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Abstract

Mass-flowering invasive plants can generate strong floral resource pulses, but their effects on polli-
nator communities are unlikely to be uniform across taxa. We investigated how flowering stands of
invasive Canadian goldenrod (Solidago canadensis) shape pollinator assemblages at an intermediate
stage of invasion in a Central European suburban landscape, by comparing paired goldenrod-dom-
inated and non-Solidago plots with diverse co-flowering vegetation located within the same subur-
ban landscapes where S. canadensis was already present. During two flowering seasons, we sampled
wild bees, butterflies, hoverflies, and honey bees, and tested how plot type, urbanization intensity
(impervious surface area, ISA), and site-level goldenrod cover were associated with pollinator abun-
dance, richness, diversity, and community composition. Pollinator community composition differed
significantly between goldenrod-dominated and control plots. Goldenrod-dominated plots support-
ed higher honey bee and hoverfly abundance, but lower wild bee abundance and lower butterfly
abundance and species richness. By contrast, wild bee richness and alpha diversity, as well as hoverfly
richness, did not differ significantly between plot types, indicating assemblage reorganization rather
than consistent taxon loss. Associations between honey bee abundance and wild bee metrics also
reversed between plot types, suggesting that flowering S. canadensis can alter local patterns of polli-
nator co-occurrence around concentrated floral resources. Overall, our results show that, during the
flowering peak, a mass-flowering invader can restructure pollinator use of floral patches by dispropor-
tionately attracting managed and generalist visitors, while other guilds are less strongly represented in
goldenrod-dominated vegetation. These findings indicate that, at an intermediate stage of invasion,
the ecological effects of mass-flowering invasive plants may involve taxon-specific redistribution of

pollinator activity among floral patches rather than uniform changes in pollinator diversity.

Key words: Apoidea, butterflies, Canadian goldenrod, hoverflies, invasive species, urbanization,
wild bees

Introduction

Solidago canadensis L., commonly known as Canadian goldenrod, is a North
American species introduced to Europe in the 17" century as an ornamental plant
(Kowarik 2003). Since then, it has spread across most of the continent, from Spain
to Eastern Europe and from northern Italy to southern Scandinavia (Weber 1998;
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Weber and Jakobs 2005). In Europe, it is considered one of the most aggressive
invasive plants (Weber 1998, 2001). In areas where it grows, it often forms exten-
sive and dense stands, particularly in human-altered habitats (Szymura and Wolski
2000). S. canadensis quickly becomes dominant in inhabited ecosystems, displac-
ing native flora. Its success in colonizing new areas can be attributed to several fac-
tors, including high tolerance to a wide range of habitat conditions, rapid growth,
the production of large quantities of light seeds, ease of vegetative reproduction,
and the absence of natural enemies in populations outside its native range (Guzi-
kowa and Maycock 1986). Additionally, allelopathic mechanisms may contribute
to its ability to spread (Sun et al. 2006; Yang et al. 2007; Abhilasha et al. 2008).

A significant concern is that this invasive alien plant species can disrupt mu-
tualistic relationships between plants and pollinators (Stout and Morales 2009;
Lockwood et al. 2013), and also alter the composition of native plant communi-
ties, which can reduce the dietary options available to pollinators. However, some
studies indicate that alien species can sometimes replace native plants and may
even have a positive impact on insects that collect pollen from these new, intro-
duced plants (Williams et al. 2011), thereby providing a different but still valuable
food source. Many studies emphasize that alien Solidago species pose a significant
threat to biodiversity and native plant communities (e.g., Moro et al. 2009; Vila
et al. 2011; Kajzer-Bonk et al. 2016). However, due to their mass flowering late
in the growing season, these plants are a valuable source of nectar and pollen in
Central Europe at a time when most other flowering plants have finished blooming
and food supplies are scarce (Scheper et al. 2013; Wrzesien et al. 2016). Abundant
Solidago flowering can extend the foraging season, which is particularly important
for honey bee colonies preparing for overwintering and for early development in
spring (Smart et al. 2016; Rumkee 2017; but see Lenda et al. 2021).

Urbanized habitats often provide suitable conditions for alien species
(Deutschewitz et al. 2003; Pino et al. 2005; Hulme 2009; Santos et al. 2011;
Basnou et al. 2015; Szymura et al. 2016). Both urbanization and invasive plant
species pose significant threats to biodiversity, including the diversity of pollinating
insects. However, recent perspectives suggest that cities can also serve as valuable
areas for biodiversity conservation, provided they are properly planned and man-
aged. Urbanization and the impacts of invasive plant species have created a need to
understand the trajectories of complex ecological systems to improve predictions
of biodiversity loss and ecosystem functioning.

Invasion impacts on pollinators are not necessarily expressed as immediate de-
clines in total abundance or local species richness, but may instead involve changes
in species composition, relative dominance, and the representation of functional
groups (Stout and Morales 2009; Vila et al. 2011; Stout and Tiedeken 2017).
Moreover, the effects of invasive flowering plants may vary among pollinator
guilds and between the flowering period itself and the remainder of the season
(Kovécs-Hostydnszki et al. 2022). Invasive plants may therefore drive community
reassembly by altering the spatial distribution, temporal continuity, and diversity
of floral resources, thereby favouring species with particular ecological traits while
reducing the representation of others (Albrecht et al. 2014; Stout and Tiedeken
2017). Mass-flowering invaders may be especially influential in this respect be-
cause they create temporarily abundant but compositionally simplified resource
patches. These patches may attract large numbers of mobile, generalist, or man-
aged pollinators during peak flowering, while their replacement of heterogeneous
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vegetation may reduce the representation of taxa dependent on complementary
floral resources, larval host plants, or structurally diverse habitats (Westphal et al.
2003; Albrecht et al. 2014; Stout and Tiedeken 2017; Kovdcs-Hostydnszki et al.
2022). Over time, repeated replacement of diverse vegetation by a limited set of
dominant invasive plants may contribute to biotic homogenization, even where lo-
cal richness initially remains unchanged (McKinney and Lockwood 1999; Olden
and Rooney 2006; Carvalheiro et al. 2013).

