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Abstract

Land cover change and biological invasions alter pollinator communities and the distribution of floral
resources, but how these changes influence specific bee—plant interactions across different landscapes
often remains unclear. We reconstructed bee—plant interaction networks from New Zealand using 2,266
interactions extracted from digitised natural history collections and compared interaction patterns between
native and exotic land cover types. Native bees accounted for most recorded interactions across all land
cover types. Bee and plant biostatus showed strong non-random associations, with native bees interacting
mainly with native plants and exotic bees interacting more frequently with exotic plants. Network-level
specialisation was moderate to high and varied little among land cover types (H2' = 0.63-0.68), although
species-level specialisation differed substantially among bee species. Preference indices showed that most
native bee species exhibited neutral or negative preferences for exotic plants, whereas several exotic bee
species preferentially visited exotic plants. Temporal analyses further showed that native bees increasingly
incorporated exotic plants into their interactions through time, while exotic bees showed increased use of
native plants. Our results suggest that changes to land cover influences bee—plant interaction patterns while
native and exotic bees differ in their use of floral resources.

Introduction

Animal pollinators play an important role in the reproduction of most flowering plants and contribute
substantially to global ecosystem and agriculture (Ackerman 2000; Ollerton et al. 2011; Potts et al. 2016).
Pollinators are affected by habitat modification, biological invasions, climate change, and other
anthropogenic pressures (Janousek et al. 2023; Walters 2016; Pedersen et al. 2025; Piché-Mongeon &
Guzman-Novoa 2024), with both increases and declines reported for different pollinator groups across
regions (Biesmeijer et al. 2006; Bartomeus et al. 2013; Scheper et al. 2014; Potts et al. 2010). However,
changes in pollinator abundance or species richness do not fully describe how pollination systems respond
to these disturbances. Pollination depends on interactions between plants and pollinators, and these
interactions may change even when both interacting species remain present (Valiente-Banuet et al. 2015).
These changes may precede detectable shifts in pollinator populations or community composition (Huang
et al. 2021; Valiente-Banuet et al. 2015; Vizentin-Bugoni & Maruyama 2023).

Plant-pollinator interactions depend on the spatial and temporal co-occurrence of interacting species, as
well as the matching of their morphological and behavioural traits (Vazquez et al. 2020). Pollinators differ in
their degree of specialization, generalist species often adjust their foraging behaviour in response to
changes in the composition, abundance, or phenology of floral resources, while specialist species rely on a
narrower range of host plants (Gémez et al. 2025). Such flexibility may result in interaction rewiring, in which
existing interactions are replaced by new ones (Trunschke et al. 2024; Brett et al. 2024; Noreika et al. 2019).
By contrast, highly specialised interactions are less likely to be replaced following environmental disturbance
because suitable alternative partners are often lacking (Vizentin-Bugoni & Maruyama 2023).

Land cover change is one of the main drivers of change in pollination systems (Dicks et al. 2021). The
conversion of native vegetation to agricultural, plantation, and urban landscapes changes the diversity,
abundance, and spatial distribution of floral resources, as well as pollinator communities and habitat
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connectivity (Balogh et al. 2025; Montti et al. 2017; Hung et al. 2017; Hobbs & Huenneke 1992). These
changes can alter pollinator foraging behaviour and reshape the pollination networks. Biological invasion
makes these changes even more complex. Exotic plants may provide new floral resources for native
pollinators and compete with native plants, while exotic pollinators may form new interactions with native
plants and compete with native pollinators for resources (Beggs & Wardle 2006; Stout & Morales 2009).
However, not all pollinators respond to environmental change in the same way. Native and exotic bees differ
in their evolutionary histories, ecological traits, and patterns of resource use. These differences may
influence how they use floral resources and interact with plants under changing landscape.

The native bee species in New Zealand are relatively few but highly endemic (Donovan 2007). Exotic
flowering plants and several exotic bee species are also widely established across a range of landscapes
(Donovan 2007; Howlett et al. 2025). Although a few highly specialised pollination systems have been
reported (Milliken et al. 2024), plant-pollinator interactions in New Zealand are generally considered to be
relatively generalized (Donovan 2007). This has been linked to the prevalence of small, open, and pale-
coloured flowers that are accessible to a wide range of insect visitors (Godley 1979). In addition, New
Zealand has a high proportion of endemic plant species and has experienced huge land cover change over a
relatively short period (Ewers et al. 2006). Together, these characteristics provide the ecological context for
examining interactions between native and exotic species.

