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RESUMEN
Las invasiones bioldgicas son un importante motor de pérdida de biodiversidad. Ciertas
especies exoticas invaden exitosamente las comunidades y alteran los patrones locales de
interacciones ecologicas, afectando el funcionamiento de los ecosistemas (por ej.
polinizacion). En este trabajo nosotros sintetizamos estudios realizados alrededor del
mundo (N=368), para evaluar el efecto de las especies invasoras de plantas y animales en
los polinizadores (tasa de visitas y diversidad) y en la polinizacion (efectividad,
produccion de frutos y semillas). Mostramos que las plantas invasoras poseen un riesgo
mayor para los polinizadores y el funcionamiento ecosistémico que animales invasores,
pero estos efectos dependen del clima. En regiones templadas, el efecto general de los
polinizadores invasores fue positivo para los polinizadores nativos y en el éxito de
polinizacion. Estos hallazgos sugieren que se requiere una mayor inversion para prevenir
y manejar las plantas invasoras, y recalcan el mayor riesgo que representan para los
ecosistemas tropicales. Nuestra sintesis se basa en nuestro conocimiento actual acerca de
los efectos de invasores en la polinizacidn en tres mayores aspectos: (1) la polinizacién es
influenciada por efectos asimétricos en plantas y polinizadores invasores, (2) los estudios
realizados a nivel de comunidad muestran un escenario diferente que aquellos basados en
una sola especie, y (3) el efecto de especies invasoras en la polinizacién es contexto-
dependiente, variando con la latitud, temperatura y precipitacion. Aceptar la complejidad
que tienen las especies invasoras es crucial al momento de entender sus efectos globales

y tomar acciones de conservacion apropiadas.



ABSTRACT
Biological invasions are a major driver of biodiversity loss. Certain exotic species
successfully invade communities and alter the pattern of local ecological interactions,
affecting ecosystem functioning (e.g., pollination). Here we synthesized studies
throughout the world (N=368) to evaluate the effects of invasive plant and pollinator
species on native pollinators (visitation rates and diversity) and pollination success
(effectiveness, fruit set, and seed set). We show that invasive plants pose a greater risk to
native pollinators and ecosystem functioning than invasive pollinators, but such effects
largely depend on climate. In tropical regions, both invasive plants and pollinators
consistently negatively impacted on native pollinators and pollination success. However,
in temperate regions, the overall effect of invasive pollinators was positive on native
pollinators and pollination success. These findings suggest that more investment is
required to prevent and manage plant invasions and highlight the higher risk posed to
tropical ecosystems. Our synthesis builds upon our current knowledge about invasive
effects on pollination in three major aspects: (1) pollination is influenced by asymmetric
effects on invasive plants and pollinators, (2) studies conducted at community level depict
a different scenario than those based on a single species, and (3) the effects of invasive
species on pollination are context-dependent, varying with latitude, temperature, and
precipitation. Embracing the complexity that invasive species have is crucial to understand

its global effects and take appropriate conservation actions.



INTRODUCTION

Biological invasions are one of the main drivers of biodiversity loss worldwide.
Altogether with climate and land-use changes, invasive species are leading to a global
decline of pollinators (Potts et al. 2010; Aizen et al. 2008) and pollination services
(Gonzalez-Varo et al. 2013; Pejchar and Mooney 2009). Invasive species can rapidly
integrate into pollination networks via generalist flower visitors and morphological trait
similarity (Stouffer et al. 2014; Arroyo-Correa et al. 2020), affecting native species in
many possible ways. For example, invasive species can increasing facilitation or
competition interactions, alter the structure of pollination networks, and strongly affect
specialized or rare species (Gonzalez-Varo et al. 2013; Carvalheiro et al. 2008; Bartomeus
et al. 2008b; Lopezaraiza-Mikel et al. 2007; Memmott and Waser 2002; Montero-Castafio
and Vila 2017). In the past decades, our understanding of how an exotic species succeed
to establish has improved (Rejmanek and Richardson 1996; Sakai et al. 2001) and shifted
from a species perspective to a community perspective (Memmott and Waser 2002;
Bartomeus et al. 2010). However, while many syntheses have looked for general patterns
of invasive plants (e.g., Morales and Traveset 2009; Vila et al. 2011; Montero-Castafio
and Vila 2012), the impacts of invasive pollinators remain less studied, and our knowledge
on them is usually are related to croplands (e.g., Montero-Castafio et al. 2016) due to their
economic importance (Klein et al. 2007).

Managed pollinator species, like Apis mellifera and Bombus terrestris, are highly
efficient crop pollinators and sometimes are introduced to compensate for wild pollinator

deficit (Klein et al. 2007; Trillo et al. 2018). Generally, those pollinators are used because



they are cheap, versatile, and generalist (Klein et al. 2007), reaching high abundances in
short times (Gonzalez-Varo et al. 2013). On the other hand, invasive plants require long
time-lags to reach a significant abundance in the invaded community (Gonzélez-Varo et
al. 2013). Therefore, successful invasive plants probably have long flowering periods,
allowing them to ensure proper pollination and reproductive success (as Memmott and
Waser 2002 discuss). Nevertheless, little is known about the differential effects that
invasive plants and pollinators exert on pollinator communities and pollination
interactions, as those factors are rarely assessed simultaneously. Moreover, while the
previous synthesis works on the impact of invasive plants on pollination have shown
negative impacts on visitation rates and reproductive success of native plants (Morales
and Traveset 2009; Vila et al. 2011), they also show that the impact is highly context-
dependent among species and ecosystems (Carvalheiro et al. 2014; Bartomeus et al.
2008b; Vila et al. 2009; Charlebois and Sargent 2017). Thus, different studies report
contrasting results, as in some cases, the effect is positive (e.g., Lopezaraiza-Mikel et al.
2007) and in others negative (e.g., Kandori et al. 2009). When invasive plant species
integrate into native ecological networks, topology alterations are expected as invasive
species usually establish strong links with their counterparts, acting as super-generalists
(Montero-Castafio and Vila 2017; Bartomeus et al. 2008b; Bartomeus et al. 2010).
Similarly, invasive animal species rapidly become the most abundant pollinator, acting as
super-generalists, and sometimes the most effective pollinators (Medel et al. 2018;
Gonzélez-Varo et al. 2013).

Besides the trophic level, the geographic context is also rarely assessed in studies

on the impacts of invasive species' effect on pollination. Latitudinal and climatic



differences between regions can have an important influence on the strength of biological
effects. Abiotic factors, as precipitation and temperature, may affect both flowering
phenology and pollen vectors (Rathcke and Lacey 1985; Fenner 1998). Also, the
temperature has a direct effect on germination times, increasing competition by positively
selecting plants with the earliest germination (Rathcke and Lacey 1985). In temperate
zones, both temperature and precipitation are likely to affect flowering times. Contrarily,
in tropical regions, precipitation is usually the determinant factor as the temperature is
stable around the year (Fenner 1998). In temperate zones, flowering and pollination
activity is concentrated in one season (i.e., spring), which may promote either facilitation
(e.g., earlier flowering may increase visitation rates to later plants) or competition for
floral resources and pollinators (Rathcke and Lacey 1985). Therefore, these conditions
promote generalist plant-pollinator systems (Johnson and Steiner 2000; Armbruster and
Baldwin 1998). Invasive pollinators, like honeybees and bumblebees, can start foraging
earlier, flying longer distances (Montero-Castafio and Vila 2012).

