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Abstract

Introduced alien species have direct and indirect effects on native communities, leading to lower taxonomic diversity and negative
impacts on ecosystem functioning. Moreover, other aspects of diversity could be negatively affected, through alteration of
functional and phylogenetic diversity of a community. This is particularly evident in habitats where human disturbance may
favour alien species, posing an additional stressor on native communities. Following the community resistance hypothesis
(higher diversity, higher resistance to invasion), we hypothesized: i) higher taxonomic, functional and phylogenetic diversity
(TD, FD and PD respectively) in non-invaded bird communities (i.e. no alien bird species); and, ii) lower alien species impact
on all diversity metrics in less human-disturbed areas. We surveyed bird communities in a modified Mediterranean landscape
subject to varying levels of human disturbance. We tested whether TD, FD and PD indices were significantly different between
non-invaded and invaded bird communities, and assessed the effect of landscape composition and configuration on these indices.
We found that non-invaded communities retained higher TD and FD than invaded communities. Alien birds occupied novel
parts of the functional space in invaded communities, but that they did not fully compensate for the taxonomic and functional
diversity loss caused by the absence of native species. These results were consistent across different habitats, suggesting weak
environmental filtering of communities. Generally, both communities were negatively affected by more human-disturbed areas
(e.g. agriculture and urban areas) and enhanced by forest areas and by landscape heterogeneity. Our results suggest that the
occurrence of alien birds negatively affects TD and FD (but not PD) of bird community assemblages, but that this impact
is stronger in human-modified landscapes. Therefore, since the conservation of biodiversity in anthropogenic habitats is a
worldwide challenge, researchers should prioritize efforts to assess the effects of alien species on communities inhabiting those
habitats.

Alien bird species decrease the diversity of bird communities across human-disturbed land-
scapes

Introduced alien species have direct and indirect effects on native communities, leading to lower taxonomic
diversity and negative impacts on ecosystem functioning. Moreover, other aspects of diversity could be
negatively affected, through alteration of functional and phylogenetic diversity of a community. This is
particularly evident in habitats where human disturbance may favour alien species, posing an additional
stressor on native communities. Following the community resistance hypothesis (higher diversity, higher
resistance to invasion), we hypothesized: i) higher taxonomic, functional and phylogenetic diversity (TD,
FD and PD respectively) in non-invaded bird communities (i.e. no alien bird species); and, ii) lower alien
species impact on all diversity metrics in less human-disturbed areas. We surveyed bird communities in a
modified Mediterranean landscape subject to varying levels of human disturbance. We tested whether TD,
FD and PD indices were significantly different between non-invaded and invaded bird communities, and
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assessed the effect of landscape composition and configuration on these indices. We found that non-invaded
communities retained higher TD and FD than invaded communities. Alien birds occupied novel parts of
the functional space in invaded communities, but that they did not fully compensate for the taxonomic
and functional diversity loss caused by the absence of native species. These results were consistent across
different habitats, suggesting weak environmental filtering of communities. Generally, both communities
were negatively affected by more human-disturbed areas (e.g. agriculture and urban areas) and enhanced
by forest areas and by landscape heterogeneity. Our results suggest that the occurrence of alien birds
negatively affects TD and FD (but not PD) of bird community assemblages, but that this impact is stronger
in human-modified landscapes. Therefore, since the conservation of biodiversity in anthropogenic habitats is
a worldwide challenge, researchers should prioritize efforts to assess the effects of alien species on communities
inhabiting those habitats.

