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Abstract

Globalisation persistently fuels the establishment of non-native species outside their natural
ranges. While alien plants have been intensively studied, little is known about alien flower visitors,
and especially, how they integrate into natural communities. Here, we focus on mutualistic net-
works from five Gal�apagos islands to quantify whether alien and native flower visitors differ con-
sistently in their pairwise interactions. We find that (1) alien flower visitors have more interaction
partners and larger species strengths (i.e. plants are more connected to alien insects), (2) native
insects tend to have higher partner fidelity as they deviate more from random partner utilisation,
and iii) the difference between native and alien flower visitors in network integration intensifies
with island degradation. Thus, native and alien flower visitors are not interchangeable, and alien
establishment might have yet unforeseen consequences for the pairwise dynamics between plants
and flower visitors on the Gal�apagos – especially on the heavily disturbed islands.
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INTRODUCTION

Natural ecosystems are increasingly threatened by biotic
homogenisation driven by the expansion of some ‘winning spe-
cies’ and the concomitant extinction of ‘loser species’ – a situa-
tion fuelled by the introduction of species outside their native
ranges (McKinney & Lockwood 1999; Gossner et al. 2016).
One key question arising under such scenario is to what extent
these alien species can match the ecological roles currently
upheld by the indigenous biota. Species roles are to a large
extent governed by the way they engage in complex interaction
networks with co-occurring species (e.g. Baker et al. 2015).
Accordingly, ecological network analysis have proved a most
valuable tool to explore the links between species roles and
community structure (Bascompte & Jordano 2014), and for
evaluating the impact of different types of disturbances (Hagen
et al. 2012), including biological invasions (Tylianakis et al.
2008). Recent studies suggest that species do not interact with
a random assemblage of all potential partners, and that species
roles can be spatio-temporally conserved (e.g. Baker et al.
2015; Carstensen et al. 2018). One explanation is that pheno-
logical and morphological matches between co-occurring spe-
cies constrain the pool of potential interactions (Olesen et al.
2011; Rosas-Guerrero et al. 2014). If invading alien species dif-
fer from indigenous ones in their interaction patterns (due to
differences in e.g. phenology, morphology or behaviour), then
they may not be able to match the roles of the native species.
Here, we use an extensive sampling of plant–pollinator net-
works across the Gal�apagos Islands to quantify whether native
and alien flower visiting insects differ in their establishment of
pairwise interactions.
Animal pollination is critical for many plant species and

can affect plant population and community dynamics (Kearns

et al. 1998). Thus, if native and alien pollinators systemati-
cally differ in the interactions they establish, invaded and
uninvaded communities may follow different evolutionary tra-
jectories (Aizen et al. 2008; Tylianakis & Morris 2017).
Despite a long-standing interest in understanding the changes
imposed by alien species on pollination interactions (Olesen
et al. 2002; Lopezaraiza-Mikel et al. 2007), firm generalisa-
tions have been hard to achieve (Tylianakis & Morris 2017;
Tim�oteo et al. 2018). This difficulty is likely rooted in the
intrinsic idiosyncrasies of natural communities (Padr�on et al.
2009) as well as the species (Bartomeus et al. 2008), but also
due to a shortage of multispecies comparisons from identical
communities. Indeed, many studies have focused on one or a
few dominant invasive species (e.g. Lopezaraiza-Mikel et al.
2007; Bartomeus et al. 2008; Padr�on et al. 2009; Albrecht
et al. 2014), whereas the combined effects of multiple non-in-
vasive aliens have received comparatively little attention (but
see Aizen et al. 2008). While dominant invasive species can
outcompete natives, non-invasive aliens may alter the interac-
tion patterns of the recipient communities through, for exam-
ple, behavioural interference, resource depletion, usurpation
of pollinators, or altered resource availability (Dupont et al.
2004; Ghazoul 2004; Clavero & Garc�ıa-Berthou 2005; Stout &
Morales 2009). Although somewhat harder to document, these
subtle changes may also harm the native biota, and might
function as an early warning signal of community degrada-
tion.
While most studies have focused on the effects of alien

plants or honey bees, the effects of multiple non-invasive alien
flower visitors on pollination networks have been largely
ignored (Tim�oteo et al. 2018). We therefore implemented a
network approach to assess if the interactions established by
alien flower visitors consistently differ from those of the
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native species, and ultimately whether these two groups are
integrated differently. The surveyed habitats on the Gal�apagos
are ideal for exploring this because they contain multiple alien
flower visitors but relatively few alien plant species. Specifi-
cally, we hypothesised that: (1) due to their ‘likely’ more gen-
eralised behaviour, alien flower visitors will interact with more
plant species and take up more central roles in the communi-
ties; (2) that native species, due to their longer residence times
(likely increasing the potential for co-adaption), exhibit higher
partner fidelity across the archipelago; and (3) that alien and
native flower visitors contribute differently to network struc-
ture. For example, if alien flower visitors are more centrally
positioned they would be expected to contribute more to nest-
edness, and if they are more generalised they would likely
reduce overall network specialisation.
We find that alien flower visitors interact with more plant

species, they have higher species strengths, and they display
lower partner fidelity than natives. Moreover, we find that
alien and native flower visitors are integrated differently into
the communities, and further show that the difference in inte-
gration between alien and native species increases with island
degradation.