Understanding the pollination network across different land cover types requires data collected from a wide
range of habitats. Field surveys are often limited to a small number of sites and sampling periods, making it
difficult to compare interaction patterns across large spatial scales. However, natural history collections
provide an alternative source of data (Bartomeus et al. 2013; Bartomeus et al. 2019). Specimen labels that
include locality, date, habitat, and associated plant information, allow plant-insect interactions and networks
to be reconstructed. The ongoing digitisation of museum collections has greatly improved access to these
records and made it possible to examine interaction patterns across broad geographic areas and multiple
land cover types (Bartomeus et al. 2013; Bartomeus et al. 2019).

In this study, we reconstructed bee-plant interaction networks from New Zealand using information from
digitised natural history collections. We compared interaction patterns across different land cover types and
examined differences in the use of native and exotic plants by native and exotic bees. We also explored
temporal changes in plant use through time.

Methods and Materials

Data source

Information from GBIF was downloaded in Darwin Core standard format on 6 May 2025
(https://doi.org/10.15468/d1.q98yf3). The search was performed using the occurrence search interface with
filters set to include only: i) “preserved specimens”, ii) occurrence status marked as “present” in New
Zealand, and iii) searches restricted to four bee families in New Zealand: Apidae, Colletidae, Halictidae, and
Megachilidae.
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Data validation: bees

Using Donovan (2007), the taxonomic names of bee species were checked to ensure each was a valid name
and not a synonym, and the biostatus of each species was obtained from Donovan (2007). Bee records
include 40 species in nine genera in four families (Table 1). This was strongly dominated by Colletidae,
which has five genera and 58% of all records (1,314 records), followed by Halictidae (1 genus, 22%, 503
records), Apidae (2 genera, 19%, 437 records) and Megachilidae (1 genus, < 1%, 12 records). Species-level
sampling was similarly uneven, the five most frequently recorded species were Bombus terrestris (332
records), Lasioglossum sordidum (294), Leioproctus pango (204), Leioproctus boltoni (155) and Leioproctus
huakiwi (146), together representing around half of all records, and the ten most common species accounted
for over 70% of records (Supplementary Information 1).
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Table 1

Number of occurrence records per bee species from GBIF dataset, with biostatus,
specialisation (d') and preference (Pl_exotic) metrics.

Genus and species
Bombus terrestris
Lasioglossum sordidum
Leioproctus pango
Leioproctus boltoni
Leioproctus huakiwi
Leioproctus imitatus
Lasioglossum mataroa
Lasioglossum maunga
Nesocolletes paahaumaa
Hylaeus capitosus
Bombus ruderatus
Nesocolletes fulvescens
Nesocolletes monticola
Hylaeus agilis
Leioproctus vestitus
Nesocolletes maritimus
Hylaeus relegatus
Leioproctus waipounamu
Leioproctus metallicus
Leioproctus keehua
Bombus hortorum
Lasioglossum cognatum
Leioproctus kanapuu

Hyleoides concinna

Biostatus
Exotic
Native
Native
Native
Native
Native
Native
Native
Native
Native
Exotic
Native
Native
Native
Native
Native
Native
Native
Native
Native
Exotic
Exotic
Native

Exotic

Records

332
294
204
155
146
134
102
90
85
80
70
70
59
56
53
46
43
39
26
25
17
17
14
13

Family

Apidae

Halictiedae

Colletidae
Colletidae
Colletidae
Colletidae
Halictidae
Halictidae
Colletidae
Colletidae
Apidae

Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Colletidae
Apidae

Halictidae
Colletidae

Colletidae

d
0.839
0.542
0.711
0.477
0.537
0.681
0.871
0.620
0.518
0.456
0.549
0.693
0.470
0.484
0.577
NA

0.545
0.864
0.693
0.859
0.425
0.546
0.392
1.000

Pl_exotic
0.710
-0.448
-0.364
-0.303
0.232
-0.688
0.704
-0.924
0.546
-0.289
0.776
0.462
0.821
-0.728
-0.553
NA
-0.709
-1.000
-0.930
-0.460
0.821
0.422
-0.610
0.821
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Table 1

continued. Number of occurrence records per bee species from GBIF dataset, with
biostatus, specialisation (d") and preference (PI_exotic) metrics.