Invasive pollinators could exert adverse effects by increasing competition with
native species due to feeding niche overlap, while invasive plants may be welcomed by
generalist pollinators, reducing pollination services on native plants (Morales and
Traveset 2009; Gonzélez-Varo et al. 2013). Also, temperate systems are less diverse than
tropical ones making them more susceptible to invaders, as the biotic resistance hypothesis
states (Jeschke 2014). Contrarily, tropical regions are more diverse, making them less
susceptible to invaders, and have a long period of flowering time with suitable conditions
for plant reproduction and insect activity (Seymour et al. 2003). Because of this,

overlapping in flowering times can be reduced, decreasing the competition within the



community (Fenner 1998). This temporality may promote specialization and niche
segregation (Armbruster 2014; Pauw 2013), making tropical communities less susceptible
to the effects of invasive plants, but as happens in temperate systems, invasive pollinators
may act as robbers, negatively affecting native plant and pollinators (Dohzono et al. 2008;
Saez et al. 2017).

Hence, we hypothesized that (1) both invasive plant and pollinator species would
exert negative effects on pollinators and pollination success, and (2) according to the biotic
resistance hypothesis (Jeschke 2014), temperate communities would be more susceptible
than tropical ones. Here we performed a meta-analysis (based on 368 study cases: 89 for
animals and 279 for plants) to compare the global effects of biological invasions on
pollinators and pollination, comparing the consequences of top-down (animal-mediated)
and bottom-up (plant-mediated) effects. More specifically, we tested if invasive plants and
animals have similar effects (1) on pollinators, and (2) on pollination, and (3) if those

effects vary with the latitude, temperature, and precipitation.



MATERIAL AND METHODS

Literature survey and inclusion criteria

We surveyed the literature on the topic of interest using the 1SI Web of Science, Scopus,
and ScienceDirect databases (January 1988-December 2019). For building the database,
we used the following search terms: “pollinat*” + “nativ*” + one of the following:
“exotic*”, “invasive”, or “alien”, resulting in three different batches of results. From those
search keywords, we obtained 826 papers reporting the effects of invasive plants and
invasive pollinators on pollination. Since we had three different batches, the same paper
could appear in more than one batch, so we removed duplicates obtaining a total of 818
papers. After reading those 818 papers, we excluded 598 and 220 met our inclusion
criteria, defined as follows: (i) studies focused on biotic pollination sensu lato, (ii) studies
comparing invaded (treatment) and uninvaded (control) areas, reporting at least one
measurement of pollination success (pollination effectiveness, fruit set, seed set, and) or
pollinators (visitation rates and pollinator diversity), (iii) studies reporting mean, sample
size and any dispersion measurement (standard deviation, standard error or confidence
intervals). We also distinguished the scale of the studies, separating cases in species-level
and community level (i.e., studies reporting the impact in a whole community, instead of
a particular specie). Literature search procedures followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) statement (Moher et al. 2009). In

concordance with the PRISMA statement, we prepared a standardized flowchart (Fig. 1).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA) flowchart, summarizing the information gathering and selection procedures.

Also, we followed the recommendations of Nakagawa et al. (2017) to get informative
results by taking data independence, publication bias, and the potential effects of outliers.
We obtained 368 case studies from the 220 articles that fulfilled our inclusion criteria
(some papers provide more than one case study). From those, 279 case studies were for
invasive plants (from 66 different papers), and 89 case studies were for invasive

pollinators (from 22 different papers) from the five continents (Fig. 2). In detail, from



invasive plant cases, ten were from tropical regions (which include five community-level
studies and five species-level studies), and 269 are from temperate ones (209 species-level
studies and 60 community-level). Among the invasive pollinator cases, 56 were from
temperate zones (11 community-level studies and 45 species-level studies), and 33 were
from tropical regions (27 species-level studies and six community-level studies). As some
papers presented more than one case study, we consider them as independent cases when
reporting different areas, species, or response metrics, but not different sampling events
in time (in this case, we considered only one event). In the case of many areas with
different levels of invasion were reported, we contrasted the extreme situations. When
data were presented only as graphics, we used GraphClick 3.0 software (Arizona
Software, Switzerland) to extract the information required. Two persons (FEF and VGS)
performed paper screening independently. Therefore, to assess between-reviewer
agreement, we calculated Cohen’s kappa coefficient, which was 95.6% (confidence
interval 93-98%), based on the papers selected for a full-text screening or rejected because

they fail to meet our inclusion criteria (Nakagawa et al. 2017).
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Figure 2. World map with the geographic regions showing the locations of the case

studies included in the meta-analysis.

Pollinator and pollination metrics

To evaluate if invasive plants and animals have similar effects on pollinators (objective
1), we considered following metrics: species diversity (including native species richness,
abundance, and diversity indices, as explained above), and visitation rate (visitation events
per unit of time, being variable among studies). To evaluate if invasive species have
similar effects on pollination (objective 2), we considered the following metrics:
pollination effectiveness (including proportion of flowers pollinated, pollen deposition, %
conspecific pollen), fruit set (i.e., the proportion of flowers producing fruits), and seed set

(i.e., number of seeds produced by flower).



For each study and metric described above, we calculated the effect size of the
impact of invasive species using the formula of the Hedges’ unbiased standardized mean

difference (Hedges’ d, Hedges & Olkin 1985):

d=(u>*1

SEC
where Xk is the mean value of the invaded area, Xc is the mean value of the control area,
Sec is the pooled standard deviation of both treatments and J is a term that corrects effect
sizes according to the sample size (particularly useful in situations where part of the
studies has low sample sizes). Hedges’ d has been largely applied in meta-analyses
performed to answer ecological questions, where the aim is to estimate the magnitude of
the effects of a given treatment (in this case, biological invasions) contrasting the results
to a control situation (Gurevitch et al. 2001). Negative d values are interpreted as a
reduction of the response metric in the invaded area, and positive values mean the
opposite. Mean absolute effects can be classified as: small (d > 0.2), moderate (d > 0.5)

or large (d > 0.8) (Koricheva et al. 2013).

Latitude and environmental variables

We extracted the geographic coordinates of each case study (in the cases that precise
coordinates were not provided, we estimated them using the centroid of the reference area
in Google Earth Pro) and considered absolute latitude (i.e., all positive values, considering
the difference to the Equator irrespectively of north or south, ranging from 18.43 to 64.71
decimal degrees). Using the geographic coordinates of each case study, we obtained

average temperature (ranging from -3.34 to 24.28 °C) and precipitation (ranging from



105.25 to 1882.00 mm) values from WorldClim database version 2.0 (Fick and Hijmans

2017), which is freely available at www.worldclim.org.

Model fitting and selection
We performed all analyses using the metafor package (Viechtbauer 2010) in R 3.6.0 (R
Development Core Team 2019). To evaluate if invasive plants and pollinators have similar
effects on native pollinators and pollination success, we fitted weighted mixed-effects
models (using the R function ‘rma.mv’ from the metafor package) with a maximum
likelihood estimation, to analyze how effect size (related each metric) changes with plant
or pollinator invasive species as recommended by Borenstein et al. (2009). We run
separate models for the effect of plants (bottom-up effects) and the effect of animals (top-
down effects), using each pollinator/pollination success metric as the explanatory variable.
As some studies provided more than one case study (as described above), and some
invasive species were present in more than one study, we included study 1D and the ID of
the invasive species as random effects. To account for taxonomic scale variability (either
species or community level), we included scale as a covariate, along with the interaction
between metric and scale in the models. As we included community-level studies, we were
unable to perform a formal phylogenetic control. However, instead we included invasive
species as a random factor (as explained above) to account for potential inter-species bias.
Climatic conditions can also influence the effect of the invasion and are not solely
dependent on latitude. Therefore, to assess if the impact of invasive species depends on
climate and latitude, we included latitude (as an absolute value), temperature, and

precipitation as covariates. To obtain the model with the best explanatory power for both
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invasive pollinators and plants, we conducted a model selection procedure. For model
selection, we considered 76 candidate models, including a null model (i.e., with no
explanatory variables). We ranked all models using the Bayesian Selection Criterion
(BIC) to select the most parsimonious model (Burnham and Anderson 2004). We
evaluated the effects of latitude, temperature, and precipitation using meta-regressions
(Gurevitch et al. 2001). For presenting the results in forest plots, we decided to split our
results in tropical and temperate (using the average values of latitude, temperature and
annual precipitation values of each data set for visualization purposes). Average values
for invasive pollinators are: (a) tropical zone: latitude = 17.49°, temperature = 21.00°C,
precipitation = 1614.13 mm, (b) temperate zone: latitude = 39.69°, temperature = 10.40°C,
precipitation = 1012.59; for invasive plants are: (a) tropical zone: latitude = 19.75°,
temperature = 21.22°C, precipitation = 1445.23 mm, (b) temperate zone: latitude = 42.53°,
temperature = 10.97°C, precipitation = 851.26 mm. We assessed heterogeneity on the
fitted models using the Q-statistic, which is a y2-distributed metric and tests if there is a
common effect among the case studies included in the meta-analysis model. Large Q
values suggest that effect size differences across case studies do not have a common mean,
may varying for other reasons than sampling error (e.g., environmental factors; Hedges

and Olkin 1985).