METHODS

Study sites and sampling protocol

Flower visitor observations were performed during February
2010 and 2011 in the arid zone at five major islands within
the Gal�apagos archipelago viz. San Cristobal (0°53026.35 S,
89°36036.76 W), Santa Cruz (0°45022.70 S, 90°19042.97 W),
Santiago (0°12039.41 S, 90°49058.15 W), Pinta (0°32042.61 N,
90°44020.65 W) and Fernandina (0°18021.35 S, 91°39006.75 W)
(as described in Traveset et al. 2013). Every flowering plant
species detected within 1 km of the embarkment area was sur-
veyed in 15 min observation periods. The sequence of obser-
vation was randomised among plant species to minimise any
diurnal effects. The plant species varied in their floral-display
(from 100 flowers per individual for some trees, to less than
10 for some herbs), but in each survey we maximised the
number of flowers observed. The number of plant species var-
ied from island to island (Table 1), but because we used a
plant focused sampling protocol, the time spent per plant
remained about the same across the islands. Each plant spe-
cies was surveyed 8 h on average (depending on its presence
across the islands, and whether it flowered each year), total-
ling 518 h of observations (446 h of diurnal observations;
72 h of nocturnal observation). During each floral census, the
total number of insects touching the reproductive parts of the
flowers were scored, and in order to avoid misidentification, a
total of 710 specimens (especially smaller insects difficult to
identify in the field) were collected for taxonomic identifica-
tion (deposited at the Charles Darwin Research Station). If
identification to species level was unachievable, specimens
were instead classified according to morphotypes within the
genus or family. Floral abundance of each flowering plant
species was determined by counting the number of flowers
along a 500 m transect on each island and year. Although the
number of plant species was fairly stable between years, more

pollinators and interactions were observed in 2011 (see
Appendix S1 in Supporting Information). To provide a robust
quantitative interaction network for each island, we pooled
interaction data from 2010 and 2011. All networks were
organised as interaction matrices, and the matrix element aji
was the flower visitation rate (FVR) between plant species j
and animal species i, given as: FVR = [Total number of flow-
ers visited/(Total flowers observed 9 Total census dura-
tion)] 9 Total number of flowers estimated for the area. All
FVR values were multiplied by 1000, to avoid very low values
for some species pairs.
Species were categorised as ‘native’, ‘alien’ or ‘unknown’

based on the updated Insect Checklists of Galapagos (http://
www.darwinfoundation.org/datazone/checklists/). All species
labelled as ‘native’, ‘endemic’, or ‘questionable native’ were
grouped as ‘native’, while all species introduced by humans
were labelled as ‘alien’ (Table 1). Thus, aliens are here solely
defined according to their origin. Some flower visitors could
only be identified to genus level, and unless the entire genus
could be categorised as either ‘native’ or ‘alien’ these species
were designated as having an ‘unknown’ origin (Table 1).

Species–level indices

For all native and alien flower visitors we quantified their gen-
eralisation through (1) degree (number of interaction part-
ners), and (2) d’, a quantitative specialisation measure, which
ranges from 0 (low specialisation) to 1 (high specialisation)
(Bl€uthgen et al. 2006). Furthermore, we also quantified species
strength, an overall measure of the importance (based on the
number of visits) of each flower visitors for the entire plant
community (Bascompte et al. 2006), and closeness centrality,
which measures their overall topological distance to other spe-
cies (Mart�ın Gonz�alez et al. 2010). The difference between
native and alien species in these species–level indices was anal-
ysed using Linear Mixed Effects Models (LMEM). Because
multiple entries from the same species (or island) cannot be
treated as independent values we included species identity and
island as random factors. We used the package GLMMTMB
v.0.2.0 (Brooks et al. 2017) in R v.3.3.3 (R Core Team 2017).
Models were evaluated by inspecting the residuals for normal-
ity and homoscedasticity (Zuur et al. 2009).

Quantifying partner fidelity of native and alien flower visitors

Partner fidelity was determined for all flower visitors occur-
ring on ≥2 islands, by comparing the empirical partner simi-
larity across all islands, with the expected similarity if the
flower visitor interacted with a random set of the available
plant species at a given island. Thus, partner fidelity becomes
a matter of consistency in partner utilisation, rather than a
question of having many or few partners. The procedure was
as follows: (1) for an animal i occurring on ≥2 islands we cal-
culated every empirical partner similarity among all pairwise
island combinations at which i occurred. Similarity was deter-
mined with the Morisita-Horn index, which is an abundance-
based similarity index (i.e. it relies on both the identity of the
partners and the frequencies with which they interact) that is
insensitive to both incomplete and unbalanced sampling
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(Chao et al. 2006). (2) We then identified how many interac-
tion partners i had at a particular island and allocated an
equal number of random partners by selecting among the
available plants at that island. We subsequently assigned
interaction frequencies with a bootstrapping procedure by
subsampling the randomly selected plant species (with replace-
ment), with a probability proportional to their floral abun-
dance in the transects. Subsampling continued until the sum
of all pairwise interactions of the focal flower visitor (i.e. the
marginal total) was reached. Therefore, both the empirical
number of partners and the marginal total was maintained
during the randomisation. After performing this procedure
across all islands at which i occurred, we recalculated every
random pairwise partner similarity. This process was repeated
5000 times and we determined how much i’s empirical partner
similarities (MHEmp) deviated from the random expectation
by calculating z-scores, given as (MHEmp – MHRand)/SDRand,
where MHRand and SDRand are the mean Morisita-Horn value
and standard deviation from the 5000 randomisations respec-
tively. Positive values indicate that in a given comparison the
animal interacts with a non-random selection of the available
partners (high partner fidelity), while negative values suggest
that the animal is largely opportunistic (low partner fidelity).
Morisita–Horn values were calculated with VEGAN v.2.4-3
(Oksanen et al. 2017) in R.
The z-scores were analysed with a LMEM (using GLMMTMB

v.0.2.0 in R), where we included both ‘origin’ and the ‘empiri-
cal Morisita–Horn values’ as explanatory variables. The former
because we wanted to quantify whether alien and native insects
differ in their partner fidelity, and the latter because we wanted
to ensure that any difference between native and alien flower
visitors was not just a consequence of one of the groups simply
having larger empirical Morisita–Horn values. Species identity
and island pair (the identity of the two islands giving rise to a
given partner similarity value) were included as random factors.
We used a Gaussian error distribution, and the model was
evaluated by inspecting the residuals for normality and
homoscedasticity (Zuur et al. 2009).