Genus and species Biostatus Records Family d Pl_exotic
Anthidium manicatum Exotic 12 Halictidae 1.000 0.821
Leioproctus purpureus Native 12 Colletidae 0.564 -1.000
Nesocolletes pekanui Native 11 Colletidae  NA NA
Hylaeus asperithorax Exotic 10 Colletidae 0.720 -0.860
Leioproctus hukarere Native 9 Colletidae  1.000 -1.000
Apis mellifera Exotic 8 Apidae 0.646 -0.220
Hylaeus perhumilis Exotic 8 Colletidae 0.971 0.821
Bombus subterraneus Exotic 6 Apidae 0.597 0.821
Bombus spp. Exotic 4 Apidae NA NA
Nesocolletes nunui Native 4 Colletidae  NA NA
Euryglossina Exotic 3 Colletidae  NA NA
Hylaeus kermadecensis  Native 3 Colletidae  1.000 -1.000
Hylaeus matamoko Native 3 Colletidae 0.674 -1.000
Nesocolletes hudsoni Native 2 Colletidae  0.105 -1.000

Data validation: plants

To obtain the correct taxonomic names of plant species, names were first obtained from the digitised
records within the GBIF records from the categories of “habitat”, “substrate”, and “occurrenceRemarks”,
often because common names are used on labels (Supplementary Information 2). Plant names were unified
by searching the New Zealand Plant Conversation Network (NZPCN) and the GBIF ‘Species matching’ tool,
where the common name and the former scientific name were standardized to the current valid scientific

name. The biostatus of the plant (native or exotic) was obtained through the NZPCN.

A total of 69 plant families were included in the GBIF dataset (Supplementary Information 3, 4). Records
were uneven across families, with several groups contributing disproportionately to the dataset. The most
frequently represented families were Myrtaceae (372 records), Asteraceae (294), Plantaginaceae (246),
Actinidiaceae (216), Ericaceae (190), Fabaceae (168), Nothofagaceae (147), and Cupressaceae (112), while
most remaining families appeared only rarely (< 10 records). Overall, plant biostatus was balanced, with
native plants accounting for 51.4% of records (n = 1164) and exotic plants 48.6% (n=1102).

Data: Land cover
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The specimen labels of bees contain location information where geographic coordinates can be obtained.
Lookup lists of NZAC sampling locations, and their coordinates were used to extract the corresponding land
cover types at the time of sampling via the Land cover Database (LCDB) within the Land Resource
Information System (LRIS) Portal (https://Iris.scinfo.org.nz/). The different land cover classes were
classified into a simple system of being either native or exotic. Three datasets were created, i) including all
land cover types; ii) only native land cover; iii) only exotic land cover.

A total of 27 land cover classes were included in the dataset, ranging from native forests to agricultural and
urban environments. Native land cover types (and the number of records): Alpine Grass/Herbfield (109);
Broadleaved Indigenous Hardwoods (73); Gravel or Rock (12); Herbaceous Freshwater Vegetation (2);
Indigenous Forest (45); Lake or Pond (16); Landslide (75); Mangrove (2); Manuka and/or Kanuka (21);
Matagouri or Grey Scrub (8); River (11); Sand or Gravel (12); Sub Alpine Shrubland (12); Tall Tussock
Grassland (28). Exotic land cover types (and the number of records): Built-up Area (settlement) (558);
Deciduous Hardwoods (3); Depleted Grassland (11); Exotic Forest (37); Gorse and/or Broom (16); High
Producing (Grassland (398); Low Producing Grassland (39); Mixed Exotic Shrubland (4); Orchard,
Vineyard/Other Perennial Crop (1); Short-rotation Cropland (18); Transport Infrastructure (6); Urban
Parkland/Open Space (61). No records were obtained from land cover classes: Estuarine open water,
fernland, flaxland, herbaceous saline vegetation, and snow and ice. Land cover categories were highly
skewed toward modified habitats: exotic (human-modified) land cover types (n = 1154, 73.8%) and native
land cover types (n =410, 26.2%).

Statistical Analysis

Chi-square tests were used to analyze the differences in the four possible associations between native and
exotic bees and plants (i.e. native bee-native plant; native bee-exotic plant; exotic bee-native plant; exotic
bee- exotic plant) for each land cover type.