Publication bias

We used the funnel plot approach (Hedges and Vevea 1996) to assess publication bias

through the graphical representation of the relationship between effect size and sample

11



size. In the case that we observe funnel plot asymmetries, we conducted a sensitivity
analysis by removing four ‘outlier’ cases with Hedges’ d < -5 values, which may be
causing bias and potentially altering our results (Nakagawa et al. 2017). As we used
mixed-effects models with multiple variables (i.e., ‘rma.mv’ objects), we were unable to
conduct other bias assessments tests (e.g., fail-safe number calculation, trim-and-fill

analysis) as they are not implemented yet for this kind of models.
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RESULTS

Overall, we found that the effects of biological invasions depend on the trophic level of
the invader, with contrasting results being detected for exotic animals and plants, as well
as between species- and community-level studies, and between tropical and temperate
zones. Results from model selection are presented in Table 1. The results of the model
selection for invasive animals are presented in Table S1, and for invasive plants in Table
S2. We found significant heterogeneity at both animal (Qoetween = 338.20, df = 19, P <
0.001, Qtotal = 602.85, df = 69, P < 0.001) and plant (Qpetween = 400.89, df = 32, P < 0.001,
Qtotal = 3288.54, df = 246, P < 0.001) models, indicating that there is not a common effect
Size across case studies.

For invasive animals (which were mainly represented by three species: Bombus
terrestris, Bombus ruderatus and Apis mellifera invading both tropical (e.g., Puerto Rico
or Hawaii) and temperate (e.g., Japan, Argentina, or New Zealand) systems, making 83%
of the case studies), we found that the effects on pollinators and pollination became more
accentuated with increasing absolute value of latitude, the exception being effectiveness
where effects were more accentuated towards the tropics (Fig. 3). Similarly, the effects of
invasive plants became less accentuated farther from the tropics (Fig. 4). We also found
effects of climate that were detected over the effects of latitude, affecting all pollinator
and pollination metrics assessed (Table S2). To illustrate such interactive effects, in Figs.
5 and 6 we present the detailed effects on pollinators and pollination under two geographic
scenarios, one typical form tropical conditions and another typical from temperate

conditions.
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Table 1. Model selection results for effects of latitude (lat), temperature (tmp),
precipitation (pp) and taxonomic scale (species or community) on the different metrics of
pollinators and pollination here evaluated. Model selection was based on Bayesian
Information criterion (BIC), and variation of BIC from each model to the most
parsimonious model (ABIC) is also presented along with model weights (oi). LLV = log-
likelihood value. For each case (invasive animals or plants) we present ABIC <2 models

and the null model.

Rank | Model LLV BIC ABIC | wi
Animal

mé7 rma.mv(d~metric*lat+metric*tmp+metric*pp+pp*scale) -255.95 610.65 | 0.00 0.77
mé3 rma.mv(d~metric*lat*scale+metric*scale+pp*metric) -255.59 614.42 | 3.77 0.12
m73 rma.mv(d~metric*lat+metric*tmp-+metric*pp+pp*scale+tmp*scale) -255.62 614.47 | 3.83 0.11
mNull | rma.mv(d~1) -347.58 708.63 |97.99 | 0.00
Plant

m55 rma.mv(d~metric*lat*scale+metric*tmp*scale+metric*pp) -1199.45 | 2595.99 | 0.00 0.72
m57 rma.mv(d~metric*lat*scale+metric*tmp*scale+metric*pp+pp*scale) -1198.41 | 2599.10 | 3.10 0.15
m56 rma.mv(d~metric*lat*scale+metric*tmp*scale+metric*pp*scale) -1195.37 2599.53 | 3.54 0.12
mNull | rma.mv(d~1) -1399.29 | 2815.47 | 219.48 | 0.00
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Figure 3. Meta-regression plots of latitude against pollination (left panels) and pollinator
(right panels) metrics for invasive animals. The figure shows that for most metrics (all
except effectiveness), negative effects are more likely to be detected closer to the tropics

and positive effects are more likely to be detected at greater latitudes.
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Figure 4. Meta-regression plots of latitude against pollination (left panels) and pollinator
(right panels) metrics for invasive animals. The figure shows that for most metrics (all
except effectiveness), negative effects are more likely to be detected closer to the tropics

and positive effects are more likely to be detected at greater latitudes.
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Effects on pollinators

We found no significant impact on both pollinator diversity and visitation rates in
tropical regions (Fig. 5a). In temperate zones, however, we found that invasive
pollinators have a positive effect on pollinator diversity and visitation rates, and these
effects were most accentuated in studies conducted at the species level (Fig. 5b).

For invasive plants, we found a negative effect on native pollinators in tropical
zones, on pollinator diversity at the species level and visitation rates at the community
level (Fig.6a). As we detected for invasive pollinators in temperate zones, we found a
positive effect of invasive plants on pollinator diversity (significant at the species level,

Fig.6b).

Effects on pollination

In both tropical and temperate regions, we detected positive effects of invasive animals
(Fig. 5) on pollination effectiveness for those studies conducted at the species level, but
not at the community level. In turn, we found negative effects on fruit set (at community-
level studies) in tropical zones, but a positive effect on fruit and seed set at temperate
zones (at species-level studies). Regarding invasive plants (Fig. 6), we found a negative
effect on pollination effectiveness in temperate zones (at community level), and negative

effects on fruit and seed set in all cases.
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Figure 5. Effects of invasive animals. (a) Mean effects at temperature = 20.68°C,
precipitation = 1726 mm, latitude = 18.85° (tropical conditions), and (b) temperature =
10.32°C, precipitation = 1012 mm, latitude = 39.75° (temperate conditions), contrasted
between species and community levels. Error bars represent the 95% confidence interval.

Estimates were extracted from best model obtained.
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Figure 6. Effects of invasive plants. (a) Mean effects at temperature = 21.22°C,
precipitation = 1445 mm, latitude = 19.75° (tropical conditions), and (b) temperature =
10.97°C, precipitation = 851 mm, latitude = 42.53 ° (temperate conditions), contrasted
between species and community levels. Error bars represent the 95% confidence interval.

Estimates were extracted from the best model obtained.
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Publication bias

The funnel plot from invasive pollinator data (Fig. 7) showed symmetric distribution with
no outlier points. However, we observed asymmetry in the funnel plot from invasive plant
data (Fig. 8) resulting from four outlier points. Therefore, we conducted a sensitivity
analysis and estimated all coefficients again, excluding that points, but results obtained
have not changed their direction or significance (Table S3), indicating that our results are

robust and not affected by these outliers.