Quantifying the integration level

If alien and native flower visitors are integrated similarly into
the communities, then the community response to the removal
of either natives or aliens should be similar for the two
groups. Because network size is known to influence network
structure (e.g. Jordano 1987; Trøjelsgaard & Olesen 2013;
Cirtwill et al. 2015), we mitigated the impact of altered

network sizes by removing the same number of native and
alien species from a given community. The number of aliens
was consistently lower than that of natives (Table 1), and the
former therefore became the common target-point on all
islands. For each island-network we therefore randomly and
sequentially removed either all alien flower visitors, or an
equal number of native species, resulting in alien-free or
native-reduced networks respectively. The removal simulations
were repeated 200 times for both alien and native flower visi-
tors, and for each individual removal we quantified the topo-
logical changes by calculating three macroscopic network
descriptors (see below). In total, we calculated each network
descriptor for 39,200 networks. We did not incorporate poten-
tial rewiring among the remaining species (see e.g. Kaiser-
Bunbury et al. 2010; Costa et al. 2018), as our goal was not
to predict community resilience to primary extinctions, but
instead to quantify whether alien and native flower visitors
are integrated differently.

Network measures
We identified three macroscopic descriptors (sensu
Trøjelsgaard & Olesen 2016) that focus on different aspects,
that represent binary and quantitative measures, and that col-
lectively provide a broad assessment of how the network struc-
ture respond to the removal of alien and native species. These
were as follows: (1) interaction richness (I), i.e. the total num-
ber of unique interactions; (2) Weighted nestedness (WNODF),
measuring to what extent specialist species interact with a sub-
set of the species with which the generalist interact (Almeida-
Neto & Ulrich 2011); and (3) network specialisation (H0

2), a
quantitative metric that ranges from 0 (highly generalised, i.e.
maximum niche overlap) to 1 (highly specialised, i.e. maximum
niche divergence) (Bl€uthgen et al. 2006). WNODF and H0

2 were
calculated with the package BIPARTITE v.2.08 (Dormann et al.
2008) in R. Because nestedness can be influenced by matrix fill
and size, we calculated standardised nestedness values. There-
fore, we made 100 random matrices at every removal step n
(using ‘shuffle.web’ in BIPARTITE v.2.08, which maintains size
and connectance), for both the native and alien removal
sequences at each island, and for all 200 iterations (resulting in
3.92 9 106 randomised networks). For each removal step we
report the standardised nestedness value as:
WNODFz�score ¼ WNODFEmp

n �WNODFRand
n

� �
=SDRand

n , where
WNODFEmp

n is the empirical weighted nestedness value at
removal step n, and WNODFRand

n and SDRand
n are the mean and

standard deviation of the weighted nestedness values from 100
random matrices at removal step n.

Table 1 Number of species classified as being either native, alien, or having an unknown origin. Numbers in parenthesis are the percentage in each category

in relation to the total number of plants or animal species in each interaction network

Plant species Flower visitor species

Island Total Native Alien Total Native Alien Unknown

San Cristobal 21 20 (100%) 0 (0%) 93 38 (41%) 31 (33%) 24 (26%)

Santa Cruz 23 22 (96%) 1 (4%) 76 32 (42%) 22 (29%) 22 (29%)

Santiago 24 22 (92%) 2 (8%) 69 36 (52%) 17 (25%) 16 (23%)

Pinta 21 21 (100%) 0 (0%) 76 41 (54%) 15 (20%) 20 (26%)

Fernandina 18 18 (100%) 0 (0%) 60 27 (45%) 13 (22%) 20 (33%)
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Difference between native and alien removals
To quantify whether alien and native flower visitors were inte-
grated differently, we calculated the difference in the three
network descriptors between the alien and the native removal
for each removal step n, and all iterations (200 for each
island). The differences were denoted as DI, DWNODFz-score,
and DH0

2, and for all metrics the computation were
DMetricn ¼ MAlien

n �MNative
n , where Mn is the metric value at

removal step n for either the alien or the native removal.
Importantly, if there is a systematic trend in the D-values, it
suggests that these two groups are integrated differently into
the communities. Conversely, if the difference remains close to
zero it does not matter whether we remove native or alien spe-
cies because the network metric is affected equally, hereby
indicating that natives and aliens are integrated similarly and
take up similar positions within the network.
The output from the removal simulations was explored

using three different analytical approaches. First, we investi-
gated whether the D-values changed consistently in relation to
the ratio of species removed using the Kendall’s tau coefficient
– a non-parametric measure based on rank correlation that
runs from � 1 (strong negative association) to + 1 (strong
positive association) (Davis & Chen 2007). If any association
exists it indicates that native and alien removal affect the net-
work structure differently.
Second, we compare the final endpoint values from the alien

and native removals (using the final averages from the 200
iterations) with a paired Wilcoxon test (see Brosi et al. 2017),
in order to assess whether the removal simulations produced
similar responses across the five islands.
Third, because the historical anthropogenic impact (and

therefore also potential alien impact) varies widely across the
archipelago, we explored whether any island specific patterns
could be explained by such differences. Therefore, we used lin-
ear regressions to examine whether the final D-values (i.e. final
average differences from the 200 iterations) were related to
island degradation (as quantified by Watson et al. 2010). For
San Cristobal, Santa Cruz and Santiago, the percentage of
each island that has been modified amounts to 17, 14 and
0.1% respectively (Watson et al. 2010). The level of degrada-
tion has not been evaluated for Pinta and Fernandina, but
neither has been inhabited (contrary to the three other
islands) and therefore have a completely negligible human
impact (certainly smaller than on Santiago, i.e. 0.1%), and we
therefore assumed 0% degradation on these two islands.