Network-level specialisation was quantified using the standardized specialisation index H2' (Bliithgen et al.
2006). Bipartite interaction matrices were constructed for three datasets: (i) all land cover types combined,
(ii) native land cover only, and (iii) exotic land cover only. Interaction weights were based on observed
visitation frequencies between bee and plant species. The more selective a species, the larger is H2' for the
web.

Species-level specialisation was quantified using the d' index for each bee species. The d' metric measures
the deviation of observed interaction frequencies from those expected under random partner use,
accounting for partner availability (Bliithgen et al. 2006). Values range from 0 (generalized interaction
patterns) to 1 (high specialisation). Both H2' and d' were calculated using the R package bipartite.

To quantify species-level preferences for exotic versus native plants, a preference index (PI) was calculated
for each bee species (Xie et al. 2008). For each species, observed visitation frequencies to native and exotic
plants were compared with expected frequencies based on their proportional availability across the entire
dataset. Expected visitation frequencies were calculated as the total number of interactions for each
species multiplied by the overall proportion of native or exotic plant records in the dataset. Positive values
indicate a ‘preference’ for exotic plants relative to expected interactions, negative values are the opposite.
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To assess temporal changes in bee—plant interaction patterns, binomial generalized linear models (GLMs)
were fitted separately for native and exotic bee groups. Plant biostatus was coded as a binary response
variable (native plants = 0, exotic plants = 1), and year was included as the predictor variable. All models
were fitted in R using the stats package.

Results

A total of 13,800 occurrence records were downloaded from GBIF, with records widely distributed across

New Zealand (Supplementary Information 5). From this dataset, 22% of records had an interaction with a

plant (n = 3,088 records), and of these, 73% (2,266 records) contained a georeference, which enabled land
cover type to be obtained.

Across all land cover types, interactions were strongly structured by the native or exotic status of both bees
and plants (Fig. 1). With all land cover types, native bees most frequently visited native plants (1,323
records), whereas exotic bees were predominantly associated with exotic plants (850 records). Interactions
involving exotic bee and native plants were comparatively rare. This pattern changed when analyzing land
cover separately. In exotic land cover, exotic bee-exotic plnat interactions were more common (387 records,
54.8%), while native bees showed increased visitation to exotic plants (319 records, 45.2%). Conversely, in
native land cover, native-native interactions dominated (246 records, 78.6%), and exotic bees contributed
relatively few visits overall (only 67 records total, 21.4%).

Chi-square tests showed strong non-random associations between bee and plant biostatus across all three
datasets: all land covers (x? = 743.77, p < 0.001; Fig. 2); on native land covers (x? = 62.14, p < 0.001; Fig. 3);
and on exotic land covers (x2 = 281.05, p < 0.001; Fig. 4). In general, the bipartite networks for different land
covers (Figs. 2, 3, 4) show that native bees are more diverse across all habitats, although both native and
exotic bees have a great number of interactions. Native land covers are structured mainly around native
plants, and native bees tend to visit native plants; while exotic land covers include a higher proportion of
exotic plant interactions, and exotic bees interact only with exotic plants.

Network-level specialisation was moderate to high across all land cover types. The combined network
exhibited an H2' value of 0.663. When analyzed separately, exotic land cover showed a slightly higher level of
specialisation (H2' = 0.680) than native land cover (H2' = 0.628). Differences in H2' among land cover types
were small, indicating broadly similar levels of overall network specialisation.

Species-level specialisation (d') varied widely among bee species (Fig. 5). Although native and exotic bees
showed substantial overlap in d' values, exotic bees tended to exhibit slightly higher median specialisation,
whereas native bees showed a more concentrated distribution of intermediate d' values.

Preference indices further revealed heterogeneity in species-level foraging behaviour. Most native bee
species exhibited neutral to negative Pl_exotic values, indicating lower proportional use, or avoidance, of
exotic plants, whereas several exotic bee species showed strong positive Pl_exotic values, reflecting
disproportionate visitation to exotic plants (Fig. 6). Species with high interaction frequencies tended to show
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more moderate preference values, whereas extreme Pl values were often associated with lower sample
sizes.

