By 1950, approximately 75% of
335 non-native insects from Europe had already established into North America (Fig. 2a). In contrast,
336  ~25% of establishments from North America into Europe had occurred by 1950, with only a
337  slight indication of convexity in the rate of per-unit-import establishments (Fig. 2b).
338 The patterns of cumulative establishments and discoveries between Europe and
339  Australasia resembled those between Europe and North America (compare Figs. 2¢, d with Figs.
340  2a, b). Cumulative plots of establishments and detections of European insects in Australasia are
341  strongly convex, with the best model including a saturation effect. As with the model of
342  European insects into North America, approximately 75% of insect establishments from Europe
343  into Australasia had occurred by 1950 (Fig. 2¢). Establishments and discoveries of Australasian
344  insects into Europe showed no effects of saturation, with both observations and models of non-
345  native species exhibiting a linear relationship to imports (Fig. 2d).
346 Establishments and discoveries of non-native insects between North America and
347  Australasia were within the same order of magnitude in both directions (Fig. 2e, f). There was
348  evidence of saturation in the exchange of non-native insects in both directions between North
349  American and Australasia, though less so from Australasia to North America.
350 Much like the simple comparisons of total cumulative non-native insect discoveries, the
351  Poisson process models showed strong asymmetries in the exchange of non-native insects

352  between Europe and North America, and between Europe and Australasia.
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Table 2. Parameters and 95% confidence intervals of Poisson-process models of establishments
and lagged discoveries of non-native insect species exchanged between Europe (EU), North
America (NA), and Australasia (AU). All models included a parameter for imports (7, the
number of annual establishments per billion pounds sterling) and lag (=, the annual probability of
discovery of established species). Models including an additional term for saturation (a decrease
in establishment probability as the cumulative number of discoveries approaches dsq;) were

selected for most invasion routes, with model selection based on Akaike information criterion

(AIC) values.

Route Best model Annual Discoveries at Annual discovery Lag years

(AAIC of next-best model) establishment rate, maximum probability, © (95% CI)
(95% CI) establishments, (95% CI)
dsat (95% CI)

EU to NA  Imports + saturation + lag 1.58 1121 0.0277 36.1
(2118) (1.40-1.77) (1089-1153) (0.0345 - 0.0208) (29.0 - 48.0)

NAto EU  Imports + saturation + lag 0.0194 701 0.499 2.0
(6.08) (0.0144 — 0.0245) (290 -1114) 1-0) (1.00 - )

EUto AU  Imports + saturation + lag 1.212 366 0.0245 40.9
(251) (0.825 - 1.60) (312 -419) (0.0386 — 0.0103) (25.9-96.7)

AU to EU  Imports + lag 0.0647 n/a 0.0259 385
(2.0% (0.0173-0.112) (0.0690 — 0) (14.5 — 0)

NAto AU Imports + saturation + lag 0.771 76 0.0721 13.9
(99.6) (0.448 — 1.09) (68-83) (0.141 - 0.00354) (7.11 —283)

AU to NA  Imports + saturation + lag 0.621 53 0.0153 65.5
(8.37) (0-2.23) (1.60-104) (0.0598 - 0) (16.7 — )

* Although this low AAIC could be considered “substantial evidence” for both the full and reduced model**, the dsa parameter
estimate in the full model greatly exceeded the number of insect species in the donor region, thus the full model effectively
lacked saturation and was not ecologically appropriate.

Discussion

Considerably more insects have invaded North America and Australasia from Europe than in the
opposite directions (Fig. 1). This concurs with the previously observed overrepresentation of
tree-feeding insects from Europe in North America’, and with non-native insects from the
western Palearctic (i.e., Europe) being overrepresented in New Zealand*’. Our results
demonstrate that these asymmetries are consistent across all insect taxa, including non-

phytophagous insects.
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372 Asymmetries in establishments between different routes may arise from differences in the
373  size of donor species pools, and thus the numbers of potential invaders®. The numbers of
374  described native insects differed significantly in size between Europe, North America, and
375  Australasia (Table 1), but these differences were small compared to the differences in cumulative
376  establishments across the various routes between the three regions. We also caution that small
377  differences in described species richness may be a consequence of differential scientific effort,
378  and not necessarily a true reflection of the ecological community. When we expressed the
379  numbers of non-native insect discoveries exchanged over each route as proportions to the
380 richness of native insects in the donor regions, the resulting coefficient of variation was not
381  noticeably different from that of unadjusted insect discoveries (Fig. 1a, b). We are confident in
382  rejecting the hypothesis of differences in source species pool sizes as a major factor driving the
383  asymmetrical exchange of non-native insects between Europe, North America, and Australasia.
384 After a non-native species establishes, there is typically a time lag until it is discovered *°.
385  Differential discovery lags may lead to asymmetries in cumulative discoveries (but not
386  establishments) between regions. Our models attempted to account for this by estimating the lag
387  between establishment and discovery, allowing us to compare predicted establishment curves
388  among invasion routes. According to these models, the maximum rates of establishment per unit
389  of import value () of European insects into North America and Australasia were 81 and 19 times
390  greater, respectively, than the establishment rates into Europe from these regions (Table 2).
391  Europe and North America have similar climates and floral composition*’ and a longer period of
392  colonial contact than between Europe and Australasia®®, and these factors likely facilitated the