RESULTS

Species–level indices

The total number of flower visitors within each island-network
ranged from 60 (Fernandina) to 93 (San Cristobal), and the
proportion of alien flower visitors ranged from 20% (Pinta) to
31% (San Cristobal) (Table 1). Each island had more native
than alien flower visitors, although the ratio was close to one
on San Cristobal. An average of 27.4% (�0.04 SD) of all the
animals in each network could not be assigned unambiguously
as either native of alien (Table 1). Across all five islands, there

were 60 plant species in total, and only three (5%) were
labelled as aliens; two on Santiago (Cleome viscosa, Tamarindus
indica) and one on Santa Cruz (Mormordica charantia). The
remaining 57 species (95%) were categorised as natives. Thus,
alien flower visitors constitute a much larger fraction of the
alien species pool in the current system.
Linear Mixed Effects Models imply that native flower visi-

tors on the Gal�apagos have significantly fewer interaction
partners (P = 0.019) and significantly lower species strengths
(P = 0.004) than alien flower visitors, while specialisation (d’)
(P = 0.579) and closeness centrality (P = 0.103) did not differ
significantly between the two groups (Table 2 and Fig. 1). The
difference in species strength was not significant when includ-
ing degree as an explanatory variable (P = 0.106), suggesting
that this difference was largely driven by the difference in
degree between the two groups (Table 2).

Partner fidelity

The deviation from random partner utilisation was expressed
through z-scores, and when analysing these with a LMEM
(with species identity and island pair as random factors), we
found that native flower visitors have significantly larger z-
scores compared to alien flower visitors (Coef. = 0.271,
SE = 0.082, z = 3.32, P < 0.001), and that the z-scores
increased significantly with the empirical Morisita–Horn val-
ues (Coef. = 6.17, SE = 0.153, z = 40.3, P < 0.001) (Fig. 2).
The inclusion of the empirical Morisita–Horn values ensured
that the difference in z-scores between natives and aliens was
not simply a consequence of native flower visitors having lar-
ger empirical Morisita–Horn values. Thus, for a given level of
empirical similarity, native flower visitors tend to deviate more
from random partner utilisation.

Quantifying the integration level

Removing species inevitably results in the loss of interactions,
so the number of interactions was expected to decrease during

Table 2 Coefficients from linear mixed effects models when exploring the

difference between native and alien pollinators (Origin) in terms of num-

ber of interaction partners (degree), specialisation (d0), species strength

(Strength), and centrality within the networks (Closeness centrality).

Because degree differed significantly between native and alien pollinators

we ran models with and without degree as an explanatory variable when

examining the effect of origin on the other response variables. In all mod-

els ‘species identity’ and ‘island’ were included as random factors. Nega-

tive coefficients for the variable ‘Origin’ means that native pollinators

have smaller values

Response variable
Explanatory variable(s)

Distribution

Origin Origin + Log10(Degree)

Degree �0.327* Poisson

d0 �0.066 �0.119 � 0.382* Beta

Log10(Strength) �0.374** �0.128 + 2.056*** Gaussian

Closeness centrality �0.061 �0.014 + 0.416*** Beta

*P < 0.05

**P < 0.01

***P < 0.001.

© 2019 John Wiley & Sons Ltd/CNRS

4 K. Trøjelsgaard, R. Heleno and A. Traveset Letter



the elimination process. However, on San Cristobal, Santa
Cruz, Santiago and Pinta, this decrease was more pronounced
for the alien removal than for the native removal (Fig. 3a),
resulting in significant negative associations between DI-values
and the ratio of species removed (San Cristobal: Kendall’s
s = �0.571, P < 0.001; Santa Cruz: s = �0.529, P < 0.001;
Santiago: s = �0.202, P < 0.001; Pinta: s = �0.277,
P < 0.001) (see also Table S2 and Fig. 3b). Therefore, the pat-
terns on these four islands suggest that alien flower visitors,
on average, have more interactions than the natives. On Fer-
nandina, the difference between alien and native removal
resulted in a positive, but very weak, association between the
DI-values and the ratio of species removed (s = 0.054,
P < 0.001) (Table S2 and Fig. 3).

On nearly all the islands, the removal of species (both
native and alien) lowered WNODFz-score. However, on the
more invaded islands the alien removal lowered WNODFz-score

more than the native removal, leading to significant negative
associations between DWNODFz-score and the proportion of
species removed (San Cristobal: s = �0.355, P < 0.001; Santa
Cruz: s = �0.213, P < 0.001) (Table S2 and Fig. 3b). On the
less disturbed islands, the pattern was opposite, leading to
positive associations between DWNODFz-score and the propor-
tion of species removed (Santiago: s = 0.111, P < 0.001; Pinta:
s = 0.325, P < 0.001; Fernandina: s = 0.343, P < 0.001)
(Fig. 3b).
On San Cristobal (s = 0.653, p < 0.001), Fernandina

(s = 0.113, p < 0.001), and Pinta (s = 0.169, p < 0.001) we
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found a significant positive association between DH0
2 and the

proportion of species removed, which suggests that removal
of native flower visitors, in general and when compared to the
alien removal, leads to more generalised networks. On

Santiago (s = �0.184, P < 0.001), the pattern was opposite, as
the native removal led to a more specialised network, and on
Santa Cruz (s = 0.006, P > 0.05) there was no difference
between the two groups (Table S2 and Fig. 3b).