Generalised linear models (GLM) showed clear temporal shifts in the probability of native and exotic bees
visiting native or exotic plants (Fig. 7). In all cases, year had a highly significant effect (p < 0.001), indicating
temporal shifts in plant use. For native bees, the probability of visiting native plants declined significantly
over time (coefficient = -0.024, p < 0.001), whereas visits to exotic plants increased significantly. For exotic
bees, the probability of visiting native plants increased strongly through time (coefficient = 0.046, p < 0.001),
while visits to exotic plants decreased accordingly.

Discussion

Effects of land cover change on pollination networks

This study demonstrates that the surrounding environment (i.e. land cover) influences recorded bee-plant
associations and the distribution of interactions within the network. Land cover dominated by native plants
showed primarily interactions between native bees and native plants, with relatively limited participation
from exotic bees. In contrast, land cover dominated by exotic plants, interactions between native and exotic
bees and exotic plants increased.

International studies have generally shown that land cover change often leads to simplification or even
decline in pollination networks, with strong coupling between species of different biostatus (Parra-Tabla &
Arceo-Gomez 2021; Pei et al. 2023; Valdovinos et al. 2018), although there are examples indicating that
species-level network parameters are not significantly different between native and exotic species in certain
ecological environments (Parra-Tabla et al. 2019). The New Zealand model is consistent with most
international studies, suggesting that land use and land cover change can reconstruct plant-pollinator
networks by altering the availability of flower resources, plant community composition, and the opportunity
structure of interactions, often without uniformly affecting all pollinator populations.

Importantly, the observed differences in land cover types reflect changes in the context of interactions,
rather than uniform responses among species. Land cover change altered the context in which interactions
occur, and different bee populations responded differently to these changes. Therefore, network differences
between land cover types redistributes interactions caused by changes in resource context rather than
directly changing pollination function.

Native and exotic bees: flexibility or constraint?

A key finding of this study is the significant asymmetry in the use of native and exotic plants by native and
exotic bees across land cover types. Native bees accounted for most recorded interactions and made
extensive use of both native and exotic plants. In contrast, exotic bee interactions were fewer and clearly
biased towards exotic plants, with very limited records of native plant use regardless of land cover type.

In land cover dominated by exotic plants, the interaction between native bees and exotic plants increased
significantly, almost matching interactions between native bees and native plants. This pattern suggests a
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high degree of flexibility in resource utilization by native bees, even when these resources are predominantly
exotic plants (see recent review by Howlett et al 2025). Similar patterns have been observed in other areas
(Parra-Tabla et al. 2019), where native pollinators incorporate exotic plants into their foraging resources in
response to changes in the resource landscape. However, this apparent flexibility should is not necessarily
evidence of preference or adaptive benefits. The increased use of exotic plants by native bees may also
reflect a reduction in native plant resources in exotic-dominated environments, which effectively limits
foraging choices. Meanwhile, exotic plants may not provide pollen of the same quality as native plants. In
this context, interaction with exotic plants may represent a necessity rather than a choice, a distinction that
cannot be resolved by natural history records.

Unlike native bees, exotic bees consistently exhibited lower levels of interaction with native plants across all
land cover types, including native-dominant landscapes. This suggests more constrained or selective
resource use patterns, possibly driven by preferences for familiar floral characteristics, higher rewards, or the
abundance of exotic plants in human-modified environments. The commercial use of exotic bees for
specific pollination services in human-modified environments may explain some patterns observed, but in
this study the number of records occurring in orchards and croplands is very few (n = 19); the most common
land cover types were exotic grasslands and urban areas. This shows the data was not heavily biased
towards the use of some exotic bee species for pollination services in exotic land cover types. Differences in
habitat use, phenology, or detection capabilities may also contribute to these patterns. Regardless of the
underlying mechanisms, the persistence of this asymmetry across land cover types suggests that exotic
bees are less flexible in plant use than native bees in the studied systems.

These results demonstrate that land cover change does not affect all pollinators equally. Instead, it reveals
fundamental differences in the interactions between native and exotic bees with native and exotic plants. In
New Zealand, native bees appear to be flexible generalists, able to adapt their resource use to changing
landscapes, while exotic bees, even with native plant resources, remain closely associated with exotic plants
(Howlett et al 2025). The extent to which this pattern applies beyond New Zealand remains uncertain. Unlike
many continental floras, New Zealand has often been described as a relatively generalized pollination
system, with many native plants bearing small, open flowers that are accessible to a wide range of insect
visitors (Godley 1979). Such floral characteristics may reduce morphological barriers between native and
exotic bees and plants, potentially influencing patterns of resource use observed in this study. Whether
similar differences between native and exotic bees occur in more specialised pollination systems requires
further investigation.