0.316
|
[}

0.304

o
- ST

Precision (1/SE)
0.292
|

0.28
]

0.268
|
[ )

T T T T I
-10 -5 0 5 10

Residual Value

Figure 7. Funnel plot obtained for the invasive animal dataset. Gray scale represents the
confidence intervals at 90, 95 and 99%.
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Figure 8. Funnel plot obtained for the invasive plant dataset. Gray scale represents the
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DISCUSSION
Despite the importance of pollinators for ecosystem functioning and the recognized
influence of climate on biodiversity patterns, little was known on how variable the impacts
of invasive species were on pollinators and pollination between tropical and temperate
regions. Here we show that invasive plants are more likely to impact pollinators and
pollination success than invasive pollinators (mainly commercial bees), and those
negative impacts (of both plants and pollinators) are more likely to be detected in tropical
regions. Below, we discuss the effects of these two main groups of invasive species on

native pollinators and pollination success, as well as the implications for conservation.

Effects on native pollinators

The asymmetric effects of invasive pollinators on native pollinators detected between
tropics (no significant effect ) and temperate regions (positive effect) could be related to
the higher level of generalization of temperate communities (Armbruster and Baldwin
1998; Johnson and Steiner 2000). Such high levels of generalization may facilitate the
integration of exotic animal species within native communities (Molina-Montenegro et al.
2008; Traveset and Richardson 2014; Emer et al. 2016).

The resource concentration of in a short time that occurs in temperate systems may
also result in stronger direct competition between native and exotic pollinators (Kenta et
al. 2007), especially if the exotic pollinators are super-generalists with wide niches that
overlap with those from the native ones (Nishikawa and Shimamura 2016; Gonzalez-Varo
et al. 2013). Additionally, the apparent competition via shared pathogens (Morales et al.

2013; Arbetman et al. 2013) could worsen the effects of invasive pollinators on the native
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pollinator assemblage on both temperate and tropical systems. Those effects can reduce
the native pollinator diversity and visitation rates (Montero-Castafio and Vila 2012) due
to an increase in mortality of native pollinators and the reduction of foraging time and
distance (Gonzalez-Varo et al. 2013; Vanbergen et al. 2018). However, our results indicate
the opposite, as negative effects being less accentuated or even positive (on diversity) in
temperate systems. Such positive effects may have two non-mutually exclusive
explanations: (1) many bees rely on visual cues to locate floral resources, and invasive
bees may be “helping” naive native bees to locate floral resources (Orban and Plowright
2014); and (2) in temperate systems there is a greater abundance of native pollinator
species that are closely related to invasive species (e.g., Bombus species).

As with invasive pollinators, the high levels of generalization (in this case of the
pollinators) in temperate regions may facilitate the integration of invasive plant species
within native communities (Molina-Montenegro et al. 2008; Traveset and Richardson
2014). The asymmetric effects of invasive plants on native pollinators on tropical and
temperate regions might be due to the differences in seasonality of the two climatic
regions. While in temperate zones, flowering is concentrated in one season being mainly
associated with generalist pollinators, in tropical zones, plants have more diverse
phenologies that are typically associated with specialized pollinators (Armbruster 2014;
Pauw 2013; Benadi et al. 2014). Moreover, due to the concentration of floral resources in
a single season (Pauw 2013; Armbruster and Baldwin 1998), competition for pollinators
between landscapes might be more significant in temperate systems, and a beneficial
magnet effect caused by invasive species might occur more often (Molina-Montenegro et

al. 2008; Mufioz and Cavieres 2008). Additionally, facilitation interactions among
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invasive species may be occurring, whereby the presence of invasive pollinators (common
in tropical systems, particularly Apis mellifera that is widely distributed) may be
facilitating invasive plants and worsening community effects (the invasional meltdown

hypothesis, Simberloff 2006; Simberloff and VVon Holle 1999).

Effects on pollination success

Invasive plants negatively affected pollination success of native plants (primarily
impacting fruit and seed set). Their effect on natural communities is expected to be
stronger if invasive species are morphologically similar to native ones (Bjerknes et al.
2007), which may facilitate their integration into pollination networks (Da Silva and
Sargent 2011; Montero-Castafio and Vila 2017), resulting in competition or facilitation
processes. However, our results show that competition prevails over facilitation, even in
temperate systems where positive effects on pollinator diversity (possibly a magnet effect
as discussed above) were detected in response to invasive plants. Such competition could
be due to a reduction of flower visitation to native plants caused by the presence of more
productive floral resource in exotic species (e.g., more nectar; stronger scents), which
makes them more attractive to native pollinators than the native species with overlapping
flowering phenology (Bjerknes et al. 2007; Brown and Mitchell 2001; Albrecht et al.
2016). Alternatively, or in combination, the presence of exotic plants may increase the
deposition of heterospecific pollen (Ashman et al. 2004; Arceo-Gomez and Ashman
2016), reducing fruit and seed set even if visitation is increased (Bartomeus et al. 2008a).
Our results show more accentuated effects of invasive plants on fruit set at temperate

systems, supporting the heterospecific pollen interference hypothesis.
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As detected for native pollinators, there is a clear asymmetric effect of invasive
animals on pollination between tropical (negative effect) and temperate system (positive
effect). The positive effect in temperate regions could either be a result of direct and
efficient pollination by invasive species, or an indirect effect caused by the positive effect
on native pollinators. As discussed, most invasive species come from Europe (i.e.,
temperate systems; Kenta et al. 2007; Madjidian et al. 2008) and more related to native
pollinator communities at invaded temperate systems (e.g., North and South America)
than at invaded tropical systems. Apart from working as visual clues for closely related
species, this may make invasive pollinators more suitable replacing native ones for the
native plant community (Medel et al. 2018; Gonzéalez-Varo et al. 2013). Further field and
experimental studies would be required to understand the mechanisms behind these
patterns better.

Overall, the negative impacts were more accentuated for pollination success than
for pollinators (cf. Figs. 2 and 3), and even where pollinators were positively affected,
pollination benefits were far less accentuated (Fig 2b). This could be explained by the fact
that even when pollinators visit native plants more frequently (due to the introduction of
an invasive pollinator, or due to facilitation caused by an invasive plant), this may not
affect fruit or seed set if those visits usually have lower effectiveness (Trillo et al. 2018;
Saez et al. 2017). Such lack of efficiency could be related to robbing (i.e., rewards are
taken, but no pollen is transferred; Dohzono et al. 2008), and from high loads of
heterospecific pollen carried by this super-generalists that can visit many different species

(Bartomeus et al. 2008b; Magrach et al. 2017).
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Climate covariation

Large-scale variations in environmental conditions may be modulating biological
invasions and leading to non-consistent results found in previous studies (Charlebois and
Sargent 2017). Such effects may be strong, but not solely related to latitudinal effects (e.g.,
tropical vs. temperate regions). Indeed, the latitudinal effects could be related to
differences in biodiversity (Armbruster 2014; Armbruster and Baldwin 1998), and climate
might greatly vary with longitudinal and altitude gradients (Schleuning et al. 2012).
However, so far, climate and latitude have rarely been considered in studies evaluating
the impacts of exotic species on pollinators and pollination success.

Our results show that temperature and precipitation influenced the effects of
invasive species beyond the effects of latitude, and the negative effects being more
accentuated in warmer and wetter regions (i.e., for most metrics; see Figs. S2 and S3, and
Tables S4 and S5). Warmer and wetter places may have positive effects on the
establishment and reproduction of invasive pollinators, potentiating negative effects.
Also, temporal mismatches (due to changes in phenology) between native plants and their
pollinators caused by ongoing global climate change are more likely to occur in regions
with warmer climates (Gonzélez-Varo et al. 2013). Such mismatches may favor the
integration of exotic species into the pollination networks, because those exotic pollinators
are often generalists, with longer activity seasons, foraging times, and distances, which
are more resilient to phenology changes and capable of using alternative floral resources
(Memmott et al. 2007; Montero-Castafio and Vila 2012; Benadi et al. 2014).

Latitude effects are likely to be correlated to temperature and precipitation effects.