(a)

(b)

Figure 3 Panels in (a) demonstrate how total number of interactions, weighted nestedness (WNODFz-score) and network specialisation (H0
2) are affected

when either alien (blue triangles) or native flower visitors (green circles) are sequentially removed from the five island networks. In all cases, points are

averages and lines represent � 1 SD from the 200 simulations. Summary panels in (b) visualise the differences (D-values) between the native and alien

removal scenarios on each island, Fernandina = orange diamonds, Pinta = blue upward-triangles, Santiago = red squares, Santa Cruz = green

downward-triangles, San Cristobal = purple circles. Variability around the average differences in b) has been omitted to increase clarity. In both (a) and

(b) the x-axis represents the percentage of flower visitors removed during each simulation (see also materials and methods). All associations (except the one

marked with n.s.) between the D-values and the percentage of species removed were significant at P < 0.001 (see Table S2), indicating that the networks are

affected differently by the native and alien removals. The highlighted points in (b) are the final endpoint values used in Fig 4.
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Most of the D-values (all except one) were significantly asso-
ciated with the proportion of species removed (Table S2), sug-
gesting that macroscopic network descriptors responded
differently to native and alien removal. Paired Wilcoxon tests
revealed that for none of the network descriptors did the
removal of native and alien insects lead to consistent
responses across the islands (all P > 0.1; Fig. S3). We subse-
quently made linear regressions between the final endpoint D-
values (see Fig. 3b) and the percentage of the islands that
have been anthropogenically modified. The relationship was
strong and significant for DI (R2 = 0.92, F = 49.8, P = 0.006)
and DWNODFz-score (R2 = 0.92, F = 48.5, P = 0.006), while
the correlation was positive but not significant for DH0

2

(R2 = 0.31, F = 2.8, P = 0.20) (Fig. 4). Thus, two out of the
three network descriptors suggest that the difference between
native and alien integration increases on the more disturbed
islands.

DISCUSSION

Here, we utilised a set of spatially replicated interaction net-
works across the Gal�apagos Islands to elucidate whether
native and alien flower visitors differ in their community
integration. We found that alien flower visitors interact with
more plant species, that alien insects tend to be topologically
more important for the plants than natives (larger species
strength) (Fig. 1), and that native flower visitors have higher
partner fidelity (Fig. 2). Furthermore, removal simulations
showed significant differences in the way that key network
descriptors respond to the removal of native and alien flower
visitors, indicating that these two groups are indeed inte-
grated differently (Fig 3). Importantly, the magnitude and
direction of this difference varied across the archipelago, and
when using an independent measure of island degradation
we found significant correlations between the actual differ-
ences and the percentage of each island that has been
anthropogenically modified. This tentatively suggests that the
combined impact of alien flower visitors, measured by their
influence on the network structure, intensifies on the more
disturbed islands.

Species–level indices

In a pollination context, work on alien species has tradition-
ally focused on a single or a few dominant invasive alien
plants (Lopezaraiza-Mikel et al. 2007; Bartomeus et al. 2008;
Vil�a et al. 2009; Ferrero et al. 2013; Albrecht et al. 2014) (but
see Olesen et al. 2002; Aizen et al. 2008), and among the
flower visitors, Apis mellifera has undoubtedly received most
attention (Goulson 2003). However, these widespread and
abundant species – often with invasive behaviour – represent
only a minority of all alien species. Non-invasive alien species
can also impact recipient communities, although such effects
have received little attention and produced few generalisations
so far (Tim�oteo et al. 2018). If the many non-invasive alien
species differ consistently from the native species in for exam-
ple their interaction patterns it might impose unforeseen con-
sequences in the long run. Using a multi-species approach, we
found that alien flower visitors on the Gal�apagos tend to be
more generalist, hereby corroborating findings from plant
focused (Bartomeus et al. 2008; Albrecht et al. 2014; Mar-
uyama et al. 2016) and single pollinator focused studies (San-
tos et al. 2012). However it stands in contrast to the fairly
specialised alien pollinators on Ile aux Aigrettes and Azores
(Olesen et al. 2002). In some network studies pollinators have
been found to have a high dependency on alien plants (Bar-
tomeus et al. 2008; Stouffer et al. 2014; Maruyama et al.
2016), and this is here extended to alien flower visitors
because the plant species on the Gal�apagos had a tendency to
be more connected to the alien than the native flower visitors
(i.e. aliens had higher species strength). The ultimate conse-
quences of such patterns are difficult to predict, but it seems
likely that this profound integration of alien flower visitors
may have a marked influence on the plant species. Eventually,
these differences might influence vegetation dynamics (Kearns
et al. 1998) and alter the plant communities on the Gala-
pagos, for example by favouring generalist plant species.
More detailed investigations of e.g. the pollen transport net-
work (Tur et al. 2014), and the effectiveness of these flower
visitors as pollinators, would help identifying any ecological
and evolutionary implications. Contrary to expectations, we
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that had been anthropogenically modified; quantified in Watson et al. (2010)). Using linear regressions the correlations were strong and significant for
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2 = 0.92, P = 0.006), but not significant for DH0
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did not find significant differences between native and alien
flower visitors in terms of quantitative specialisation and
closeness centrality.

Partner fidelity

Partner fidelity, as defined here, is not simply a matter of
interacting with many or few species, but rather it is a matter
of consistency in partner utilisation (MacLeod et al. 2016).
According to our expectation, we found that native flower
visitors showed higher partner fidelity as they deviated more
from random partner utilisation than alien flower visitors.
Our measure of fidelity is based on across-island compar-
isons (similar to Trøjelsgaard et al. 2015; Carstensen et al.
2018), and the results therefore suggest that alien flower visi-
tors use a broader assemblage of the available plant species
when viewed at the scale of the archipelago. If such beha-
viour can be transferred to the community level it might
have implication for plant reproduction. For example,
heterospecific pollen transfer is to a large extent governed by
the fidelity and generalisation level of the pollinators (Mor-
ales & Traveset 2008). Indeed, low floral fidelity among polli-
nators may increase the transfer of pollen between plant
species, and ultimately translate into lower seed set (Brosi &
Briggs 2013). Thus, the lower fidelity of alien flower visitors
on the Gal�apagos may eventually have consequences for
plant reproduction, although the severity of this effect, if
any, is currently unknown. Furthermore, it should be men-
tioned that species with an overall low partner fidelity could
actually by comprised of individuals with high fidelity over
the timescale important for pollination (Tur et al. 2014;
Brosi 2016), and the exploration of the drivers of individual
fidelity remain an interesting research area.
Unveiling whether this lower fidelity is a product of their

shorter residence time, or whether it is an inherent characteris-
tic of alien species would require further scrutiny. For exam-
ple, it has been shown that, the network role of alien species
in their native ranges tends to be a good predictor of their
role in alien ranges (Emer et al. 2016). Accordingly, estimating
the partner fidelity of alien species in both their native and
alien ranges would offer novel understanding of whether this
is an inherent characteristic or something they eventually
acquire in their alien range.