Temporal analyses showed that native bees increasingly incorporated exotic plants into their recorded
interactions through time, accompanied by a corresponding decline in interactions with native plants.
However, increased use of exotic plants should not be interpreted as evidence of preference, as changes in
floral resource availability may also increase the likelihood of interactions with exotic species. Similar to the
patterns observed across different land cover types, these temporal changes are therefore likely to reflect
shifts in the availability and composition of floral resources rather than changes in the intrinsic preferences
of native bees. Besides, exotic bees also showed an increase in interactions with native plants over time.
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Further to the overall patterns, there were also marked differences in the specialisation and plant
preferences of individual bee species. Several species exhibited extremely high specialisation (d' = 1.00),
including A. manicatum, H. concinna, H. kermadecensis, and L. hukarere, indicating highly restricted
interaction patterns. Relatively high levels of specialisation were also observed in B. terrestris, L. mataroa, L.
keehua, L. waipounamu, and H. perhumilis (d' > 0.80). In contrast, N. hudsoni showed low specialisation (d' =
0.11), suggesting more generalised resource use. Nesocolletes fulvescens (d' = 0.69) and L. pango (d' = 0.71)
also exhibited relatively high specialisation, consistent with Lim et al. (2025) and Milliken et al. (2024), who
reported that these species had specialised pollination capabilities. Beyond variation in specialisation,
preference patterns also differed markedly among species. Interestingly, three of the five native bee species
that preferred exotic plants belonged to the endemic genus Nesocolletes (Fig. 6), highlighting considerable
ecological variation even among closely related species.

Strengths and limitations of records-based networks

Record-based interaction networks provide a powerful tool for studying broad patterns of bee-plant
associations across different landscapes (Bartomeus et al. 2013; Bartomeus et al. 2019). By integrating
specimen and historical observation records, this approach captures extensive species interactions across
time and space, enabling comparisons of native and exotic species across land cover types which are
difficult to achieve in short-term field studies.

However, two main limitations must be considered when interpreting these results. First, record-based data
are inherently subject to sampling bias. Field sampling efforts are uneven across different land cover types,
locations, and time periods (Ward 2012), and may be influenced by accessibility, collector preferences, or the
conspicuousness of certain species and plants, potentially leading to misidentification of pollinators and
plants. These biases may exaggerate the apparent importance of common species and interactions while
underestimating rarer or harder-to-detect species. Second, the presence of a bee-plant record does not
necessarily mean effective pollination. Records may reflect brief encounters, nectar skimming, or incidental
use, rather than successful pollen transfer, and may not record information such as visit frequency, duration,
pollen load, or seed set.

Therefore, the networks analyzed here represent recorded associations rather than quantitative
measurements of pollination intensity or reproductive contribution. To gain a better understanding of bee
pollination in New Zealand, further work should focus on linking the results of historical data with field
experiments and studies on species biology. For example, diet analyses and floral availability surveys could
determine whether species-level specialisation observed in network data reflects true dietary restriction or
differences in resource availability (Lim et al. 2025). In addition, direct measurements of pollen deposition or
single-visit pollination effectiveness would further clarify whether frequent interactions translate into
effective pollen transfer and reproductive success (Stavert et al. 2017). Therefore, network metrics based on
historical records should be interpreted comparatively rather than absolutely.

Conclusion
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Overall, our results show that land cover type influences bee—plant interaction patterns and that native and
exotic bees differ in their use of native and exotic plants. Native bees exhibited greater flexibility in
incorporating exotic plants into their recorded interactions, whereas exotic bees remained more strongly
associated with exotic plants across different land cover types. These patterns suggest that changes in land
cover and floral resources are associated with shifts in bee—plant interaction networks, although the
functional consequences of these changes remain uncertain.

Declarations

Funding Declaration

This work was supported by SSIF Infrastructure funding for the Nationally Significant Collections and
Databases at Manaaki Whenua-Landcare Research.

Author Contribution

H.Z. designed the work, prepared data, undertook statistical analyses, and prepared figures. D.W. designed
and supervised the work. Both authors wrote and reviewed the manuscript.”