Previous studies (e.g., Lonsdale 1999) found a positive correlation between latitude and
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the presence of exotic species. Thus, plant-pollinator communities at higher latitudes are
usually dominated by generalist species and, therefore, more prone to be invaded
(Traveset and Richardson 2014), as invasive species can easily integrate into less diverse
and connected pollination networks (Olesen and Jordano 2002; Lopezaraiza-Mikel et al.
2007). Yet, our results show that negative effects were more accentuated in lower latitudes
(i.e., closer to the tropics). This suggests that invasive species are more likely to be
beneficial to pollinators and pollination success in less diverse and more generalized

systems (i.e., temperate systems).

Effect of taxonomic scale

If all species within a community were studied, the impacts of invasive species at
the community level should be an average of the effects at the species level. Consequently,
no effect of taxonomic scale would be expected. However, in tropical regions, the negative
effects of invasive animals on pollinators and pollination were more severe at the
community level. In temperate regions, positive effects became more accentuated at this
community level too. This suggests that, worldwide, species-level studies tend to be
focused on plants that have generalist flower morphology being easily integrated into the
diet of invasive species. Our results support this idea, as most of the invasive plants
included in the reviewed case studies have generalist morphologies (e.g., Ranunculus sp.
and Taraxacum sp.), which have more opportunities to be rapidly integrated into plant-
pollinator networks and become highly connected nodes.

When evaluating the effects of exotic plants, negative effects became less

accentuated at the community level, at least for tropical systems. This suggests that
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researchers have focused on the impacts of invasive species in tropical regions that are
more likely to focus (or publish their results) on species that compete for pollinators with
the invasive species (i.e., a taxonomic bias). Also, previous studies have shown that plants
that are phylogenetically closer are more likely to influence each other visitation rates
(Carvalheiro et al. 2014). Studies focused on single species may tend to select plant
species that are closely related to the studied invasive species (e.g., Kandori et al. 2009;
Vervoort et al. 2011; Powell et al. 2011; Beans and Roach 2015). Alternatively, it could
be that species-level studies are conducted within communities where generalist
pollination interactions are dominant, and hence impacts are likely to be more accentuated
(Traveset and Richardson 2014).

Several studies aimed to explain the effects of invasive species on native
pollination success and pollinators (Vila et al. 2011; Montero-Castafio and Vila 2012;
Morales and Traveset 2009; Traveset and Richardson 2014; Charlebois and Sargent 2017).
This is a complex issue because of multiple factors converging on it. Some of them are
mentioned here (the taxonomic scale, trophic level, and climatic covariation), but there
are other factors to be explored in future studies. One of them is the phylogenetic
relatedness, which has demonstrated to be a crucial element for the understanding of the
impact of invasive species (Carvalheiro et al. 2014; Morales and Traveset 2009). Despite
that, our study provides a wider view of the impact of invasive species since it allows us
to detect asymmetric patterns depending on the type of climate being invaded and the
invader's trophic level. Our results describe a consistent and detailed pattern. However, to
expand our understanding of this issue, it is urgent to decrease the research asymmetry

not only between trophic levels but also among climatic regions.
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CONCLUSIONS AND PERSPECTIVES

Our meta-analysis adds three major evidence lines to what previous synthesis works have
developed upon the effects of invasive species on pollination: (1) we found that pollination
is influenced by asymmetric effects on invasive plant and pollinator species, (2) we found
that studies conducted at community level depict a different scenario than those based on
a single species, and (3) the outcome of invasive species effects on pollination is context-
dependent as it varies with latitude, temperature, and precipitation. To the best of our
knowledge, this is the first study assessing those aspects simultaneously.

Overall, our results partially contradict the biotic resistance hypothesis (Jeschke 2014)
since we show that more diverse communities (i.e., those from tropical systems) are more
susceptible to (i.e., negatively affected by) biological invasions than less diverse
communities (i.e., temperate systems). Besides, our analyses allowed us to detect that
invasive plants pose a greater risk to native pollinators and plant communities than
invasive animals. Such information provides a wider view on the impacts of exotic
species, allowing to detect general patterns that otherwise may be interpreted as non-
consistent results, as Charlebois and Sargent (2017) argued. By showing that tropical
communities are more susceptible than we thought, and functioning is more impacted than
species, our study stresses shifting from a species-based to an ecosystem-based approach
(Harvey et al. 2017). While invasion effects can be partially reversible (Kaiser-Bunbury
et al. 2017), clearly, the asymmetric effects of exotic plants and animals should be

considered in future restoration studies.

29



REFERENCES

Aizen MA, Morales CL, Morales JM (2008) Invasive mutualists erode native pollination
webs. Plos Biol 6:396-403. doi:10.1371/journal.pbio.0060031

Albrecht M, Ramis MR, Traveset A (2016) Pollinator-mediated impacts of alien invasive
plants on the pollination of native plants: the role of spatial scale and distinct
behaviour among pollinator guilds. Biol Invasions 18:1801-1812.
doi:10.1007/s10530-016-1121-6

Arbetman MP, Meeus I, Morales CL, Aizen MA, Smagghe G (2013) Alien parasite
hitchhikes to Patagonia on invasive bumblebee. Biol Invasions 15:489-494.
d0i:10.1007/s10530-012-0311-0

Arceo-Gomez G, Ashman TL (2016) Invasion status and phylogenetic relatedness predict
cost of heterospecific pollen receipt: implications for native biodiversity decline.
J Ecol 104:1003-1008. doi:10.1111/1365-2745.12586

Armbruster WS (2014) Floral specialization and angiosperm diversity: phenotypic
divergence, fitness trade-offs and realized pollination accuracy. AoB Plants
6:plu003. doi:10.1093/aobpla/plu003

Armbruster WS, Baldwin BG (1998) Switch from specialized to generalized pollination.
Nature 394:632-632. doi:10.1038/29210

Arroyo-Correa B, Burkle LA, Emer C (2020) Alien plants and flower visitors disrupt the
seasonal dynamics of mutualistic networks. J Ecol. doi:10.1111/1365-2745.13332

Ashman TL, Knight TM, Steets JA, Amarasekare P, Burd M, Campbell DR, Dudash MR,
Johnston MO, Mazer SJ, Mitchell RJ, Morgan MT, Wilson WG (2004) Pollen
limitation of plant reproduction: Ecological and evolutionary causes and
consequences. Ecology 85:2408-2421. doi:10.1890/03-8024

Bartomeus I, Bosch J, Vila M (2008a) High invasive pollen transfer, yet low deposition
on native stigmas in a Carpobrotus-invaded community. Ann Bot-London
102:417-424. doi:10.1093/aob/mcn109

Bartomeus I, Vila M, Santamaria L (2008b) Contrasting effects of invasive plants in plant-
pollinator networks. Oecologia 155:761-770. doi:10.1007/s00442-007-0946-1

Bartomeus I, Vila M, Steffan-Dewenter | (2010) Combined effects of Impatiens
glandulifera invasion and landscape structure on native plant pollination. J Ecol
98:440-450. doi:10.1111/j.1365-2745.2009.01629.x

Beans CM, Roach DA (2015) An Invasive Plant Alters Phenotypic Selection on the
Vegetative Growth of a Native Congener. Am J Bot 102:217-224.
d0i:10.3732/ajb.1400355

Benadi G, Hovestadt T, Poethke HJ, Bluthgen N (2014) Specialization and phenological
synchrony of plant-pollinator interactions along an altitudinal gradient. J Anim
Ecol 83:639-650. d0i:10.1111/1365-2656.12158

Bjerknes AL, Totland @, Hegland SJ, Nielsen A (2007) Do alien plant invasions really
affect pollination success in native plant species? Biol Conserv 138:1-12.
doi:10.1016/j.biocon.2007.04.015

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR (2009) Introduction to Meta-
analysis. John Wiley & Sons, Chichester, UK

30



Brown BJ, Mitchell RJ (2001) Competition for pollination: effects of pollen of an invasive
plant on seed set of a native congener. Oecologia 129:43-49.
d0i:10.1007/s004420100700