Keywords: biological invasion; bird assemblage; diversity metrics; human-altered landscape; non-native
species; community resistance;

Introduction

Biological invasions are well-established as one of the greatest threats to ecosystems worldwide due to their
negative impacts on native species, communities and ecosystem functioning (Pyšek et al., 2020; Vilà & Hulme,
2017). The introduction of alien species has direct and indirect effects on native biodiversity, potentially
disrupting the recipient community structure (White et al., 2006) through alterations of functional and
phylogenetic diversity (FD and PD, respectively; Ricciardi et al., 2013). This can occur through expansion
or contraction of native functional and phylogenetic space, affecting ecosystem functioning and biodiversity
maintenance (Finerty et al., 2016; Gerhold et al., 2011). Studying FD and PD in synergy could lead to a
more comprehensive approach to understanding impacts of alien species on communities (Cadotte, 2013;
Galland et al., 2019), since FD is associated with ecosystem functioning (Matuoka et al., 2020; Saavedra et
al., 2014), and PD can express differences between species that are not captured by FD (Whitfeld et al.,
2014).

Community resistance (i.e. the capacity of a community to withstand disturbance; Lake, 2013) to invasion
has been hypothesised to be affected in two distinct and opposite ways. Taxonomically, functionally and
phylogenetically diverse communities may be more resistant to alien establishment due to higher competition
and greater effectiveness in using the resources available (Hejda & de Bello, 2013; Lososová et al., 2015). On
the other hand, more diverse communities may have high resource availability that could be also exploited
by alien species, inferring a lower resistance to invasion (Andrikou-Charitidou & Kallimanis, 2021; Klingbeil
& Willig, 2016). Another important ecological property of a community lies in the concept of ecological
resilience, which measures the ability of a given system to absorb changes in order to maintain the same
identity (Folke et al. 2010). Since resistance is inversely correlated with the degree of change following a
disturbance event (Justus, 2007), a resilient ecological system should better resist disturbance events such
as invasions, climate or land use changes (Haegeman et al., 2016). Functional evenness (a component of FD)
has been used as a proxy for the resilience of communities (Lee & Martin, 2017; Morelli et al., 2020; but see
Kosman et al., 2019) and can be a useful measure to assess species resource use in a given space (Mouchet
et al., 2010). High functional evenness represents efficient use of resources by species in the community (Lee
& Martin, 2017), and low functional evenness implies under-exploitation of available resources, leading to
higher susceptibility of communities to disturbance (e.g. biological invasions; Shea & Chesson, 2002).

Disturbed areas (e.g. human-modified landscapes such as urban and agricultural areas) are well known to
favour alien species establishment in several taxa (Cardador & Blackburn, 2020; Hulme, 2009; Pyšek et al.,
2010). Alien birds, for example, are better than native bird species at exploiting the ecological opportunities
that arise in human-modified landscapes (the ‘opportunism hypothesis’; Sol et al., 2012). Anthropized areas
are thus highly diversified repositories of alien bird species (e.g. Bonter et al., 2010; Chiron et al., 2009)
and land-use changes caused by the expansion of urban areas and human-managed landscapes worldwide
will likely increase the spread of generalist, opportunistic non-native species at the expense of native species
(McKinney, 2006). Moreover, bird communities in disturbed areas are at risk of biotic homogenization
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processes acting on the three diversity dimensions (taxonomical, functional and phylogenetic; Liang et al.,
2019), leading to a generalized decrease in diversity. Since, at a local scale, several studies have reported
how high levels of FD and PD lead to higher resistance to invasion (Gerhold et al., 2011; Lososová et al.,
2015), the decrease in these diversity dimensions in communities inhabiting disturbed areas could hamper
their resistance, making them more susceptible to invasion.

Recent studies on above three diversity dimensions in bird communities have focused on the association
between native and alien bird diversity at a regional scale, finding a positive association between the two
(Andrikou-Charitidou & Kallimanis, 2021; McKinney & Kark, 2017). Nonetheless, it is at the local com-
munity scale that impacts on biodiversity and ecosystem functioning take place (Loiola et al., 2018). At
this scale, the impact could be predicted by two contrasting scenarios (Loiola et al., 2018): alien species
establish in a portion of functional and phylogenetic space formerly occupied by native species (increasing
the similarity between species in invaded communities); or alien species fill the niche-gap in a community
(limiting similarity), expanding the functional and phylogenetic space of invaded communities, leading to
higher FD and PD compared to non-invaded communities.