Against this background, we investigated whether local dominance of invasive
Canadian goldenrod (S. canadensis) is associated with pollinator community re-
assembly in the urban areas of a Central European city, focusing on three major
pollinator groups - wild bees (Apoidea), butterflies (Lepidoptera), and hoverflies
(Syrphidae). We focused on a spatial configuration that we refer to as an interme-
diate stage of invasion: S. canadensis was already dominant or co-dominant within
focal vegetation patches, but nearby patches of diverse non-Solidago vegetation
were still present within the same local landscapes. Thus, the study was designed
to compare pollinator use of contrasting floral patches embedded within land-
scapes already containing S. canadensis, rather than to compare fully invaded and
uninvaded landscapes. As a mass-flowering species that provides abundant floral
resources late in the season, S. canadensis may attract not only wild pollinators
but also large numbers of honey bees. High honey bee densities at concentrated
floral resources have been associated with changes in wild bee foraging distribu-
tion and flower use, although observational patterns do not by themselves distin-
guish competition or displacement from differential attraction to floral patches
(Riggi et al. 2024). We therefore examined whether associations between honey
bee abundance and wild pollinator metrics differed between goldenrod-dominat-
ed plots and nearby control plots with diverse co-flowering vegetation, as a pat-
tern of context-dependent local co-occurrence around late-season floral resourc-
es. Specifically, we compared pollinator visitation between goldenrod plots and
nearby co-flowering control plots with diverse vegetation to evaluate the relative
attractiveness of S. canadensis as a late-season food resource. We also tested how
pollinator abundance and richness were associated with urbanization (impervious
surface area, ISA) and site-level goldenrod cover. Our specific objectives were to (i)
quantify relative visitation to S. canadensis across the focal pollinator groups com-
pared with nearby co-flowering control vegetation; (ii) assess whether pollinator
abundance and species richness differed between goldenrod and control plots; (iii)
examine how urbanization (ISA) relates to pollinator metrics in goldenrod and
control plots; (iv) assess whether associations between honey bee abundance and
wild pollinator metrics differed between goldenrod-dominated and non-So/idago
plots, as an indication of context-dependent local co-occurrence around concen-
trated floral resources (Westphal et al. 2008; Williams et al. 2011); and (v) test
whether site-level goldenrod cover is associated with pollinator metrics.

Materials and methods
Study area

The research was conducted in the metropolitan Poznan area (western Poland).
We selected 20 study sites, located, on average, 1.5 km apart (range: 0.5—4 km;
median: 1.4 km) to increase spatial independence among sites (Suppl. material 1:
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fig. S1). Each site represented a small patch of ruderal vegetation within a suburban
landscape, in which Solidago was the dominant (or co-dominant) component (cov-
er 30% to nearly 100%, median 60%). At the site level, goldenrod occurred either
as clumps or as a continuous stand. The estimated size of the goldenrod patch - de-
fined as the total contiguous area in the vicinity of the study site where Solidago was
present, with no goldenrod observed beyond the patch boundary, ranged from 5 to
1600 m* (median ~100 m?). There was no relationship between patch size and the
degree of Solidago cover (Pearson r = 0.242, p = 0.291); however, in patches with
low cover, Solidago occurred in clumps, whereas at high cover it formed continuous
stands (Mann—Whitney test, p = 0.021). The sites also differed in the proportion of
impervious surface area (ISA) within a 250-meter buffer (range: 0.00-52.65). At
each study site, we established two 2 m* plots: a goldenrod plot within the Solidago
patch and a nearby control plot without goldenrod, dominated by diverse non-So/-
idago vegetation. Because the paired plots were located within the same local land-
scape, the control plots should be understood as non-Solidago vegetation patches
within landscapes already containing S. canadensis, rather than as controls repre-
senting uninvaded landscapes. This spatial configuration, together with the 30%
to nearly 100% Solidago cover within focal patches and the continued presence of
nearby diverse co-flowering vegetation, is what we refer to as an intermediate stage
of invasion. Control plots were located within up to 200 m of the goldenrod plots.
In the control plots, the co-flowering vegetation comprised 29 plant taxa (includ-
ing one taxon identified only to family level, Apiaceae). Based on floristic status, all
taxa except two were native or archacophytes; the remaining two taxa were alien.
Achillea millefolium was the most frequently recorded species (16 sites), followed
by Cirsium arvense (9 sites) and Tanacetum vulgare (8 sites). Apiaceae (identified
to family level) occurred at 7 sites, while Berteroa incana, Medicago falcata, and
Senecio vulgaris were each recorded at 6 sites. Chenopodium album and Cichorium
intybus occurred at 5 sites, and Hypericum perforatum at 4 sites. All remaining
taxa were less frequent (<3 sites: eg., Convolvulus arvensis, Sisymbrium officinale,
Arctium lappa, Artemisia vulgaris, Echium vulgare, Erigeron canadensis, Helichrysum
arenarium, Lamium purpureum, Potentilla anserina), including several singletons
(e.g., Agrimonia eupatoria, Erigeron annuus, Jasione montana, Leonurus cardiaca,
Matricaria chamomilla, Origanum vulgare, Papaver rhoeas, and Trifolium arvense).