Burnham KP, Anderson DR (2004) Model selection and multimodel inference: A practical
information-theoretic approach. 2nd edition edn. Springer, New York, NY

Carvalheiro LG, Barbosa ERM, Memmott J (2008) Pollinator networks, alien species and
the conservation of rare plants: Trinia glauca as a case study. J Appl Ecol 45:1419-
1427. doi:10.1111/j.1365-2664.2008.01518.x

Carvalheiro LG, Biesmeijer JC, Benadi G, Frund J, Stang M, Bartomeus |, Kaiser-
Bunbury CN, Baude M, Gomes SIF, Merckx V, Baldock KCR, Bennett ATD,
Boada R, Bommarco R, Cartar R, Chacoff N, Danhardt J, Dicks LV, Dormann CF,
Ekroos J, Henson KSE, Holzschuh A, Junker RR, Lopezaraiza-Mikel M,
Memmott J, Montero-Castafio A, Nelson IL, Petanidou T, Power EF, Rundlof M,
Smith HG, Stout JC, Temitope K, Tscharntke T, Tscheulin T, Vila M, Kunin WE
(2014) The potential for indirect effects between co-flowering plants via shared
pollinators depends on resource abundance, accessibility and relatedness. Ecol
Lett 17:1389-1399. doi:10.1111/ele.12342

Charlebois JA, Sargent RD (2017) No consistent pollinator-mediated impacts of alien
plants on natives. Ecol Lett 20:1479-1490. doi:10.1111/ele.12831

Da Silva EM, Sargent RD (2011) The effect of invasive Lythrum salicaria pollen
deposition on seed set in the native species Decodon verticillatus. Botany 89:141-
146. doi:10.1139/B11-001

Dohzono I, Kunitake YK, Yokoyama J, Goka K (2008) Alien bumble bee affects native
plant reproduction through interactions with native bumble bees. Ecology
89:3082-3092. d0i:10.1890/07-1491.1

Emer C, Memmott J, Vaughan IP, Montoya D, Tylianakis JM (2016) Species roles in
plant-pollinator communities are conserved across native and alien ranges. Divers
Distrib 22:841-852. doi:10.1111/ddi.12458

Fenner M (1998) The phenology of growth and reproduction in plants. Perspect Plant Ecol
Evol Syst 1:78-91. d0i:10.1078/1433-8319-00053

Fick SE, Hijmans RJ (2017) WorldClim 2: new 1-km spatial resolution climate surfaces
for global land areas. Int J Climatol 37:4302-4315. doi:10.1002/joc.5086

Gonzélez-Varo JP, Biesmeijer JC, Bommarco R, Potts SG, Schweiger O, Smith HG,
Steffan-Dewenter |, Szentgyorgyi H, Woyciechowski M, Vila M (2013)
Combined effects of global change pressures on animal-mediated pollination.
Trends Ecol Evol 28:524-530. doi:10.1016/j.tree.2013.05.008

Gurevitch J, Curtis PS, Jones MH (2001) Meta-analysis in ecology. Adv Ecol Res 32:199-
247. doi:10.1016/S0065-2504(01)32013-5

Harvey E, Gounand I, Ward CL, Altermatt F (2017) Bridging ecology and conservation:
from ecological networks to ecosystem function. J Appl Ecol 54:371-379.
doi:10.1111/1365-2664.12769

Hedges LV, Olkin | (1985) Statistical methods for meta-analysis. Academic Press,
Orlando FL

31



Hedges LV, Vevea JL (1996) Estimating effect size under publication bias: small sample
properties and robustness of a random effects selection model. J Educ Behav Stat
21:299-332. doi:10.3102/10769986021004299

Jeschke JM (2014) General hypotheses in invasion ecology. Divers Distrib 20:1229-1234.
doi:10.1111/ddi.12258

Johnson SD, Steiner KE (2000) Generalization versus specialization in plant pollination
systems. Trends Ecol Evol 15:140-143. doi:10.1016/S0169-5347(99)01811-X

Kaiser-Bunbury CN, Mougal J, Whittington AE, Valentin T, Gabriel R, Olesen JM,
Bluthgen N (2017) Ecosystem restoration strengthens pollination network
resilience and function. Nature 542:223-227. doi:10.1038/nature21071

Kandori I, Hirao T, Matsunaga S, Kurosaki T (2009) An invasive dandelion unilaterally
reduces the reproduction of a native congener through competition for pollination.
Oecologia 159:559-569. doi:10.1007/s00442-008-1250-4

Kenta T, Inari N, Nagamitsu T, Goka K, Hiura T (2007) Commercialized European
bumblebee can cause pollination disturbance: An experiment on seven native plant
species in Japan. Biol Conserv 134:298-309. doi:10.1016/j.biocon.2006.07.023

Klein AM, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,
Tscharntke T (2007) Importance of pollinators in changing landscapes for world
crops. P Roy Soc B-Biol Sci 274:303-313. doi:10.1098/rspbh.2006.3721

Koricheva J, Gurevitch J, Mengersen K (2013) Handbook of meta-analysis in ecology and
evolution. Princeton University Press, Princeton NJ

Lonsdale WM (1999) Global patterns of plant invasions and the concept of invasibility.
Ecology 80:1522-1536. doi:10.2307/176544

Lopezaraiza-Mikel ME, Hayes RB, Whalley MR, Memmott J (2007) The impact of an
alien plant on a native plant-pollinator network: an experimental approach. Ecol
Lett 10:539-550. d0i:10.1111/j.1461-0248.2007.01055.x

Madjidian JA, Morales CL, Smith HG (2008) Displacement of a native by an alien
bumblebee: lower pollinator efficiency overcome by overwhelmingly higher
visitation frequency. Oecologia 156:835-845. doi:10.1007/s00442-008-1039-5

Magrach A, Gonzélez-Varo JP, Boiffier M, Vila M, Bartomeus | (2017) Honeybee
spillover reshuffles pollinator diets and affects plant reproductive success. Nat
Ecol Evol 1:1299-1307. doi:10.1038/s41559-017-0249-9

Medel R, Gonzalez-Browne C, Salazar DA, Ferrer P, Ehrenfeld M (2018) The most
effective pollinator principle applies to new invasive pollinators. Biol Lett
30:art14. doi:10.1098/rsbl.2018.0132

Memmott J, Craze PG, Waser NM, Price MV (2007) Global warming and the disruption
of plant-pollinator interactions. Ecol Lett 10:710-717. doi:10.1111/j.1461-
0248.2007.01061.x

Memmott J, Waser NM (2002) Integration of alien plants into a native flower-pollinator
visitation web. P Roy Soc B-Biol Sci 269:2395-2399. doi:10.1098/rspb.2002.2174

Moher D, Liberati A, Tetzlaff J, Altman DG, Group P (2009) Preferred Reporting Items
for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med
6:€1000097. doi:10.1371/journal.pmed.1000097

32



Molina-Montenegro MA, Badano EI, Cavieres LA (2008) Positive interactions among
plant species for pollinator service: assessing the 'magnet species' concept with
invasive species. Oikos 117:1833-1839. doi:10.1111/j.0030-1299.2008.16896.x

Montero-Castafio A, Ortiz-Sanchez FJ, Vila M (2016) Mass flowering crops in a patchy
agricultural landscape can reduce bee abundance in adjacent shrublands. Agr
Ecosyst Environ 223:22-30. doi:10.1016/j.agee.2016.02.019

Montero-Castafio A, Vila M (2012) Impact of landscape alteration and invasions on
pollinators: a meta-analysis. J Ecol 100:884-893. doi:10.1111/j.1365-
2745.2012.01968.x

Montero-Castafio A, Vila M (2017) Influence of the honeybee and trait similarity on the
effect of a non-native plant on pollination and network rewiring. Funct Ecol
31:142-152. d0i:10.1111/1365-2435.12712