To assess which of these two mechanisms could impact native communities, a set of tests comparing the
three diversity dimensions between non-invaded and invaded communities is needed (Loiola et al., 2018;
Thuiller et al., 2010): i) non-invaded vs invaded communities (i.e. assessing the overall effect of invasion);
ii) non-invaded vs invaded communities excluding alien species (assessing if invaded communities are more
prone to invasion than non-invaded communities or if alien species replace native species’ functional and
phylogenetic space in invaded communities); iii) invaded vs invaded communities excluding alien species (i.e.
assessing the difference in the functional and phylogenetic space between alien and native species of the same
community).

In this study,we applied this approach to assess the impact of alien birds on bird community diversity by
characterising TD, FD, and PD in a highly human-modified landscape in southern Portugal with several
alien birds that are currently establishing new populations or expanding existing ones. To do this we ran the
three tests on the three diversity dimensions, accounting for the effect of landscape. It is hypothesised that
higher resilience and lower alien species impact (higher FD and PD) is more prevalent in non-invaded bird
communities inhabiting less human-disturbed areas. The novelty of our study lies in the understanding of
the degree of impact of alien bird species on the diversity of bird communities, and how this interacts with
human modification of the landscape, in order to better assess the vulnerability of native communities to
alien bird species invasion.

2. Materials and methods

2.1. Study area

We conducted the study in the Tagus estuary area, Portugal (Fig. 1). The landscape is characterised by
agriculture (e.g. annual crops, rice fields, olive groves, pastures; 34.1%), forest (e.g. pine forest, agro-forest
systems [montado]; 31.1%), urban and anthropized areas (e.g. city of Lisbon, road and railways; 20.1%),
and wetland areas (e.g. salines, marshes; 14.7%). The entire area can be defined as Mediterranean from a
climatic point of view, with four-five months of aridity during summer (Esṕırito-Santo et al., 2021).

2.2. Study design

We selected 189 points using a random sampling method (minimum distance between points was 473 m; Fig.
1), stratified according to the main three land-uses: agricultural, n = 86; forest, n = 50; and urban = 53. To
characterise the landscape around each point, we considered composition and configuration variables within
a buffer of 500 m radius. Composition was expressed as the percentage cover of seven categories of land-use
(Carta de Ocupação do Solo maps available for Portugal; IGP, 2020) that were a priori considered as poten-
tially relevant to bird distributions within different (decreasing) levels of human disturbance: i) urban and
industrial, ii) intensive agriculture, iii) rice-fields, iv) extensive agriculture, v) shrubland, vi) plantation fo-
rest, and vii) native forest (e.g. montado). Landscape configuration was calculated using the Shannon-Weiner
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diversity index of the seven land use categories (SHDI). Landscape composition and configuration variables
were calculated using QGIS 3.26.3-Buenos Aires andlandscapemetrics R package (Hesselbarth et al., 2019).
We scaled all landscape variables to better evaluate collinearity (Cade, 2015), testing for multicollinearity
through the Spearman correlation coefficient. We retained all variables since Spearman’s Rho was lower than
0.63 in all cases (Dormann et al., 2013). For a more detailed description, see Supporting Information 1.

2.3. Bird survey and bird traits

Bird surveys were conducted by a single observer (anon.) using 10-min point counts (Bibby et al., 2000).
Points were visited twice per year (late March-early April and late April-late May) in two consecutive years
(20021-22) during the early morning under calm and dry weather conditions. To avoid possible bias due to
variation in diurnal activity of birds, points were visited in a different order during the second survey period,
leaving at least three weeks between consecutive visits to the same point. All birds contacted, visually and
acoustically, were recorded within five distance bands of increasing radius from the centre of the point (0–25
m, 25–50 m, 50–75 m, 75–100 m and >100 m). We later excluded birds flying over (e.g. swallows, swifts
Apus sp.), aquatic birds (i.e. Ardeidae species), raptors and migrating species from the analysis that were
inadequately sampled by our approach (see Supporting Information 1) (Marcolin et al., 2021).