Pollinators sampling

The research was conducted in August and September across the goldenrod flow-
ering period over two field seasons (2022-2023). Pollinators were sampled in both
the goldenrod and control plots using an entomological net, with 20 minutes of
active netting per plot. All surveys were carried out between 9 am and 3 pm un-
der weather conditions suitable for bee activity (warm, sunny, no rainfall, and
moderate wind). Study sites were visited in a randomized order so that sampling
at each site occurred at different times of day. Each site was surveyed three times
per season. Pollinators were assigned to three main groups: wild bees (Apoidea),
butterflies (Lepidoptera), and hoverflies (Syrphidae). Easily recognizable species,
including most bumblebees, were identified alive in the field, while the remain-
ing specimens were transported to the laboratory for identification. All specimens
were identified by the authors. Pollinators were identified to species level whenever
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possible; however, individuals belonging to the subgenus Bombus sensu stricto (four
species in Poland: Bombus terrestris, B. lucorum, B. cryptarum, and B. magnus) were
pooled and recorded as Bombus s. str. because reliable separation of these cryptic
species was not possible using the applied identification approach.

Spatial analysis

Using the free open-source software QGIS 3.34.11 (QGIS.org 2024), we calcu-
lated the mean degree (0—100%) of impervious surface area (ISA) in 250 m-radi-
us buffers around sampling points. Dataset Copernicus Land Monitoring Service
High Resolution Layer: Imperviousness for the 2018 reference year (Lot 1 — Im-
perviousness for the EEA-39 area) was sourced from the Copernicus Land Moni-
toring Service, available at https://land.copernicus.eu.

Statistical analyses

To assess the association between Canadian goldenrod dominance and pollinator
community composition (bees, butterflies and hoverflies), we performed non-met-
ric multidimensional scaling (NMDS) based on Bray—Curtis dissimilarities, using
a site-by-species matrix aggregated at the site level. NMDS was chosen because it
makes minimal assumptions about the underlying data distribution and is well
suited for community data with many zeros and non-linear relationships in mul-
tivariate space. Prior to ordination, we removed species recorded only once across
sites to reduce noise from extremely rare taxa, leaving 43 species for the analysis,
and square-root transformed the community matrix to down-weight highly abun-
dant species while retaining information on relative differences. Differences in
community structure among plot types were tested using permutational multivari-
ate analysis of variance (PERMANOVA; 999 permutations) based on Bray—Curtis
distances, and homogeneity of multivariate dispersion among habitat types was
evaluated with the betadisper function in the vegan package (Oksanen et al. 2022).

To quantify the effects of invasive Canadian goldenrod (Solidago canadensis),
urbanization, and honey bee abundance on wild bee communities, we fitted
mixed-effects models in R Core Team 2025 using the glmmTMB package (Brooks
et al. 2017). We analysed three response variables for wild bees: abundance, spe-
cies richness, and alpha diversity (Shannon-Wiener diversity index). Fixed effects
included plot type (categorical: goldenrod absent vs. present), the proportion of
impervious surface area (ISA) within a 250 m buffer, and Apis mellifera abundance
(number of individuals). Each model also included two interaction terms (A. mel-
lifera abundance x plot type; ISA x plot type) to examine whether the relationships
between wild bee metrics and honey bee abundance or urbanization differed be-
tween goldenrod and control plots. In a separate model, we tested the association
of plot type, ISA, and their interaction with A. mellifera abundance.

For butterflies (Lepidoptera) and hoverflies (Syrphidae), we modelled abun-
dance and species richness using the same predictor structure (plot type, ISA,
A. mellifera abundance, and the two interaction terms). Shannon diversity was not
analysed for these groups because they were sparsely represented, with many sam-
ples containing either no species or only a single species, resulting in insufficient
variation in Shannon diversity for robust statistical modelling.
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To examine whether continuous variation in site-level goldenrod cover was as-
sociated with pollinator metrics, we fitted additional mixed-effects models using
goldenrod cover (%) as a predictor. For wild bees, butterflies and hoverflies, fixed
effects included site-level goldenrod cover, ISA, and A. mellifera abundance. For
A. mellifera, we modelled abundance as a function of goldenrod cover and ISA.

To account for spatial autocorrelation among sites, we included the first axis
of a principal coordinates of neighbour matrices (PCNM) analysis (PCNM axis
1) as a covariate in each model. We further tested model residuals for spatial au-
tocorrelation using Moran’s I and found no significant effects, indicating that re-
sidual spatial structure was adequately controlled (Suppl. material 1: table S7).
We used negative binomial generalized linear mixed models (GLMM:s) to handle
over-dispersed count data for wild bee abundance, species richness, and Apis mel-
lifera abundance, as preliminary checks indicated that Poisson models substantially
underestimated the variance. Alpha diversity, which was approximately continuous
and symmetrically distributed, was modeled using a linear mixed-effects model
(LMM). To reflect the hierarchical structure of the data and site-level heterogene-
ity, all models included random intercepts for year (two seasons) and site ID. We
evaluated model assumptions and diagnostics by testing GLMM overdispersion,
assessing LMM residual normality and homoscedasticity using DHARMa pack-
age (Hartig 2024), and checking multicollinearity with variance inflation factors
(VIFs). We made all visualizations using the ggplot2 package (Wickham 2016).

Results

Results are presented in relation to the study objectives. We first describe differenc-
es in overall pollinator community composition between goldenrod-dominated
and co-flowering control plots. We then report group-specific responses of wild
bees, honey bees, butterflies and hoverflies, followed by a cross-group synthesis of
the effects of urbanization, site-level goldenrod cover and associations with honey
bee abundance.