Network integration

Two things are noteworthy regarding the integration of alien
flower visitors on the Gal�apagos. First, most macroscopic net-
work descriptors were affected differently by the alien and
native removals (Fig. 3), which suggests that alien and native
insects do not integrate similarly. Therefore, the ecological
roles currently upheld by the natives will probably not experi-
ence a 1 : 1 replacement should they be outcompeted by the
aliens. Second, and importantly, the magnitude and direction
of the responses varied across the islands. As noted by Aizen
et al. (2008), alien species may range in impact from mostly
harmless commensals in the early stages of invasion to
monopolising and functionally important species at later
stages. Similarly, longer residence time increase the likelihood

that naturalised species become invasive (Trueman et al.
2010), and Heleno et al. (2013) found a time-lag in the impact
of fruit-producing alien plants upon seed-dispersal networks.
Together, this suggests that the integration of alien flower visi-
tors on more recently invaded islands may differ from the
integration on islands that have been invaded for a longer
period.
Here, we used the proportion of each island that has been

modified (Watson et al. 2010), as a measure of the combined
anthropogenic pressure (i.e. time since human arrival, human
population size, cultivation etc.), and for two out of three net-
work descriptors we find that the difference between native
and alien integration is strongly and significantly related to
island degradation. This emphasises that the current
homogenisation of the world’s biota might have nonlinear
impacts on the functioning of recipient communities, as the
difference between native and alien species likely intensifies
with the level of degradation. With the current data it is not
possible to evaluate whether this is related to longer residence
time, larger alien populations, or whether the alien flower visi-
tors simply have moved up the invasion ladder (Blackburn
et al. 2014). In order to evaluate the generality of these pat-
terns it would be fruitful to include e.g. Floreana and Isabella
in future studies, as both have a long history of human influ-
ence (Trueman et al. 2010).

CONCLUSION

While there has been a solid focus on understanding the
impact of aggressive invasive species, non-invasive aliens have
received comparatively little attention. By using spatially repli-
cated networks across the Gal�apagos, and by focusing on
multiple alien species the current study emphasises that non-
invasive aliens should not be neglected when attempting to
preserve pristine communities. Successful management strate-
gies requires detailed information about the ecological role
and integration of alien species (Valdovinos et al. 2009; Fer-
rero et al. 2013), and the approaches outlined here, e.g. esti-
mation of partner fidelity and the artificial removal of species
to quantify the combined impact, offer a step towards under-
standing such roles at the community level. Moreover, the
current data support the proposition of early management
actions (Simberloff et al. 2013), because the differences
between native and aliens species intensified on islands with a
longer human history.

ACKNOWLEDGEMENTS

KT was financially supported by the AAU Talent Manage-
ment Programme, and AT was supported by the Spanish
Government (CGL2017–88122-P). We are grateful to Berry
Brosi and two anonymous reviewers for constructive and
helpful critique on an earlier version.

AUTHORSHIP

KT and AT conceived the ideas. KT analysed the data and
wrote the first draft. RH and AT collected the data and con-
tributed substantially to the writing.

© 2019 John Wiley & Sons Ltd/CNRS

8 K. Trøjelsgaard, R. Heleno and A. Traveset Letter



DATA AVAILABILITY STATEMENT

The Plant–Flower visitor networks used in this publication
are available at Figshare (https://doi.org/10.6084/m9.figshare.
8081567.v1).

REFERENCES

Aizen, M.A., Morales, C.L. & Morales, J.M. (2008). Invasive mutualists

erode native pollination webs. PLoS Biol., 6, 396–403.
Albrecht, M., Padron, B., Bartomeus, I. & Traveset, A. (2014).

Consequences of plant invasions on compartmentalization and species’

roles in plant-pollinator networks. Proc. R. Soc. B Biol. Sci., 281,

20140773.

Almeida-Neto, M. & Ulrich, W. (2011). A straightforward computational

approach for measuring nestedness using quantitative matrices. Environ.

Model. Softw., 26, 173–178.
Baker, N.J., Kaartinen, R., Roslin, T. & Stouffer, D.B. (2015). Species’

roles in food webs show fidelity across a highly variable oak forest.

Ecography, 38, 130–139.
Bartomeus, I., Vil�a, M. & Santamar�ıa, L. (2008). Contrasting effects of

invasive plants in plant–pollinator networks. Oecologia, 155, 761–770.
Bascompte, J. & Jordano, J. (2014). Mutualistic Networks. Princeton

University Press, Princeton, NJ.

Bascompte, J., Jordano, P. & Olesen, J.M. (2006). Asymmetric

coevolutionary networks facilitate biodiversity maintenance. Science,

312, 431–433.
Blackburn, T.M., Essl, F., Evans, T., Hulme, P.E., Jeschke, J.M., Kuhn,

I., et al. (2014). A unified classification of alien species based on the

magnitude of their environmental impacts. PLoS Biol., 12, e1001850.