Morales CL, Arbetman MP, Cameron SA, Aizen MA (2013) Rapid ecological
replacement of a native bumble bee by invasive species. Front Ecol Environ
11:529-534. doi:10.1890/120321

Morales CL, Traveset A (2009) A meta-analysis of impacts of alien vs. native plants on
pollinator visitation and reproductive success of co-flowering native plants. Ecol
Lett 12:716-728. doi:10.1111/j.1461-0248.2009.01319.x

Mufioz AA, Cavieres LA (2008) The presence of a showy invasive plant disrupts
pollinator service and reproductive output in native alpine species only at high
densities. J Ecol 96:459-467. d0i:10.1111/].1365-2745.2008.01361.x

Nakagawa S, Noble DWA, Senior AM, Lagisz M (2017) Meta-evaluation of meta-
analysis: ten appraisal questions for biologists. BMC Biol 15:18.
doi:10.1186/s12915-017-0357-7

Nishikawa Y, Shimamura T (2016) Effects of alien invasion by Bombus terrestris L.
(Apidae) on the visitation patterns of native bumblebees in coastal plants in
northern Japan. J Insect Conserv 20:71-84. doi:10.1007/s10841-015-9841-y

Olesen JM, Jordano P (2002) Geographic patterns in plant-pollinator mutualistic
networks. Ecology 83:2416-2424. doi:10.2307/3071803

Orban LL, Plowright CMS (2014) Getting to the start line: how bumblebees and
honeybees are visually guided towards their first floral contact. Insect Soc 61:325-
336. doi:10.1007/s00040-014-0366-2

Pauw A (2013) Can pollination niches facilitate plant coexistence? Trends Ecol Evol
28:30-37. d0i:10.1016/j.tree.2012.07.019

Pejchar L, Mooney HA (2009) Invasive species, ecosystem services and human well-
being. Trends Ecol Evol 24:497-504. doi:10.1016/j.tree.2009.03.016

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE (2010) Global
pollinator declines: trends, impacts and drivers. Trends Ecol Evol 25:345-353.
doi:10.1016/j.tree.2010.01.007

Powell KI, Krakos KN, Knight TM (2011) Comparing the reproductive success and
pollination biology of an invasive plant to its rare and common native congeners:
a case study in the genus Cirsium (Asteraceae). Biol Invasions 13:905-917.
doi:10.1007/s10530-010-9878-5

33



R Development Core Team (2019) R: A language and environment for statistical
computing, reference index version 3.6.1. Foundation for Statistical Computing,
Vienna, Austria

Rathcke B, Lacey EP (1985) Phenological patterns of terrestrial plants. Ann Rev Ecol Syst
16:179-214. doi:10.1146/annurev.es.16.110185.001143

Rejmanek M, Richardson DM (1996) What attributes make some plant species more
invasive? Ecology 77:1655-1661. doi:10.2307/2265768

Saez A, Morales CL, Garibaldi LA, Aizen MA (2017) Invasive bumble bees reduce nectar
availability for honey bees by robbing raspberry flower buds. Basic Appl Ecol
19:26-35. doi:10.1016/j.baae.2017.01.001

Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J, With KA, Baughman S, Cabin
RJ, Cohen JE, Ellstrand NC, McCauley DE, O'Neil P, Parker IM, Thompson JN,
Weller SG (2001) The population biology of invasive species. Ann Rev Ecol Syst
32:305-332. doi:10.1146/annurev.ecolsys.32.081501.114037

Schleuning M, Frund J, Klein AM, Abrahamczyk S, Alarcon R, Albrecht M, Andersson
GKS, Bazarian S, Bohning-Gaese K, Bommarco R, Dalsgaard B, Dehling DM,
Gotlieb A, Hagen M, Hickler T, Holzschuh A, Kaiser-Bunbury CN, Kreft H,
Morris RJ, Sandel B, Sutherland WJ, Svenning JC, Tscharntke T, Watts S, Weiner
CN, Werner M, Williams NM, Winqvist C, Dormann CF, Bluthgen N (2012)
Specialization of Mutualistic Interaction Networks Decreases toward Tropical
Latitudes. Curr Biol 22:1925-1931. doi:10.1016/j.cub.2012.08.015

Seymour RS, White CR, Gibernan M (2003) Environmental biology: Heat reward for
insect pollinators. Nature 426:243-244. doi:10.1038/426243a

Simberloff D (2006) Invasional meltdown 6 years later: important phenomenon,
unfortunate metaphor, or both? Ecol Lett 9:912-919. doi:10.1111/}.1461-
0248.2006.00939.x

Simberloff D, Von Holle B (1999) Positive interactions of nonindigenous species:
invasional meltdown? Biol Invasions 1:21-32. doi:10.1023/A:101008632

Stouffer DB, Cirtwill AR, Bascompte J (2014) How exotic plants integrate into pollination
networks. J Ecol 102:1442-1450. doi:10.1111/1365-2745.12310

Traveset A, Richardson DM (2014) Mutualistic Interactions and Biological Invasions.
Annu Rev Ecol Evol S 45:89-113. doi:10.1146/annurev-ecolsys-120213-091857

Trillo A, Herrera JM, Vila M (2018) Managed bumble bees increase flower visitation but
not fruitweight in polytunnel strawberry crops. Basic Appl Ecol 30:32-40.
doi:10.1016/j.baae.2018.05.008

Vanbergen AJ, Espindola A, Aizen MA (2018) Risks to pollinators and pollination from
invasive alien species. Nat Ecol Evol 2:16-25. doi:10.1038/s41559-017-0412-3

Vervoort A, Cawoy V, Jacquemart AL (2011) Comparative reproductive biology in co-
occurring invasive and native Impatiens species. Int J Plant Sci 172:366-377.
d0i:10.1086/658152

Viechtbauer W (2010) Conducting meta-analyses in R with the metafor package. J Stat
Softw 36:1-48

Vila M, Bartomeus I, Dietzsch AC, Petanidou T, Steffan-Dewenter I, Stout JC, Tscheulin
T (2009) Invasive plant integration into native plant-pollinator networks across
Europe. P Roy Soc B-Biol Sci 276:3887-3893. doi:10.1098/rspb.2009.1076

34



Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL, Pergl J, Schaffner U, Sun
Y, Pysek P (2011) Ecological impacts of invasive alien plants: a meta-analysis of
their effects on species, communities and ecosystems. Ecol Lett 14:702-708.
doi:10.1111/j.1461-0248.2011.01628.x

35



36

SUPPORTING INFORMATION

Table S1. Coefficients of the best models (lowest BIC, see Table 1) obtained for invasive
animals (Qoetween = 338.20, df =19, P < 0.001, Qtotal = 602.85, df = 69, P < 0.001). Bold
values represent significant coefficients at o < 0.05. Abbreviations: = estimate, SE =
standard error, Cl = 95% confidence interval, m = metricRAD = native pollinator

diversity, lat = latitude, tmp = temperature, pp = precipitation.