Species were classified as native or alien, the latter being species whose native range is outside Europe
and for whom their provenance in Europe is known or very strongly suspected to be through deliberate
or accidental introduction by humans (5 species, see Supporting Information 1). The exception was Feral
Pigeon Columbia livia var.domestica whose status is unclear. Although this species derives from the wild
Rock Dove, a declining species which still has native populations in Europe, the long history of domestication
of this species has led some to classify it as alien (Boano et al. 2019, Lowther & Johnston, 2020). Given this
and the often very significant numbers of Feral Pigeon, we carried out the main analyses considering it both
as a native and as an alien species.

We classified the surveyed bird species using a set of 10 functional traits that reflected resource-use of
individuals (Flynn et al., 2009) and resource overlap between species (Andrikou-Charitidou et al., 2020), and
that influence species response ability to habitat changes (Anderle et al., 2022): i) clutch size; ii) number of
broods per year; iii) body mass; iv) migratory status; v) territoriality; vi) breeding season habitat use; vii)
breeding season diet; viii) foraging stratum; ix) foraging technique; and, x) nesting habit (see Supporting
Information 1 for a detailed description and data sources). Apart from clutch size, number of broods per year
and body mass, the categories from the other traits were translated into binary variables (i.e. each trait was
either present or absent for a given species; Supporting Information 1). To account for the different scales
of continuous traits, clutch size, broods per year and body mass (previously log transformed) were scaled
to values between 0 and 1. There was no marked intercorrelation between trait variables (all Pearson’s r <
0.7).

To test the effect of alien bird species presence on the diversity metrics of bird communities, we followed
Loiola et al. (2018): community type was defined for each point as invaded when at least one alien species
was found in at least one visit (non-invaded vsinvaded communities). Moreover, to study the contribution
of alien species to the diversity metrics of the native component of a community, we considered a third
community type, that of the native species in invaded communities, i.e. excluding alien species from the
invaded communities (invaded no alien ; Supporting Information 1).

2.4. Taxonomic, functional and phylogenetic diversity metrics

For abundance estimates of each bird species, we pooled the data using the maximum abundance recorded
between the two survey periods, per point, per year. We calculated several diversity metrics to characterize
each community and community type, based on taxonomic diversity (TD), functional diversity (FD) and
phylogenetic diversity (PD). As a measure of TD, we used the species richness observed. To have a com-
prehensive understanding of the functionality of bird communities, we computed two metrics of FD based
on the 10 functional traits: functional divergence (FDiv), and functional evenness (FEve). FEve was used as
proxy for the resilience of communities (Lee & Martin, 2017; Morelli et al., 2020). We assessed the amount
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of phylogenetic variation of each community through one PD metric: Mean Pairwise Distance (MPD). To
calculate phylogenetic diversity, 1,000 phylogenetic trees based on the Hackett backbone (Hackett et al.,
2008) were downloaded from http://birdtree.org/ (Jetz et al., 2012). Since PD metrics are dependent on
species richness, we calculated standardised effect size (ses) for the MPD metric (sesMPD). To do so, we
compared the observed MPD of a community with the expected MPD of 999 null communities generated
with null models dependent on the “independent swap” algorithm (Swenson, 2014). This procedure removed
the effect of species richness (Swenson, 2014). Both MPD and sesMPD metrics were calculated as a mean
value from the 1,000 values for each community (based on the 1,000 trees; Cosset and Edwards, 2017). Then,
we used a two-tailed Wilcoxon signed rank test to test the difference between observed and expected MPD
(Erdős et al., 2022). We calculated all the metrics using the packages ‘FD’ (Laliberte & Legendre, 2010),
‘adiv’ (Pavoine, 2020) and ‘picante’ (Kembel et al., 2010) in R version 4.1.1 (R Development Core Team,
2021).