Bl€uthgen, N., Menzel, F. & Bl€uthgen, N. (2006). Measuring specialization

in species interaction networks. BMC Ecol., 6, 1–12.
Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A.,

Berg, C.W., Nielsen, A., et al. (2017). glmmTMB: balances speed

and flexibility among packages for zero-inflated generalized linear

mixed modeling. R package version 0.2.0. In: The R Journal, pp.

378–400.
Brosi, B.J. (2016). Pollinator specialization: from the individual to the

community. New Phytol., 210, 1190–1194.
Brosi, B.J. & Briggs, H.M. (2013). Single pollinator species losses reduce

floral fidelity and plant reproductive function. Proc. Natl Acad. Sci.,

110, 13044–13048.
Brosi, B.J., Niezgoda, K. & Briggs, H.M.( 2017). Experimental species

removals impact the architecture of pollination networks. Biol. Lett.,

13, 20170243.

Carstensen, D.W., Trøjelsgaard, K., Ollerton, J. & Morellato, L.P.C.

(2018). Local and regional specialization in plant–pollinator networks.

Oikos, 127, 531–537.
Chao, A., Chazdon, R.L., Colwell, R.K. & Shen, T.-J. (2006).

Abundance-based similarity indices and their estimation when there are

unseen species in samples. Biometrics, 62, 361–371.
Cirtwill, A.R., Stouffer, D.B. & Romanuk, T.N. (2015). Latitudinal

gradients in biotic niche breadth vary across ecosystem types. Proc. R.

Soc. B Biol. Sci., 282(2015), 1589.

Clavero, M. & Garc�ıa-Berthou, E. (2005). Invasive species are a leading

cause of animal extinctions. Trends Ecol. Evol., 20, 110.

Costa, J.M., Ramos, J.A., da Silva, L.P., Tim�oteo, S., Andrade, P.,

Ara�ujo, P.M., et al. (2018). Rewiring of experimentally disturbed seed

dispersal networks might lead to unexpected network configurations.

Basic Appl. Ecol., 30, 11–22.
Davis, M.K. & Chen, G.M. (2007). Graphing Kendall’s tau. Comput.

Stat. Data Anal., 51, 2375–2378.
Dormann, F.C., Gruber, B. & Fr€und, J. (2008). Introducing the bipartite

package: analysing ecological networks. R. News, 8, 8–11.
Dupont, Y.L., Hansen, D.M., Valido, A. & Olesen, J.M. (2004). Impact

of introduced honey bees on native pollination interactions of the

endemic Echium wildpretii (Boraginaceae) on Tenerife, Canary Islands.

Biol. Conserv., 118, 301–311.
Emer, C., Memmott, J., Vaughan, I.P., Montoya, D. & Tylianakis, J.M.

(2016). Species roles in plant–pollinator communities are conserved

across native and alien ranges. Divers. Distrib., 22, 841–852.
Ferrero, V., Castro, S., Costa, J., Acu~na, P., Navarro, L. & Loureiro, J.

(2013). Effect of invader removal: pollinators stay but some native

plants miss their new friend. Biol. Invasions, 15, 2347–2358.
Ghazoul, J. (2004). Alien abduction: disruption of native plant-pollinator

interactions by invasive species. Biotropica, 36, 156–164.
Gossner, M.M., Lewinsohn, T.M., Kahl, T., Grassein, F., Boch, S., Prati,

D., et al. (2016). Land-use intensification causes multitrophic

homogenization of grassland communities. Nature, 540, 266–269.
Goulson, D. (2003). Effects of introduced bees on native ecosystems.

Annu. Rev. Eco. Evo. Syst., 34, 1–26.
Hagen, M., Kissling, W.D., Rasmussen, C., De Aguiar, M.A.M., Brown,

L.E., Carstensen, D.W., et al. (2012). Biodiversity, species interactions

and ecological networks in a fragmented world. Adv. Eco. Res., 46, 89–
210.

Heleno, R.H., Olesen, J.M., Nogales, M., Vargas, P. & Traveset, A.

(2013). Seed dispersal networks in the Gal�apagos and the consequences

of alien plant invasions. Proc. R. Soc. B Biol. Sci., 280(2012), 2112.

Jordano, P. (1987). Patterns of mutualistic interactions in pollination and

seed dispersal – connectance, dependence asymmetry, and coevolution.

Am. Nat., 129, 657–677.
Kaiser-Bunbury, C.N., Muff, S., Memmott, J., Muller, C.B. & Caflisch,

A. (2010). The robustness of pollination networks to the loss of species

and interactions: a quantitative approach incorporating pollinator

behaviour. Ecol. Lett., 13, 442–452.
Kearns, C.A., Inouye, D.W. & Waser, N.M. (1998). Endangered

mutualisms: the conservation of plant-pollinator interactions. Annu.

Rev. Eco. Syst., 29, 83–112.
Lopezaraiza-Mikel, M.E., Hayes, R.B., Whalley, M.R. & Memmott, J.

(2007). The impact of an alien plant on a native plant-pollinator

network: an experimental approach. Ecol. Lett., 10, 539–550.
MacLeod, M., Genung, M.A., Ascher, J.S. & Winfree, R. (2016).

Measuring partner choice in plant–pollinator networks: using null

models to separate rewiring and fidelity from chance. Ecology, 97,

2925–2931.
Mart�ın Gonz�alez, A.M., Dalsgaard, B. & Olesen, J.M. (2010). Centrality

measures and the importance of generalist species in pollination

networks. Ecol. Complex., 7, 36–43.
Maruyama, P.K., Vizentin-Bugoni, J., Sonne, J., Mart�ın Gonz�alez, A.M.,

Schleuning, M., Araujo, A.C., et al. (2016). The integration of alien

plants in mutualistic plant–hummingbird networks across the Americas:

the importance of species traits and insularity. Divers. Distrib., 22, 672–
681.

McKinney, M.L. & Lockwood, J.L. (1999). Biotic homogenization: a few

winners replacing many losers in the next mass extinction. Trends Ecol.