Species composition

In total, 1245 insect pollinators were sampled from 20 study sites across two years
(40 site-year observations). We collected 1076 individuals representing 45 bee spe-
cies, 93 individuals from 12 butterfly species, and 76 individuals from 6 hoverfly
species. In total, 63 pollinator species (across bees, butterflies, and hoverflies) were
recorded. Of these, 45 pollinator species (741 specimens) were recorded in the
goldenrod plots, whereas 44 pollinator species (504 specimens) were recorded in
the control plots. Apis mellifera Linnaeus, 1758 was the most abundant species
(66% of all individuals; 577 individuals in the goldenrod plots, and 254 in the
control plots). The next most abundant species were Pieris rapae (Linnaeus, 1758)
(4.2% of all individuals) and Eristalis tenax (Linnaeus, 1758) (3.8% of all individ-
uals). Among wild bees, the most abundant taxa were Bombus lapidarius (Linnae-
us, 1758) (14% of wild bees), Bombus pascuorum (Scopoli, 1763) (12%), Bombus
s. str. (10.5%), and Colletes similis Schenck, 1853 (7%).

Apart from common species, we recorded six taxa listed on the Polish Red List
(Banaszak 2002; Buszko and Nowacki 2002): Bombus veteranus (Fabricius, 1793)
classified as Vulnerable (VU); Lycaena dispar (Haworth, 1802) as Least Concern
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(LC); and four species classified as Data Deficient (DD): Colletes similis Schenck,
1853, Hylaeus styriacus Forster, 1871, Sphecodes cristatus Hagens, 1882, and Sphe-
codes spinulosus Hagens, 1875. We also recorded Halictus scabiosae (Rossi, 1790),
a species first reported from Poland in 2020, i.e., shortly before our study. Species
composition differed between the two plot types. Twenty-six species occurred in
both plot types, whereas 19 were recorded only in the goldenrod plots and 18 only
in the control plots. Consistent with these patterns, NMDS ordination based on
Bray-Curtis dissimilarities showed a separation in pollinator community composi-
tion between goldenrod and control plots (stress = 0.115). This difference was sup-
ported by PERMANOVA (y*-approx. F(1,38) =9.37, R*=0.19, p = 0.001; Fig. 1).

1 0 Dasypoda hirtipes P‘/yomatus icarus
Colletes daviesanus
[
Bogbus pascuorum Pieris rapae
0 5 T Anthidium manicatum  Colites similis Melitta leporina
Bombus sylv’um Helophilus pendulus @enonympha pamphilus
Pie'T napi o Halictus subauratus
~ ° @ Bombus wtﬂ
Lycaena phiaclgggristagy @ Andrena denticulata o P
v 0.0- s el B Bombus lapidarius
D S mel ." I‘zl/ctu @cund@ o
3 [ ) Maniola jurtina
Sphecodes allggabris - L o
2 ) .’ = Eristalis arbustoem
= Lycaena tityrus  Colletes fodies
Heriades truncorum
-0.5 1 )

Hylaeus communis

Bombus veteranus

Sphecodes reticulatus

-1.01

Halictus maculatus

1.0 0.5 0.0 05 1.0 15
NMDS1

Figure 1. NMDS ordination of pollinator community composition in paired goldenrod-dominated
and non-Solidago plots located within the same local landscapes, indicating a compositional shift.
Red and blue points represent sampling plots (coloured according to habitat type, i.e., with vs with-
out Canadian goldenrod, respectively), whereas species labels indicate species scores and positions
in the ordination space. After removal of singleton species, 43 species were included in the NMDS
analysis; to improve readability, only the 30 most abundant species are displayed. The separation of
the two clusters, with limited overlap of the 95% confidence ellipses, indicates that pollinator species

composition differs between the plot types.

Pollinator-group responses to plot type, urbanization and honey bee
abundance

To account for potential spatial autocorrelation, we included the first PCNM axis
in all models. This term was generally non-significant, indicating limited resid-
ual spatial structure in most responses, and is therefore only discussed where it
approached or reached significance.
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Bees (wild bees and Apis mellifera)

Wild bee abundance differed between plot types (y* = 3.90, df = 1, p = 0.048), with
lower abundance in goldenrod plots (Fig. 2a, Suppl. material 1: table S1). Neither
impervious surface area (ISA) (p = 0.920) nor A. mellifera abundance (p = 0.454)
showed significant main effects on wild bee abundance. However, the association
between wild bee abundance and A. mellifera abundance differed strongly between
plot types (plot type x A. mellifera: x* = 29.22, df = 1, p < 0.001): it was positive
in control plots and negative in goldenrod plots (Fig. 3a, Suppl. material 1: table
S§1). The interaction between plot type and ISA was marginal (x> = 3.47, df = 1,
p = 0.062).

Wild bee species richness was not significantly related to plot type (p = 0.341;
Fig. 2b), ISA (p = 0.716), or A. mellifera abundance (p = 0.352). In contrast, both
interaction terms were significant: plot type x ISA (y* = 4.00, df = 1, p = 0.046;
Fig. 3¢, Suppl. material 1: table S1) and plot type x A. mellifera (y* = 21.65,df = 1,
p < 0.001; fig. 3b), indicating that relationships with urbanization and honey bee
abundance differed between goldenrod and control plots.

Similarly, wild bee alpha diversity showed no significant main effects of plot
type (p = 0.181), ISA (p = 0.630), or A. mellifera abundance (p = 0.321). The plot
type x ISA interaction was not significant (p = 0.089), whereas the plot type x
A. mellifera interaction was highly significant (x> = 16.29, df = 1, p < 0.001), again
showing a habitat-dependent association with honey bee abundance (Fig. 3d, Sup-
pl. material 1: table S1).