2.5. Data analysis

Comparison of diversity metrics between community types

We compared TD, FD and PD metrics between community types, following the three tests used in Loiola et
al., 2018: 1) comparing non-invaded and invaded communities (non-invaded vs invaded; Test 1); 2) comparing
native species of non-invaded communities and native species of invaded communities (non-invaded vs invaded
no alien; Test 2); and 3) within invaded plots including and excluding alien species (invaded vs invaded no
alien; Test 3). We performed the above tests across and within the main three land-uses, trying to assess the
effect of environmental filtering on the specific species pool within a given land-use (Loiola et al., 2018). To
evaluate whether differences of the various metrics between community types were significant, we performed
univariate analysis of variance (ANOVA) followed by Tukey’s test.

Effect of landscape configuration and composition on diversity metrics

To assess the effect of landscape variables on diversity metrics, we built linear mixed-effect models (GLMM)
with normal errors using the maximum log-likelihood method, considering all landscape composition and
configuration variables as fixed effects. Moreover, to account for the dependence of observations from the
same location in different years, we used point ID as a random effect. Models were run separately for
each community type. We calculated Akaike’s Information Criterion (AIC) to rank each candidate model.
Then, we carried out model averaging (Richards, 2008) on all models with < 2 [?]AICc using the R package
MuMIn (Bartoń, 2022). To account for spatial autocorrelation, we used spline correlograms (Bjørnstad &
Falck, 2001) with 1,000 bootstrap resamples, both on raw data and on model residuals (Santana et al., 2017).
We inspected spline correlogram plots of full model residuals (Zuur et al., 2009), and assumed absence of
spatial autocorrelation when 95% Confidence Intervals included (see Supporting Information 2).

3. Results

We observed a total of 9476 birds belonging to 69 species (Supporting Information 1). The most abundant
species were House Sparrow (Passer domesticus ), Spotless Starling (Sturnus unicolor ) and Feral Pige-
on (36% of all observed birds; Supporting Information 1). Out of the 189 points, 100 points were found
to be inhabited bynon-invaded communities, while 89 were inhabited byinvaded communities (Supporting
Information 1).

3.1. Comparison of diversity metrics between community types

The comparison between non-invaded and invaded communities (Test 1) revealed significantly higher TD
(species richness), FD (FDiv and FEve), but not MPD, in the non-invaded communities (all p-values <
0.041, df = 2; Fig. 2; Supporting Information 3). We found similar results between non-invaded and invaded
no alien communities (Test 2). In addition, MPD was significantly higher in non-invaded communities (all
p-values < 0.017, df = 2; Fig. 2; Supporting Information 3). When we compared invaded vsinvaded no
alien communities (Test 3), there were no significant differences except for TD and FDiv. In these cases,
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the metrics were always lower for invaded no alien than invaded communities (all p-values < 0.048, df =2;
Fig. 2; Supporting Information 3). There was a significant difference between observed and null communities
for MPD only for invaded no alien communities when we considered the Feral Pigeon as an alien species
(negative sesMPD values; V = 12380, p-value < 0.01). Finally, the three tests performedwithin land-uses
showed similar patterns as the testsacross land-uses, except for MPD that was higher ininvaded than non-
invaded communities in urban areas (Supporting Information 2-3).

Trends for TD (species richness) and FD (FDiv and FEve) were similar but clearer in communities considering
Feral Pigeon as alien compared to communities considering Feral Pigeon as native (for all three Tests).
Regarding MPD, the trend for Test 1 & 2 remained unaltered considering feral pigeon as alien while, for
Test 3, invaded communities showed a significantly higher MPD metric than invaded no aliencommunities
(Supporting Information 2-3).