Acknowledgement

Thanks to Anne Sutherland for assistance with obtaining land cover information. This work was supported
by SSIF Infrastructure funding for the Nationally Significant Collections and Databases at Manaaki Whenua-
Landcare Research.

Data Availability

Publicly available in a repository: https://doi.org/10.15468/dl.q98yf3

References

1. Ackerman JD (2000) Abiotic pollen and pollination: Ecological, functional, and evolutionary
perspectives. Pl Syst Evol 222:167-185. https://doi.org/10.1007/BF00984101

2. Balogh MB, Tobak Z, Kaim D, Szilassi P (2025) Historical and recent land use/land cover changes as a
driving force of biological invasion: a Hungarian case study. Biol Invasions 27:187.
https://doi.org/10.1007/s10530-025-03635-z

3. Bartomeus |, Ascher JS, Gibbs J, Danforth BN, Wagner DL, Hedtke SM, Winfree R (2013) Historical
changes in northeastern US bee pollinators related to shared ecological traits. Proceedings of the
National Academy of Sciences 110:4656-4660. https://doi.org/10.1073/pnas.1218503110

4. Bartomeus |, Stavert JR, Ward D, Aguado O (2019) Historical collections as a tool for assessing the

global pollination crisis. Phil Trans R Soc B 374:20170389. https://doi.org/10.1098/rstb.2017.0389
Page 12/22



10.

11.

12.

13.

14.

15.

16.

17.

. Beggs JR, Wardle DA (2006) Keystone Species: Competition for Honeydew Among Exotic and

Indigenous Species. In: Allen RB, Lee WG (eds) Biological Invasions in New Zealand. Springer, Berlin,
Heidelberg, pp 281-294

. Biesmeijer JC, Roberts SPM, Reemer M, Ohlemiiller R, Edwards M, Peeters T, Schaffers AP, Potts SG,

Kleukers R, Thomas CD, Settele J, Kunin WE (2006) Parallel Declines in Pollinators and Insect-Pollinated
Plants in Britain and the Netherlands. Science 313:351-354. https://doi.org/10.1126/science.1127863

. Brett MF, Strauss P, van Wyk K, Vaughan IP, Memmott J (2024) Spillover effects from invasive Acacia

alter the plant—pollinator networks and seed production of native plants. Proc Biol Sci 291:20232941.
https://doi.org/10.1098/rspb.2023.2941

. Dicks LV, Breeze TD, Ngo HT, Senapathi D, An J, Aizen MA, Basu P, Buchori D, Galetto L, Garibaldi LA,

Gemmill-Herren B, Howlett BG, Imperatriz-Fonseca VL, Johnson SD, Kovacs-Hostyanszki A, Kwon YJ,
Lattorff HMG, Lungharwo T, Seymour CL, Vanbergen AJ, Potts SG (2021) A global-scale expert
assessment of drivers and risks associated with pollinator decline. Nat Ecol Evol 5:1453-1461.
https://doi.org/10.1038/s41559-021-01534-9

. Donovan BJ (2007) Apoidea (Insecta: Hymenoptera). Fauna of New Zealand 57.

https://doi.org/10.7931/J2/FNZ.57

Ewers RM, Kliskey AD, Walker S, Rutledge D, Harding JS, Didham RK (2006) Past and future trajectories
of forest loss in New Zealand. Biological Conservation 133:312-325.
https://doi.org/10.1016/j.biocon.2006.06.018

Godley EJ (1979) Flower biology in New Zealand. New Zealand Journal of Botany 17:441-466.
https://doi.org/10.1080/0028825X.1979.10432564

Goémez JM, Navarro L, Gonzalez-Megias A, Armas C, Perfectti F, Caravantes A, Sanchez R (2025)
Pollination effectiveness affects the level of generalisation of a plant species with phenotypically plastic
flowers. AoB PLANTS 17:plae065. https://doi.org/10.1093/aobpla/plae065

Hobbs RJ, Huenneke LF (1992) Disturbance, Diversity, and Invasion: Implications for Conservation.
Conservation Biology 6:324-337. https://doi.org/10.1046/j.1523-1739.1992.06030324.x

Howlett BG, Cutting BT, Dowle EJ, Gee M, Read SFJ, Walker MK, Evans LJ (2025) Bee diversity and crop
pollination in low-diversity regions: Balancing global insights and local contexts. Advances in Ecological
Research. Academic Press, pp 39-86. https://doi.org/10.1016/bs.aecr.2025.06.001