In contrast, A. mellifera abundance was strongly associated with plot type
(x*=20.71,df =1, p < 0.001), with higher abundance in goldenrod plots (Fig. 4a,
Suppl. material 1: table S1). ISA (y* = 0.001, df = 1, p = 0.975) and the plot type
x ISA interaction (y* = 0.40, df = 1, p = 0.528) were not significant. Overall, gold-
enrod plots were characterised by higher A. mellifera abundance and lower wild bee
abundance, and they showed a reversal in the A. mellifera—wild bee relationship
(positive in controls but negative in goldenrod plots).

In models using site-level goldenrod cover, none of the tested predictors signifi-
cantly explained wild bee abundance, species richness, or alpha diversity (Suppl.
material 1: table §2). In contrast, honey bee abundance increased significantly with
goldenrod cover (y* = 9.16, df = 1, p = 0.002; Fig. 4b) and was also associated with
the spatial term (PCNM; y? = 4.14, df = 1, p = 0.042).

Butterflies (Lepidoptera)

Butterfly abundance differed strongly between plot types (y* = 11.53, df = 1,
p < 0.001; Suppl. material 1: table S3), with substantially lower predicted
counts in goldenrod plots than in control plots (Fig. 2¢). Impervious surface
area within 250 m (p = 0.859) and A. mellifera abundance (p = 0.604) showed
no significant effect. The plot x ISA interaction was not significant (y* = 3.61,
df =1, p = 0.057).

Butterfly species richness was also significantly lower in goldenrod plots than in
control plots (y* = 6.21, df = 1, p = 0.012; Suppl. material 1: table S3; Fig. 2d).
Neither ISA (p = 0.951) nor A. mellifera abundance (p = 0.838) had significant
effects on butterfly species richness, and the plot x ISA interaction was also not sta-
tistically significant (y* = 3.28, df = 1, p = 0.069). In contrast, when plot type was
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Figure 2. Differences in pollinators metrics between control plots (blue) and paired plots with Canadian goldenrod (red). Boxplots show

a. Wild bee abundance; b. Wild bee species richness; c. Butterfly abundance; d. Butterfly richness; e. hoverfly abundance; f. Hoverfly rich-
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within 1.5x interquartile range. Asterisks denote significant differences between plot types (* p < 0.05; *** p < 0.001).

replaced by site-level goldenrod cover (Suppl. material 1: table S5), neither but-

terfly abundance nor richness was significantly related to goldenrod cover (abun-
dance: ¥* = 1.70,df = 1, p = 0.192; richness: y* = 1.71,df = 1, p = 0.191). ISA and
PCNM also remained non-significant in these models (all p > 0.15).
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Figure 3. Predicted relationships between wild bee metrics and (a, b, d) honey bee (Apis mellifera) abundance or (c) impervious surface
area (ISA), shown separately for control plots (blue) and paired plots with Canadian goldenrod (red). Solid lines indicate model predic-
tions, and dashed lines show 95% confidence intervals. Response variables are a. Wild bee abundance; b. Wild bee species richness; ¢. Wild

bee richness vs ISA, and d. Wild bee alpha diversity.

Hoverflies (Syrphidae)

Hoverfly abundance differed significantly between plot types (x* = 5.87, df = 1,
p = 0.015; Suppl. material 1: table S4), with higher predicted counts in golden-
rod plots than in control plots (Fig. 2¢). Neither impervious surface area within
250 m (ISA; p = 0.851), and A. mellifera abundance (p = 0.227) nor the plot x ISA
interaction (p = 0.383) was significant.

Hoverfly species richness did not differ between plot types (p = 0.385; Suppl. ma-
terial 1: table S4; Fig. 2f) and showed no significant association with ISA (p = 0.535),
with A. mellifera abundance (p = 0.717) or the plot x ISA interaction (p = 0.862).
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Figure 4. Relationship between honey bee (Apis mellifera) abundance and Canadian goldenrod cover (%). Points represent site-year ob-

servations, the solid line shows the fitted model prediction, and dashed lines indicate 95% confidence intervals.

When plot type was replaced by site-level goldenrod cover (Suppl. material 1:
table S6), neither hoverfly abundance nor richness was significantly related to gold-
enrod cover (abundance: y* = 0.15, df = 1, p = 0.697; richness: ¥* = 0.42, df = 1,
p=0.517).ISA and PCNM were also non-significant in these models (all p > 0.05).

Cross-group synthesis of responses to goldenrod, urbanization and
honey bee abundance

Across pollinator groups, goldenrod-dominated plots were associated with a consis-
tent reorganization of local pollinator use rather than a uniform decline or increase
across taxa. Community composition differed between plot types, while responses
in abundance and richness were guild-specific: honey bees and hoverflies were more
abundant in goldenrod plots, wild bee abundance was lower, although wild bee rich-
ness and alpha diversity were unchanged, and butterflies showed lower abundance
and richness. ISA showed no consistent main effects across pollinator groups. A sig-
nificant plot type x ISA interaction was detected only for wild bee richness, whereas
the remaining interactions were not statistically significant. Associations between
honey bee abundance and wild bee abundance, richness and alpha diversity also
differed between plot types, being positive in control plots but negative in goldenrod
plots. Finally, site-level goldenrod cover was positively associated only with honey
bee abundance and not with the metrics of wild bees, butterflies or hoverflies.