Effect of landscape configuration and composition on diversity metrics

TD was positively associated with agricultural and forest areas, along with SHDI, in non-invaded commu-
nities (Fig. 3; Supporting Information 3). Native forest and SHDI were positively correlated with TD both
ininvaded and invaded no alien communities, whereas rice field areas were negatively correlated in both com-
munities (Fig. 3; Supporting Information 3). In non-invaded communities, FDiv was positively correlated
with SHDI, while intensive agricultural areas negatively affected this metric (Fig. 3; Supporting Informa-
tion 3). Ininvaded no alien communities, FDiv was negatively correlated with agricultural (intensive and
extensive) and rice field areas along with SHDI (Fig. 3; Supporting Information 3). The FEve (i.e. resilience)
was negatively affected by urban (non-invaded and invaded no alien communities) and intensive agricultural
areas (non-invadedcommunities), and was positively associated with plantation forest in both invaded and
invaded no alien communities (Fig. 3; Supporting Information 3)

Rice field areas were negatively associated with MPD in the three communities (Fig. 3; Supporting Informati-
on 3). MPD was also negatively correlated with intensive agricultural areas and SHDI in invadedcommunities,
while was negatively correlated with urban areas ininvaded no alien communities (Fig. 3; Supporting Infor-
mation 3).

Averaged GLMM models showed similar results, in both approaches, for TD on non-invaded communities,
and the MPD of invadedcommunities (Supporting Information 2-3). The major differences between the
two approaches were found for FDiv and FEve of invaded no alien communities, and MPD of non-invaded
communities (Supporting Information 2-3).

4. Discussion

Our study showed how non-invaded bird communities retained higher taxonomical and functional diversity
(TD and FD respectively) thaninvaded communities in a highly human-modified landscape, supporting the
idea that higher species diversity shapes community resistance to invasions (Gerhold et al., 2011; Lososová et
al., 2015). Moreover, we found that it is more likely that alien birds occupy novel parts of the functional space
in bird communities characterised by low TD and FD (invaded vs invaded no alien ), but that they do not
fully compensate for the taxonomic and functional biodiversity loss caused by the absence of native species
in invaded sites. Our findings also highlighted how these trends were stronger in less human-modified and
more heterogeneous areas, whereas the diversity metrics were negatively affected in more human-modified
areas. Finally, these results were similar (but stronger) when we considered those communities where the
Feral Pigeon was present as invaded (i.e. it was treated as an alien species), suggesting that this ubiquitous
bird has more characteristics of an alien than native species.

4.1. Diversity metrics and community types

In our study, the higher TD and FD found in non-invaded thaninvaded bird communities (Test 1) across land-
uses likely suggests a general negative impact of alien species on native bird communities inhabiting the area.
TD and FD were also higher innon-invaded than invaded no alien communities (i.e.,invaded communities
considering only native species; Test 2). This impact could reflect in a loss of ecosystem functioning in
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the invaded bird communities (e.g. through loss of functional groups; Flynn et al., 2009; Cadotte et al.
2011). For example, high functional divergence (FDiv) infers a high niche differentiation in the community
(Cosset & Edwards, 2017), suggesting that the non-invadedcommunities provide a more diverse pool of
functional processes thaninvaded communities (Edwards et al., 2013). Similar reasoning could be applied
when accounting for functional evenness (FEve), since high values of FEve infer efficient use of resources by
species in the community (Lee & Martin, 2017). Therefore, non-invaded showed higher resilience (i.e. FEve)
than invaded communities (Test 1), but lower susceptibility to disturbance than invaded no aliencommunities
(Test 2). This is consistent with the biotic resistance hypothesis stating that higher diversity should promote
resistance to invasion (Ordonez, 2010).

Following Test 3 (invaded vs invaded no alien ), our results showed how alien species were functionally
different from native species of the resident invaded community assemblages. In fact, FDiv was higher in
invaded than invaded no alien communities. This suggests that alien species provide a set of functional traits
that are different from those of the native species. For example, in Portugal, the common waxbill (Estrilda
astrid ) has successfully established in unsaturated communities, occupying a marginal niche (Batalha et
al., 2013). Therefore, most alien species may show different adaptations to native species, leading to higher
niche differentiation of theinvaded communities, suggesting that alien species usually occupy a different
ecological niche in those communities (Hejda & de Bello 2013). Nonetheless, the FEve showed no significant
difference betweeninvaded vs invaded no alien communities. Thus, despite that alien species have a higher
niche differentiation in invadedcommunities, they do not provide a more efficient use of resources than the
native species in the community.