Coefficient Beta SE z P Cl low Cl up
Intercept 6.603 1.863 3.544 <0.001 2.951 10.254
m(Fruit set) 23.598 4.300 5.488 <0.001 15.170 32.026
m(RAD) -9.264 1.812 -5.111 <0.001 -12.817 -5.712
m(Seed set) 4.544 2.054 2.212 0.027 0.518 8.570
m(Visitation) -5.005 1.951 -2.565 0.010 -8.830 -1.180
Latitude -0.081 0.026 -3.137 0.002 -0.131 -0.030
Temperature -0.196 0.038 -5.164 <0.001 -0.270 -0.122
Precipitation 0.000 0.000 1.447 0.148 0.000 0.001
Scale(sp) -2.824 0.561 -5.033 <0.001 -3.924 -1.724
jm(Fruit set)*lat -0.306 0.064 -4.757 <0.001 -0.432 -0.180
m(RAD)*lat 0.276 0.055 5.006 <0.001 0.168 0.384
m(Seed set)*lat 0.046 0.031 1.460 0.144 -0.016 0.107
m(Visit)*lat 0.176 0.033 5.296 <0.001 0.111 0.241
m(Fruit set)*tmp -0.746 0.141 -5.286 <0.001 -1.023 -0.469
m(Seed set)*tmp -0.015 0.051 -0.299 0.765 -0.116 0.085
m(Visit)*tmp 0.140 0.049 2.884 0.004 0.045 0.236
m(Fruit set)*pp -0.005 0.001 -5.920 <0.001 -0.007 -0.003
m(Seed set)*pp -0.006 0.001 -6.271 <0.001 -0.008 -0.004
m(Visit)*pp -0.003 0.001 -5.125 <0.001 -0.004 -0.002

Scale(sp)*pp 0.003 0.001 5.217 <0.001 0.002 0.004
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Table S2. Coefficients of the best models (lowest BIC, see Table 1) for invasive plants
(Quetween = 400.89, df = 32, P < 0.001, Qtota = 3288.54, df = 246, P < 0.001). Bold values

represent significant coefficients at o < 0.05. Abbreviations: 3 = estimate, SE = standard

error, Cl = 95% confidence interval, m = metric, RAD = native pollinator diversity, lat =

latitude, tmp = temperature, pp = precipitation.

Coefficient Beta SE z P Cl low Clup
Intercept 7.328 4.284 1.711 0.087 -1.068 15.725
m(Fruit set) -37.530 5.939 -6.319 <0.001 -49.170 -25.890
m(RAD) -5.962 4.473 -1.333 0.183 -14.728 2.804
m(Seed set) 2.271 2.571 0.883 0.377 -2.767 7.309
m(Visitation) -15.117 3.793 -3.985 <0.001 -22.551 -7.682
Latitude -0.127 0.060 -2.116 0.034 -0.245 -0.009
Temperature -11.076 4.235 -2.615 0.009 -19.377 -2.775
Precipitation -0.485 0.162 -2.994 0.003 -0.802 -0.167
Scale(sp) 0.002 0.001 2.336 0.019 0.000 0.003
m(Fruit set)*lat 0.526 0.084 6.256 <0.001 0.361 0.691
m(RAD)*lat 0.099 0.060 1.654 0.098 -0.018 0.217
m(Seed set)*lat 0.036 0.027 1.307 0.191 -0.018 0.089
m(Visit)*lat 0.257 0.061 4.201 <0.001 0.137 0.377
m(Fruit set)*S(sp) 31.417 5.667 5.543 <0.001 20.309 42.525
m(RAD)*S(sp) 14.473 4.794 3.019 0.003 5.077 23.869
m(Seed set)*S(sp) -3.749 2.059 -1.821 0.069 -7.784 0.286
m(Visit)*S(sp) 14.925 3.488 4.279 <0.001 8.089 21.761
Latitude*Scale(sp) 0.182 0.065 2.792 0.005 0.054 0.309
m(Fruit set)*tmp 1.209 0.176 6.885 <0.001 0.865 1.553
m(RAD)*tmp 0.516 0.165 3.122 0.002 0.192 0.840
m(Seed set)*tmp -0.015 0.047 -0.317 0.751 -0.108 0.078
m(Visit)*tmp 0.645 0.128 5.033 <0.001 0.394 0.897
Scale(sp)*tmp 0.495 0.174 2.840 0.005 0.153 0.837
m(Fruit set)*pp 0.001 0.001 1.759 0.079 0.000 0.003
m(RAD)*pp -0.003 0.001 -2.842 0.004 -0.004 -0.001
m(Seed set)*pp -0.001 0.001 -0.649 0.517 -0.002 0.001
m(Visit)*pp -0.001 0.001 -1.382 0.167 -0.003 0.000
m(FS)*lat*S(sp) -0.453 0.084 -5.409 <0.001 -0.617 -0.289
m(RAD)*lat*S(sp) -0.164 0.069 -2.385 0.017 -0.299 -0.029
m(Visit)*lat*S(sp) -0.247 0.063 -3.949 <0.001 -0.370 -0.124



m(FS)*tmp*S(sp)
m(RAD)*tmp*S(sp)
m(Visit)*tmp*S(sp)

-1.149
-0.791
-0.609

0.187
0.193
0.142

-6.151
-4.095
-4.272

<0.001
<0.001
<0.001

-1.515
-1.169
-0.888

38

-0.783
-0.412
-0.330
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Table S3. Sensitivity analysis of the best model for plants, by removing four outlier points
with Hedges’ d < -5 values, with a comparison of the original and the adjusted models.
Bold values represent significant coefficients at o < 0.05. Abbreviations: 3 = estimate, SE
= standard error, m = metric, RAD = native pollinator diversity, lat = latitude, tmp =

temperature, pp = precipitation.

Coefficient 5 OrlgmglEmodel z 5 AdjusteSdEmodeI :

Intercept 7.328 4.284 0.087 5.067 4.257 0.234
m(Fruit set) -37.530 5.939 <0.001 -34.245 5.928 <0.001
m(RAD) -5.962 4.473 0.183 -3.585 4.446 0.420
m(Seed set) 2.271 2.571 0.377 0.591 2.556 0.817
m(Visitation) -15.117 3.793 <0.001 -12.128 3.787 0.001
Latitude -0.127 0.060 0.034 -0.096 0.060 0.109
Temperature -11.076 4.235 0.009 -7.775 4.213 0.065
Precipitation -0.485 0.162 0.003 -0.361 0.161 0.025
Scale(sp) 0.002 0.001 0.019 0.002 0.001 0.027
m(Fruit set)*lat 0.526 0.084 <0.001 0.482 0.084 <0.001
m(RAD)*lat 0.099 0.060 0.098 0.067 0.060 0.260
m(Seed set)*lat 0.036 0.027 0.191 0.048 0.027 0.081
m(Visit)*lat 0.257 0.061 <0.001 0.215 0.061 <0.001
m(Fruit set)*S(sp) 31.417 5.667 <0.001 27.575 5.661 <0.001
m(RAD)*S(sp) 14.473 4.794 0.003 11.072 4.770 0.020
m(Seed set)*S(sp) -3.749 2.059 0.069 -2.920 2.035 0.151
m(Visit)*S(sp) 14.925 3.488 <0.001 11.246 3.489 0.001
Latitude*Scale(sp) 0.182 0.065 0.005 0.135 0.065 0.036
m(Fruit set)*tmp 1.209 0.176 <0.001 1.067 0.176 <0.001
m(RAD)*tmp 0.516 0.165 0.002 0.390 0.164 0.017
m(Seed set)*tmp -0.015 0.047 0.751 0.015 0.047 0.752
m(Visit)*tmp 0.645 0.128 <0.001 0.510 0.128 <0.001
Scale(sp)*tmp 0.495 0.174 0.005 0.345 0.173 0.046
m(Fruit set)*pp 0.001 0.001 0.079 0.001 0.001 0.098
m(RAD)*pp -0.003 0.001 0.004 -0.003 0.001 0.005
m(Seed set)*pp -0.001 0.001 0.517 -0.001 0.001 0.507
m(Visit)*pp -0.001 0.001 0.167 -0.001 0.001 0.148
m(FS)*lat*S(sp) -0.453 0.084 <0.001 -0.400 0.084 <0.001

m(RAD)*lat*S(sp) -0.164 0.069 0.017 -0.118 0.068 0.085



m(Visit)*lat*S(sp)
m(FS)*tmp*S(sp)
m(RAD)*tmp*S(sp)
m(Visit)*tmp*S(sp)

-0.247
-1.149

-0.791
-0.609

0.063
0.187

0.193
0.142

<0.001
<0.001

<0.001
<0.001

-0.194
-0.984

-0.635
-0.451

0.062
0.187

0.192
0.142
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0.002
<0.001

<0.001
0.001