Discussion

Invasive goldenrod as a late-season mass-flowering patch with guild-
specific outcomes

During the flowering peak of Solidago canadensis, pollinator responses differed
markedly among guilds between goldenrod-dominated and paired non-Solida-
go plots. Honey bees were strongly aggregated in goldenrod plots and increased
with site-level goldenrod cover, whereas wild bee abundance and both butterfly
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abundance and richness were lower than in nearby co-flowering control vegetation;
hoverflies showed the opposite pattern, with higher abundance in goldenrod plots.
Importantly, differences in abundance were not mirrored by comparable differenc-
es in species richness: richness was largely unchanged between plot types for wild
bees and hoverflies, indicating differences in local activity density and patch use
rather than a broad loss or gain of taxa over the sampling period, while butterflies
showed lower abundance and richness in goldenrod plots. At the same time, the
clear separation in NMDS ordination indicates that pollinator assemblages differed
between goldenrod-dominated and nearby non-Solidago vegetation. This suggests
that the difference between plot types was not limited to total abundance but also
involved a reorganisation of assemblage composition by favouring some taxa while
disadvantaging others, leading to species turnover between the two contrasting
floral patch types even where overall richness remained similar. Together, these
outcomes illustrate a common invasion trade-off in urban systems: mass-flowering
invaders may form prominent late-season flowering patches, while their local dom-
inance is associated with reduced floral heterogeneity and guild-specific differences
in pollinator assemblage structure (Morof et al. 2009; Stout and Tiedeken 2017;
Kovécs-Hostydnszki et al. 2022). However, we did not directly quantify floral re-
source abundance, nectar production, or pollen quantity and quality in either plot
type. Consequently, the observed differences in pollinator visitation cannot be at-
tributed to resource density or quality alone and may also reflect floral diversity,
vegetation structure, species-specific preferences, or combinations of these factors.
We therefore treat resource concentration and reward quality as plausible explana-
tions rather than mechanisms demonstrated by our data.

Because the paired plots occurred within the same local landscapes and were
within the foraging range of the recorded pollinators, differences in captured in-
dividuals should primarily be interpreted as differences in local visitation, activity
density, and patch use during the sampling period. They do not necessarily indicate
corresponding differences in population abundance, demographic performance, or
landscape-scale habitat suitability.

Role of the co-flowering control vegetation

Importantly, our control plots represented not only the absence of Solidago, but
also the presence of a functionally diverse set of co-flowering ruderal plants that
can support different pollinator needs. Several of the most frequent taxa (e.g.,
Achillea millefolium, Cirsium arvense, Tanacetum vulgare and diverse Apiaceae) are
widely visited by adult pollinators and can provide accessible nectar and pollen for
multiple groups (Buszko and Mastowski 2008; Bot and Meutter 2023; Nylund
2023). Beyond adult foraging, the control vegetation likely offered larval host re-
sources that are irrelevant to honey bees and most hoverflies but can be crucial for
butterflies. This contrast in resource diversity is consistent with the lower use of
goldenrod plots by wild bees and butterflies and the greater aggregation of honey
bees and hoverflies in mass-flowering patches.

The greater floral and structural heterogeneity of control plots may also have
favoured bee taxa associated with particular pollen sources or more diverse floral
assemblages, although species-level patterns are discussed in greater detail later
in the Discussion and should be interpreted cautiously because many taxa were
represented by few individuals.
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Opverall, the paired comparison contrasted not simply the presence and absence
of S. canadensis, but a mass-flowering patch with a more floristically and structur-
ally heterogeneous vegetation patch offering a broader range of potential resources.

Honey bees: resource concentration, management imprint, and
possible seasonal trade-offs

The strong association between honey bee abundance and both goldenrod pres-
ence and cover is consistent with the resource-concentration effect expected for
mass-flowering resources. Honey bees are known to exploit dense flowering stands
in a manner comparable to mass-flowering crops (Westphal et al. 2003), and
late-season blooms may be especially attractive when most native and cultivated
plants have already finished flowering. The high nectar and pollen rewards report-
ed for Solidago flowers (Kabuce 2006) provide a plausible explanation for this ag-
gregation, and goldenrod can form a major component of honey bee forage during
this period (Lenda et al. 2021).

However, attraction to goldenrod does not necessarily imply net colony-level
benefits. Under laboratory conditions, Lenda et al. (2021) found reduced survival
in bees maintained on a goldenrod-honey diet, particularly when bees were unable
to defecate and had no access to alternative food sources. More broadly, the same
study suggested that goldenrod dominance may reduce the availability of alter-
native floral resources earlier in the season by displacing more diverse flowering
communities. If so, invaded landscapes could generate seasonal forage imbalances,
with an abundant late-season resource pulse but reduced resource continuity across
the rest of the active beekeeping season. Because our sampling was restricted to
the goldenrod flowering period, our study captures only this late-season pulse and
cannot assess earlier-season resource displacement or colony-level consequences.

Honey bee abundance also retained a significant spatial structure (PCNM) after
accounting for goldenrod cover and ISA, indicating that variation in abundance
was not randomly distributed across the study area. Because we did not quantify
management-related variables, this pattern may reflect unmeasured drivers typical
of managed pollinators, such as apiary distribution, colony density, or the long
foraging ranges of honey bees, all of which can weaken relationships between plot-
scale habitat characteristics and local abundance (Ropars et al. 2019).

Our results also align with studies showing that late-season mass-flowering re-
sources can attract honey bees disproportionately, while non-crop or more diverse
habitats may remain relatively more important for wild bees (Ropars et al. 2019;
Riggi et al. 2024). A similar process may occur in invaded urban patches: dense
goldenrod stands may concentrate honey bee foraging locally; but whether this
increases total resource use, shifts foraging away from alternative flowers, or alters
competitive pressure on other pollinators remains unresolved.