From a PD point of view, we found that invaded communities had similar Mean Pairwise Distance (MPD)
to both non-invaded andinvaded no alien communities (Test 1 and 3), while species ininvaded no alien
communities were more clustered (lower MPD) than species in non-invaded communities (Test 2). The
latter, along with the TD and FD results, supports the resistance hypothesis. In fact, higher PD could infer
a community characterized by several adaptations, leading to increased competition and hampering alien
species spread (Ketola et al., 2017). Finally, since the addition of alien species closes this phylogenetic gap
with non-invaded communities (Test 1), it is more likely that alien species are favoured in more clustered
communities (Lososová et al., 2015), occupying novel phylogenetic space in the invaded community (e.g.
Psittacula krameri ).

These patterns were also partially true when we compared the diversity metrics within land-uses to exclude
the effect of environmental filtering on bird community assemblage (Loiola et al., 2018). Nonetheless, MPD
was higher for invaded than non-invadedbird communities of urban areas, suggesting a higher vulnerability
to alien species invasion (i.e. a phylogenetic gap). Moreover, no differences were found between community
types within forest, either due to the low proportion of invaded communities, or because alien bird species
seem to be weakly influenced by environmental filtering compared to its effect on the structure of native bird
communities (Lazarina et al., 2022).

4.2. Landscape effect on diversity metrics

Diversity metrics were affected differently by landscape composition and configuration in the study area.
Opposite trends between diversity metrics were found for various taxa (Sayer et al., 2017; Wong et al., 2020),
showing that TD, FD and PD might not respond in the same way along landscape or invasion gradients.
Plantation and native forest (montado) cover had a positive effect on TD across each community type, as did
the diversity of landscape patches (i.e. SHDI). Nonetheless, agricultural areas (both intensive and extensive)
also positively contributed to TD in non-invaded communities, while rice field areas negatively affected TD
both in invaded and invaded no alien communities. Indeed, more disturbed areas (extensive and intensive
agricultural, urban and rice field areas) had negative effects both on FD and PD. This decrease in FD and
PD is usually followed by biotic homogenization of bird communities inhabiting disturbed areas (Liang et
al., 2019; Morelli et al., 2016). Therefore, bird communities inhabiting those areas could be more susceptible
to future alien species establishment (both for non-invaded and invadedcommunities) as they are likely
better at exploiting novel opportunities in disturbed areas compared to native species (the ‘opportunism
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hypothesis’; Sol et al., 2012). Apart from plantation forest (invaded communities) and landscape diversity
(SHDI fornon-invaded communities), FD and PD were not enhanced in less disturbed areas. In the first
case, a similar pattern was found in New Zealand where alien forest bird species were associated more with
“exotic forest” (Barnagaud et al., 2022). In the latter, higher diversity of the landscape could support the
higher niche differentiation of non-invaded communities, since it could be characterized by a more diverse
set of resources available.

4.3. Conservation and management implications

Our study shows the negative impacts that alien species have on native bird communities, and also show that
the functional and taxonomic diversity that alien species contribute does not compensate for that caused
by the loss of native species. Urban and agricultural landscapes were more vulnerable to alien bird species
invasion and, since we should also rely on these disturbed areas for biodiversity conservation (Batáry et
al., 2020), future management strategies must prioritize habitat restoration in these areas (e.g. increasing
urban green spaces, improving heterogeneity features in agricultural landscapes) to minimise the chances of
establishment of alien species, and to increase the resistance of invaded communities. In our study region at
least, this should include the classification of the near-ubiquitous Feral Pigeon as an alien species. Restoration
strategies are well supported by the EU “Nature Restoration Law” (i.e. European Green Deal) and should be
implemented along the impact assessment of alien birds on native bird communities, through functional and
phylogenetic perspective, instead of focusing on a single alien species or diversity metric. Nonetheless, future
study following this direction, would need to include also the three metrics of beta-diversity to have a better
understanding of the role of alien species on biodiversity and ecosystem functioning ofinvaded communities
(Soares et al., 2022).
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F., Foxcroft, L. C., Genovesi, P., Jeschke, J. M., Kühn, I., Liebhold, A. M., Mandrak, N. E., Meyerson, L.