393  relatively greater exchange of insects between Europe and North America.
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394 The rates of non-native insect establishments between our focal regions have shifted
395  markedly over time. While the overall rate of global establishments of non-native species has not
396  slowed”'*, our results show that establishments of European insects in North America and
397  Australasia per unit of import value have drastically decreased since 1950 (Figs. 2a, c).
398  Similarly, Levine and D’ Antonio'? noted a decline in the rate of accumulation of exotic species
399  per unit of imports in the United States and attributed this to a reduction in the per-ship
400  probability of introducing a species due to the exhaustion of local source species pools.
401  MacLachlan et al.'* estimated rates of non-native Hemiptera establishments in the USA over
402  time and found that the risk of species establishment per unit of imports declined from 1850 to
403 2000, attributing this either to species pool depletion or improved biosecurity effectiveness.
404  Forecasted accumulations of Asian and European bark beetles (Scolytinae) in the USA suggested
405  that the rate of establishments per value of imports will slow over time!?. There were also
406  declines in the rates of non-native insects exchanged between North America and Australasia,
407  though to a lesser extent (Fig. 2e, f). For North American species established in Australasia, this
408  saturation again starts in the 1950s. For Australasian species established in North America, the
409  evidence for saturation is less convincing, as it is not evident in cumulative discoveries and may
410  be an artifact of an overestimated discovery lag. Discoveries of North American and Australasian
411  species in Europe do not exhibit similarly declining trends and models show only weak or no
412  effects of saturation (Figs. 2b, d). As a result of these trends, the exchange of non-native species
413  per unit of import value between Europe, North America, and Australasia has equalized
414  considerably in recent decades. Most of the asymmetries in discoveries between our focal
415  regions thus accumulated prior to 1950. Although this appears to defy global trends which show

416  accelerating rates of plant and insect invasions after World War II'°, this is largely a consequence
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417  of different ways of measuring establishment rates: as a function of time, or as a function of
418  import value. Declining establishments per unit of import value do not necessarily translate into
419  declining annual establishments, as import values have increased exponentially over time '°.
420  Should these trends continue, the imbalance of established European insects in North America

1.4 also

421  and Australasia versus the reciprocal exchange will diminish over time. Seebens et a
422  predicted that the rate of non-native arthropod establishments in North America and Australasia
423 would plateau (NA) or slow (AU) through to 2050, while the rate of establishments in Europe
424 would accelerate.

425 Although we have modelled the declines in per-unit-import establishments as a gradual
426  exhaustion of source species pools, it is also likely that biosecurity measures have contributed.
427 International biosecurity regulations, specifically phytosanitary measures, began in earnest in the
428  latter half of the 20™ century>’. With plant-feeding insects making up 58% of all non-native

429  insect species in our dataset, strengthened phytosanitary measures applying to pathways

430  including live plants, wood, and crops have almost certainly led to contemporary reductions in
431  per-unit-import rates of establishments. Historically, Europe has had relatively weak

432  phytosanitary measures, while Australia and New Zealand have maintained strict phytosanitary
433 policies for many decades®'. The lack of obvious saturation in the establishments of North

434  American and Australasia insects into Europe may be partly due to Europe’s historically weaker
435  biosecurity. However, differential biosecurity is unlikely to have played a major role in creating
436  the considerable asymmetries we observed in non-native insect establishments and discoveries
437  prior to 1950.

438 International trade is considered the single most important pathway for unintentional

439  introductions of insects'!, and greater trade activity generally results in greater propagule
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440  pressure of non-native species. Existing literature identifies a positive correlation between import
441  value and the establishment of non-native species’'?"'*. Similarly, our models provided excellent
442 fits of historical inflation-corrected import values to observed non-native insect discoveries (after
443  accounting for gradual depletion of source pools). However, the modelled establishment rates
444 (r), which represent the maximum rates of establishments per unit of imports prior to any
445  depletion of source pools, differ significantly between the Europe to North America route and its
446  converse, and between the Europe to Australasia route and its converse (Table 2). Furthermore,
447  cumulative import values are nearly identical in both directions between Europe and North
448  America, and only slightly greater from Europe to Australasia than in the opposite direction (Fig.
449  2a-d). Thus, contrary to our prediction, and despite the important role of trade in facilitating the
450  establishment of non-native species, differences in import values between region pairs cannot
451  explain the observed asymmetries in cumulative discoveries of non-native insects between
452  Europe, North America, and Australasia. This does not mean we can entirely rule out differences
453  in propagule pressure as a driver of asymmetries; import value is a simplistic proxy that does not
454  tell us about the actual nature of the goods exchanged.
455 Unable to explain the invasional asymmetries between our focal routes as arising from
456  differences in source species pool sizes or trade values, we will now consider how the ecologies
457  of the recipient regions could impact establishment success. Differences in ‘invasibility’ between
458  regions may be driven by differences in the niche diversity available to invaders; plant diversity
459  in the recipient community does, for example, appear to be a strong driver of insect invasion'®,
460  Niemeld and Mattson® proposed that a history of extensive glaciations may have reduced niche
461  diversity in Europe by leading to extinctions of plant genera. At the time of their publication,