Wild bees: reduced abundance and context-dependent associations
with honey bees

Wild bees did visit goldenrod flowers, but their overall abundance was lower in
goldenrod plots than in paired non-Solidago vegetation, consistent with earlier re-
ports that wild bees may use goldenrod while remaining less numerous than honey
bees in invaded patches (Moron et al. 2009). In contrast, wild bee richness and
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alpha diversity showed no clear main effect of plot type, indicating that goldenrod
plots supported broadly similar numbers of wild bee taxa, but fewer individuals
overall. In other words, rather than causing immediate local species loss, goldenrod
may reduce the extent to which wild bees use these floristically simplified late-season
patches. More broadly, although late-flowering plants can provide forage during
seasonal scarcity, floral quantity does not necessarily translate into resource quality
or habitat suitability for wild bees, and conservation outcomes are typically stron-
gest where diverse native plant assemblages are maintained (Scheper et al. 2013).

Species-level patterns provide tentative support for this interpretation. Assem-
blages in both plot types were dominated by widespread polylectic generalists,
but some compositional differences were observed. Species occurring in both
goldenrod and control plots were mainly ecologically flexible taxa, whereas spe-
cies recorded exclusively in S. canadensis plots included several small- to medi-
um-sized, ground-nesting halictids, such as Lasioglossum albipes, L. morio and
L. pauxillum, rogether with several Sphecodes species. As Sphecodes are cleptopar-
asites of ground-nesting bees, particularly halictids, their presence may reflect lo-
cal host availability or nesting conditions rather than floral resource use alone.
By contrast, control plots included a few additional taxa with relatively narrower
floral preference. Osmia spinulosa is broadly oligolectic species, collecting pollen
from multiple taxa within the Asteraceae subfamilies Carduoideae (e.g. Carduus,
Cirsium) and Asteroideae (e.g. Achillea millefolium, Anthemis) (Wood et al. 2016;
Miiller 2018). Colletes daviesanus is likewise associated primarily with Asteraceae,
showing a strong preference for Tanacetum vulgare, Achillea millefolium, Leucan-
themum vulgare, and related taxa, which may shape its local distribution patterns
(Miiller and Kuhlmann 2008). However, both species were represented by few
individuals, so floral preferences, local habitat structure, and stochastic sampling
cannot be disentangled.

A key result was that the associations between honey bee abundance and wild
bee abundance, richness, and alpha diversity differed between plot types. These
relationships were positive in control plots but negative in goldenrod plots, indi-
cating that local co-occurrence patterns varied with floral context. Such plot-de-
pendent reversals are compatible with differential use of contrasting floral patches.
Honey bees may aggregate strongly in dense goldenrod stands, whereas wild bees
may make greater use of floristically diverse vegetation. The resulting negative as-
sociation within goldenrod plots does not by itself demonstrate direct interference,
exploitative competition, or displacement. However, evidence for A. mellifera -
wild bee competition remains mixed, and reported negative effects often involve
displacement, that is, changes in where and on which flowers wild bees forage,
rather than consistent declines in abundance or richness (Ropars et al. 2019).

Because our data come from flower-based netting during the goldenrod bloom,
they most directly reflect visitation patterns and local aggregation. As such, they
may not capture longer-term population consequences, which can occur without
immediate changes in worker abundance (Westphal et al. 2008; Banaszak et al.
2014; Boyer et al. 2020). Our results are therefore best interpreted as evidence
of context-dependent co-occurrence and foraging patterns around a late-season
mass-flowering invader, rather than as direct evidence of competition. Alternative
explanations - including unmeasured microhabitat differences, variation in the
availability of alternative flowers, and spatial structuring linked to apiary place-
ment - cannot be excluded.
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Butterflies: lower visitation in floristically simplified vegetation

Butterflies showed consistently lower local visitation in goldenrod-dominat-
ed plots, with both lower abundance and lower species richness than in paired
non-Solidago vegetation. The species recorded only in control plots, including
Pieris brassicae, P napi, Pontia edusa, Polyommatus icarus, and Issoria lathonia, are
not known to be strict adult nectar specialists (Buszko and Mastowski 2008). Their
absence from goldenrod plots should therefore not be interpreted simply as avoid-
ance of Solidago flowers, but may reflect the broader plant diversity and structural
heterogeneity of the control vegetation. The control flora also included potential
larval host plants for some of these taxa, such as Sisymbrium officinale for pierids
and Medicago spp. for P icarus (Buszko and Mastowski 2008), although our flow-
er-visitor sampling does not demonstrate local reproduction.

Previous studies likewise indicate that butterflies make only limited use of Solidago
flowers (Ustinova and Lysenkov 2020). Because butterflies depend on diverse plant
communities across life stages, including specific larval host plants and a range of nectar
sources for adults, they are especially vulnerable to habitat simplification (Thompson
and Pellmyr 1991; Renwick and Chew 1994; Dennis et al. 2004). Compared with the
mixed ruderal vegetation in control plots, dense, near-monospecific goldenrod stands
may provide fewer of the complementary resources and structural features used by but-
terflies across different life stages. In addition, such stands may alter vegetation struc-
ture and constrain movement through the habitat, acting as partial barriers or creating
microhabitat conditions that further reduce butterfly use of goldenrod-dominated
patches (Wratten et al. 2003; Moron et al. 2019). The lower abundance and richness
observed in goldenrod plots are therefore consistent with reduced use of floristically
and structurally simplified vegetation by butterfly taxa with more complex or special-
ized ecological requirements. However, because floral resource abundance, host-plant
availability, and microhabitat conditions were not quantified directly, these mecha-
nisms remain plausible explanations rather than effects demonstrated by our data.