11



P
os

te
d

on
20

A
p
r

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
68

19
79

56
.6

73
46

66
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

A., Pauchard, A., Pergl, J., Roy, H. E., Seebens, H., . . . Richardson, D. M. (2020). Scientists’ warning on
invasive alien species. Biological Reviews, 95(6), 1511–1534.https://doi.org/10.1111/brv.12627

R Core Team. (2021). R: A language and environment for statistical comput-ing. R Foundation for Statistical
Computing. Retrieved from https://www.r-project

Ricciardi, A., Hoopes, M. F., Marchetti, M. P., & Lockwood, J. L. (2013). Progress toward understan-
ding the ecological impacts of nonnative species. In Ecological Monographs (Vol. 83, Issue 3, pp. 263–282).
https://doi.org/10.1890/13-0183.1

Richards, S. A. (2008). Dealing with overdispersed count data in applied ecology. Journal of Applied Ecology
, 45 (1), 218–227. https://doi.org/10.1111/j.1365-2664.2007.01377.x
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Table 1 . Diversity metrics used for the analysis: Taxonomic Diversity, Functional Diversity, and Phylogenetic
Diversity.

Diversity type Diversity index Description
TD Species Richness Number of species per community
FD FDiv (Functional Divergence) Degree of functional dissimilarity within the community weighted by abundance (Villéger et al. 2008).

FEve (Functional Evenness) Regularity of distribution of species abundances in functional space as a measure of resource utilization (Villéger et al., 2008).
PD MPD (Mean Pairwise Distance) Average nodal distance on a phylogenetic tree between species of a community (Webb, 2000). High values indicate species in the community are distributed across a wide range of clades, while low values mean the species in the community are clustered.

sesMPD (standard effect size Mean Pairwise Distance) MPD adjusted for species richness. Positive sesMPD values indicate communities with higher MPD than expected (overdispersed), and the opposite for negative values (clustered).

Fig. 1. Study area around the Tagus Estuary, Portugal. White dots represent the random points where
bird point counts were performed. Dark green: forest; Light yellow: farmland; Light green: meadow; Grey:
urban area; Light blue: water surface. Map source: ©Open Street Map 2022.
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Fig. 2. Taxonomic Diversity (Species Richness; a), Functional Diversity (Functional Divergence, Functional
Evenness; b-c) and Phylogenetic Diversity (MPD; d) of communities. Inv = bird communities invaded by
alien species (purple). InvNoalien = bird communities invaded by alien species accounting only for native
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species (orange). Notinv = non-invaded bird communities (green). Shared letters indicate no significant
difference; different letters indicate significant difference. Points represents the average estimate values, lines
are the range of the 95% CI. For metric description, see Table 1.
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Fig. 3. Estimates from the model averaging of landscape variables on diversity metrics of communities.
Taxonomic Diversity: SpRic - Species Richness, a-c; Functional Diversity: FDiv - Functional Divergence d-f;
FEve - Functional Evenness, g-i. Phylogenetic Diversity: MPD – Mean Pairwise Distance, j-l. Non-invaded
= non-invaded bird communities. Invaded = bird communities invaded by alien species. Invadedalien =
bird communities invaded by alien species accounting only for native species. * p < 0.05; ** p < 0.01; ***
p < 0.001. Red lines: negative estimates (except in ’a’); Blue lines: positive estimates. Points represents
the average estimate values, lines are the range of the 95% CI. Grey lines are for reference purpose (95% CI
intersecting with 0 are not significant). For landscape variables abbreviation, see Supporting Information 1.
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