462  Niemeld and Mattson noted approximately 18,000 species of vascular plant in North America
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463  (north of Mexico) and 12,000 in Europe, suggesting that this made Europe less invasible to
464  insects’. However, Europe has been fairly heavily colonized by insect invaders from regions
465  other than North America, particularly the Asian Palearctic?’, suggesting that Europe is not
466  strongly resistant to invasion. Additionally, more recent estimates of plant richness show very
467  similar estimates between Europe and North America (Table 1). We find it unlikely that
468  relatively small differences in native host plant richness could lead to such unequal niche
469  opportunities for arriving insects, as observed relationships between plant and insect richness
470  often follow linear or nearly linear relationships®>>*. When we expressed total discoveries of
471  non-native insects as their proportions to the richness of native vascular plants in the recipient
472  regions, the asymmetry between reciprocal routes, as measured by coefficients of variation,
473  increased slightly (Fig. 1¢). This is contrary to predictions that regions with greater native plant
474  diversity would facilitate non-native insect establishments.
475 Europe stands apart from North America and Australasia in having a long imperial
476  history, including the colonization of the latter two regions. This colonization promoted both
477  deliberate and accidental introductions of European plants>’. Introductions of exotic plants by
478  colonial powers accelerated in the 19" and early 20" centuries and have left a lasting legacy on
479  the global flora'®. This is noteworthy, because non-native plant diversity may be a stronger driver
480  of insect invasions than native plant diversity'®. North America and Australasia each have nearly
481  twice as many extra-continental non-native plant species as Europe>® (Table 1). Second to
482  temperate Asia, Europe is the dominant source of non-native plants worldwide, and a
483  considerable proportion of naturalized non-native plants in North America (52%) and Australasia
484  (39%) are native to Europe (Table 1). These patterns are consistent with the observed

485  asymmetries in discoveries of non-native insects between North America, Europe, and
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486  Australasia. When cumulative discoveries of non-native insects between donor and recipient
487  regions were expressed as proportions to the number of non-native plants exchanged between the
488  same donor and recipient regions, the asymmetries between invasion routes are considerably
489  reduced (Fig. 1a, d).
490 The import of European plants into its colonies in North America and Australasia would
491  have promoted the establishment of European insects via two distinct means. First, the import of
492  live plants would have increased the propagule pressure of insects associated with those plants.
493  In the USA, for example, live plant imports may have facilitated the establishment of
494  approximately 70% of damaging non-native forest insects®. Second, naturalization of introduced
495  European plants would have provided a landscape containing suitable hosts even to highly host-
496  specific European insects. As a large proportion of herbivorous insects exhibit some degree of
497  host specificity!’, naturalized non-native plants likely play an important role in facilitating
498  establishments of non-native insects. In Australia, for example, nearly 90% of non-native insect
499  pests and pathogens were associated with non-native plants, only half were associated with
500 native plants, and those associated with native plants were more likely to be polyphagous?®. The
501  establishment of herbivorous insects from a given region may also be facilitated by the
502  naturalization of host plants from a different region, particularly if those host plants are
503  phylogenetically similar to the insects’ native hosts!!. In the context of our focal regions,
504  Australasia contains a unique native flora, whereas Europe and North America are united into the
505  Holarctic floral kingdom*’. Thus, the naturalization of Holarctic plants into Australasia,
506  regardless of their specific origin, may have facilitated both European and North American insect

507  establishments.
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508  Conclusion
509 We have documented strong asymmetries in the rates of discoveries of non-native insects
510  between Europe, North America, and Australasia. These asymmetries were strongest prior to
511 1950 and favored Europe as the dominant source of non-native insects between our focal
512 regions. Our results have allowed us to largely rule out differences in source species pool sizes,
513  overall trade volume (using trade value as a proxy), and native plant diversity as causes of these
514  asymmetries. Although we cannot rule out the possible role of regional differences in insect
515  invasiveness, the introduction of exotic plants driven in large part by European colonization is
516  the most compelling explanation for Europe’s dominance as an ‘exporter’ of non-native insects.
517  This represents both a source of propagule pressure of European insects that was not adequately
518  represented by comparisons of trade value, and changes to floral composition which have
519  facilitated subsequent establishments of European insects. We also cannot rule out other factors
520  not addressed here, such as differences in establishment probability driven by biotic resistance
521  (e.g., native predators and competitors), differences in propagule pressure driven by the specific
522 types of trade goods exchanged between regions, or the effect of establishments originating from
523  non-native populations (‘bridgeheads’). Regardless, we believe our results to be an important
524  step forward in understanding the factors that drive international patterns of non-native species

525 establishments.

526  Data Availability
527 The datasets generated during and/or analysed during the current study are available from

528  the corresponding author on reasonable request.
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