Evol., 14, 450–453.
Morales, C.L. & Traveset, A. (2008). Interspecific pollen transfer:

magnitude, prevalence and consequences for plant fitness. Crit. Rev.

Plant Sci., 27, 221–238.
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R.,

O’Hara, R.B., et al. (2017). vegan: Community Ecology Package. R

package version 2.0-8. In: The R Journal.

Olesen, J.M., Eskildsen, L.I. & Venkatasamy, S. (2002). Invasion of

pollination networks on oceanic islands: importance of invader

complexes and endemic super generalists. Divers. Distrib., 8, 181–192.
Olesen, J.M., Bascompte, J., Dupont, Y.L., Elberling, H., Rasmussen, C.

& Jordano, P. (2011). Missing and forbidden links in mutualistic

networks. Proc. R. Soc. B Biol. Sci., 278, 725–732.
Padr�on, B., Traveset, A., Biedenweg, T., D�az, D., Nogales, M. & Olesen,

J.M. (2009). Impact of alien plant invaders on pollination networks in

two archipelagos. PLoS ONE, 4, e6275.

R Core Team (2017). R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austria.

© 2019 John Wiley & Sons Ltd/CNRS

Letter Integration of alien flower visitors 9

https://doi.org/10.6084/m9.figshare.8081567.v1
https://doi.org/10.6084/m9.figshare.8081567.v1


Rosas-Guerrero, V., Aguilar, R., Mart�en-Rodr�ıguez, S., Ashworth, L.,

Lopezaraiza-Mikel, M., Bastida, J.M., et al. (2014). A quantitative

review of pollination syndromes: do floral traits predict effective

pollinators? Ecol. Lett., 17, 388–400.
Santos, G.M.d.M., Aguiar, C.M.L., Genini, J., Martins, C.F., Zanella,

F.C.V. & Mello, M.A.R. (2012). Invasive Africanized honeybees

change the structure of native pollination networks in Brazil. Biol.

Invasions, 14, 2369–2378.
Simberloff, D., Martin, J.L., Genovesi, P., Maris, V., Wardle, D.A.,

Aronson, J., et al. (2013). Impacts of biological invasions: what’s what

and the way forward. Trends Ecol. Evol., 28, 58–66.
Stouffer, D.B., Cirtwill, A.R. & Bascompte, J. (2014). How exotic plants

integrate into pollination networks. J. Ecol., 102, 1442–1450.
Stout, J.C. & Morales, C.L. (2009). Ecological impacts of invasive alien

species on bees. Apidologie, 40, 388–409.
Tim�oteo, S., O’Connor, C.J., L�opez-N�u~nez, F.A., Costa, J.M., Gouveia,

A.C. & Heleno, R.H. (2018). Pollination networks from natural and

anthropogenic-novel communities show high structural similarity.

Oecologia, 188, 1115–1165.
Traveset, A., Heleno, R., Chamorro, S., Vargas, P., McMullen, C.K.,

Castro-Urgal, R., et al. (2013). Invaders of pollination networks in the

Gal�apagos Islands: emergence of novel communities. Proc. R. Soc. B

Biol. Sci., 280, 20123040.

Trøjelsgaard, K. & Olesen, J.M. (2013). Macroecology of pollination

networks. Glob. Ecol. and Biogeogr., 22, 149–162.
Trøjelsgaard, K. & Olesen, J.M. (2016). Ecological networks in motion:

micro- and macroscopic variability across scales. Funct. Ecol., 30, 1926–
1935.

Trøjelsgaard, K., Jordano, P., Carstensen, D.W. & Olesen, J.M. (2015).

Geographical variation in mutualistic networks: similarity, turnover

and partner fidelity. Proc. R. Soc. B Biol. Sci., 282, 2014–2925.
Trueman, M., Atkinson, R., Gu�ezou, A. & Wurm, P. (2010). Residence

time and human-mediated propagule pressure at work in the alien flora

of Galapagos. Biol. Invasions, 12, 3949–3960.

Tur, C., Vigalondo, B., Trøjelsgaard, K., Olesen, J.M. & Traveset, A.

(2014). Downscaling pollen–transport networks to the level of

individuals. J. Anim. Ecol., 83, 306–317.
Tylianakis, J.M. & Morris, R.J. (2017). Ecological networks across

environmental gradients. Annu. Rev. Eco., Evo. Syst., 48, 25–48.
Tylianakis, J.M., Didham, R.K., Bascompte, J. & Wardle, D.A. (2008).

Global change and species interactions in terrestrial ecosystems. Ecol.

Lett., 11, 1351–1363.
Valdovinos, F.S., Ramos-Jiliberto, R., Flores, J.D., Espinoza, C. &

L�opez, G. (2009). Structure and dynamics of pollination networks: the

role of alien plants. Oikos, 118, 1190–1200.
Vil�a, M., Bartomeus, I., Dietzsch, A.C., Petanidou, T., Steffan-Dewenter,

I., Stout, J.C., et al. (2009). Invasive plant integration into native

plant–pollinator networks across Europe. Proc. R. Soc. B Biol. Sci.,

276, 3887–3893.
Watson, J., Trueman, M., Tufet, M., Henderson, S. & Atkinson, R.

(2010). Mapping terrestrial anthropogenic degradation on the inhabited

islands of the Galapagos Archipelago. Oryx, 44, 79–82.
Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A. & Smith, G.M.

(2009). Mixed effects models and extensions in ecology with R. Springer-

Verlag, New York.

SUPPORTING INFORMATION

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Editor, Margaret Mayfield
Manuscript received 30 November 2018
First decision made 10 January 2019
Manuscript accepted 4 May 2019

© 2019 John Wiley & Sons Ltd/CNRS

10 K. Trøjelsgaard, R. Heleno and A. Traveset Letter