Hoverflies: generalists benefiting from high resource density

Hoverflies increased in abundance in goldenrod plots, consistent with earlier studies re-
porting positive syrphid responses to goldenrod during peak flowering (De Groot et al.
2007; Fenesi et al. 2015). Adult hoverflies are typically flexible foragers (Kaczorowska
2004; Biesmeijer et al. 2006), and many larvae develop as predators, in aquatic habi-
tats, or in decaying organic matter rather than on living plants. This may reduce their
dependence on local plant community diversity relative to taxa that rely more directly
on host plants or diverse floral assemblages across life stages. Hoverflies are also recog-
nized as important visitors of S. canadensis within its native range (Werner et al. 1980),
suggesting that the floral traits of this species are well suited to syrphid foraging (Usti-
nova and Lysenkov 2020). Behavioural flexibility may further reduce direct overlap
with honey bee foraging, as temporal niche partitioning under high honey bee abun-
dance has been reported, with syrphids foraging earlier in the day (Jeavons et al. 2020).
Together, these traits provide a plausible explanation for the higher hoverfly abundance
observed in goldenrod plots, which is consistent with flexible use of mass-flowering
resources. At the same time, hoverfly species richness did not differ between plot types
suggesting that the higher abundance in goldenrod plots likely reflected greater repre-
sentation of a subset of common species rather than the addition of new taxa.
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Conservation-relevant taxa

It is also worth noting that we recorded several taxa of conservation interest,
although most were represented by single individuals. The Red List butterfly
Lycaena dispar (one individual) was captured directly on goldenrod inflorescences.
Among bees, Bombus veteranus occurred only in control plots, whereas Hylaeus
styriacus, Sphecodes cristatus, and S. spinulosus were each recorded only in goldenrod
plots (singletons), and Colletes similis occurred in both plot types. We also recorded
one individual of Halictus scabiosae, a species first reported from Poland only two
years before our study, likewise collected on goldenrod flowers. Given the very
low counts, however, these records are best interpreted as evidence of occasional
late-season flower use rather than as an indication that goldenrod supports stable
or ecologically meaningful populations of rare taxa.

Urbanization: limited and inconsistent associations

In our models, impervious surface area (ISA) showed no consistent main effect
across pollinator groups. A significant plot type x ISA interaction was detected for
wild bee richness, whereas interactions for wild bee abundance and butterfly met-
rics were not statistically significant. Overall, the present results provide limited
evidence that urbanization systematically modified pollinator responses to gold-
enrod-dominated vegetation, and local floral patch type explained the observed
patterns more consistently than ISA.

Goldenrod cover and potential threshold effects

Previous work suggests that pollinator responses to goldenrod may be nonlinear,
with proposed cover thresholds for maintaining pollinator communities and as-
sociated services (Moron et al. 2019). In our study, site-level goldenrod cover did
not predict wild bee, butterfly, or hoverfly metrics, whereas honey bee abundance
was the only response that increased with goldenrod cover. This pattern may reflect
the generally high goldenrod cover at our sites (median: 60%), which compresses
the invasion gradient and may limit our ability to detect threshold-like responses.
Temporal scope is also likely to matter: Moron et al. (2019) sampled throughout
the growing season, whereas our study focused on the goldenrod flowering period
and therefore captured only the late-season phase of pollinator activity. Full-season
sampling across a broader gradient of invasion intensity will be needed to deter-
mine whether cover thresholds emerge earlier in the season and whether late-sea-
son resource pulses translate into net community-level benefits or costs.

Synthesis and implications

Opverall, our study shows that local dominance of S. canadensis is associated with
shifts in pollinator assemblages in suburban habitats, even when flowering stands
were used as prominent late-season flowering patches. Compared with nearby
control plots containing more diverse co-flowering vegetation, goldenrod-dom-
inated plots supported higher local abundance of honey bees and hoverflies
during the flowering peak, but lower butterfly abundance and richness, lower
wild bee abundance, and a distinct shift in pollinator community composition.
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Together, these patterns indicate that a mass-flowering invader can redistrib-
ute local pollinator use of floral patches by concentrating some managed and
ecologically flexible visitors, while other guilds are less strongly represented in
goldenrod-dominated vegetation. The combination of altered community com-
position with relatively stable richness in some guilds is consistent with commu-
nity reassembly occurring before detectable local taxon loss. The context-depen-
dent reversal in honey bee - wild bee associations further suggests that flowering
S. canadensis can alter local patterns of pollinator co-occurrence around concen-
trated floral resources.

Importantly, our study captures an intermediate stage of invasion, in which
S. canadensis was already locally dominant within patches but had not yet replaced
the surrounding mosaic of other co-flowering vegetation. This highlights that pol-
linator patch use and assemblage structure may already shift before complete land-
scape saturation by the invader, while opportunities for coexistence among con-
trasting floral patches still remain. Because S. canadensis may continue to expand
if left unmanaged, retaining non-dominated patches with more diverse late-season
vegetation may become increasingly important in suburban landscapes where open
habitats are limited. Although our control plots were not true landscape-level con-
trols outside pollinator foraging range from goldenrod, they nevertheless provide
a realistic comparison between nearby goldenrod-dominated and non-dominated
vegetation. From a management perspective, our findings support limiting the
local spread and long-term dominance of S. canadensis and retaining or restoring
floristically diverse late-season vegetation. Maintaining this habitat mosaic may
help reduce the risk of longer-term biotic homogenization that could arise if het-
erogenecous vegetation were progressively replaced by dominant invasive stands,
while sustaining broader pollinator diversity (McKinney and Lockwood 1999;
Olden and Rooney 2006; Carvalheiro et al. 2013).
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