Huang H, Tu C, D'Odorico P (2021) Ecosystem complexity enhances the resilience of plant-pollinator
systems. One Earth 4:1286-1296. https://doi.org/10.1016/j.oneear.2021.08.008

Hung K-LJ, Ascher JS, Holway DA (2017) Urbanization-induced habitat fragmentation erodes multiple
components of temporal diversity in a Southern California native bee assemblage. PLOS ONE
12:e0184136. https://doi.org/10.1371/journal.pone.0184136

IPBES (2016) The assessment report of the Intergovernmental Science-Policy Platform on Biodiversity
and Ecosystem Services on pollinators, pollination and food production. Potts SG, Imperatriz-Fonseca
VL, Ngo HT (eds) Secretariat of the Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services, Bonn, Germany.
https://www.ipbes.net/sites/default/files/downloads/pdf/individual_chapters_pollination_20170305.pdf

Page 13/22



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

Janousek WM, Douglas MR, Cannings S, Clément MA, Delphia CM, Everett JG, Hatfield RG, Keinath DA,
Koch JBU, McCabe LM, Mola JM, Ogilvie JE, Rangwala I, Richardson LL, Rohde AT, Strange JP, Tronstad
LM, Graves TA (2023) Recent and future declines of a historically widespread pollinator linked to
climate, land cover, and pesticides. Proc Natl Acad Sci USA 120:€2211223120.
https://doi.org/10.1073/pnas.2211223120

Lim Z, Lord J, Johnson S (2025) Pollen specialisation of native bees in Dunedin. New Zealand
Entomologist 48:84—-97. https://doi.org/10.1080/00779962.2025.2500788

Milliken S, Lagrue C, Lord J, Johnson S (2024) What is pollinating the critically threatened calcicolous
plants in the Waitaki Valley? New Zealand Journal of Ecology 48:3564.
https://doi.org/10.20417/nzjecol.48.3564

Montti L, Carrillo VP, Gutiérrez-Angonese J, Gasparri NI, Aragén R, Grau HR (2017) The role of
bioclimatic features, landscape configuration and historical land use in the invasion of an Asian tree in
subtropical Argentina. Landscape Ecol 32:2167-2185. https://doi.org/10.1007/s10980-017-0563-2
New Zealand Plant Conservation Network (2026) Retrieved 31 January 2026, from
https://www.nzpcn.org.nz/help/fag/new-zealand-plants/

Noreika N, Bartomeus |, Winsa M, Bommarco R, Ockinger E (2019) Pollinator foraging flexibility
mediates rapid plant-pollinator network restoration in semi-natural grasslands. Sci Rep 9:15473.
https://doi.org/10.1038/s41598-019-51912-4

Ollerton J, Winfree R, Tarrant S (2011) How many flowering plants are pollinated by animals? Oikos
120:321-326. https://doi.org/10.1111/j.1600-0706.2010.18644.x

Parra-Tabla V, Angulo-Pérez D, Albor C, Campos-Navarrete MJ, Tun-Garrido J, Sosenski P, Alonso C,
Ashman T-L, Arceo-Gémez G (2019) The role of alien species on plant-floral visitor network structure in
invaded communities. PLOS ONE 14:e0218227. https://doi.org/10.1371/journal.pone.0218227
Parra-Tabla V, Arceo-Gémez G (2021) Impacts of plant invasions in native plant—pollinator networks.
New Phytologist 230:2117-2128. https://doi.org/10.1111/nph.17339

Pedersen S, Kennedy PJ, 0'Shea-Wheller TA, Poidatz J, Christie A, Osborne JL, Tyler CR (2025) Broad
ecological threats of an invasive hornet revealed through a deep sequencing approach. Science of The
Total Environment 970:178978. https://doi.org/10.1016/j.scitotenv.2025.178978

Pei CK, Hovick TJ, Limb RF, Harmon JP, Geaumont BA (2023) Native and introduced pollinators vary in
their seasonal floral resource visitation and selection between native and exotic plant species. Journal
of Applied Ecology 60:1424—-1434. https://doi.org/10.1111/1365-2664.14416

Piché-Mongeon V, Guzman-Novoa E (2024) Pathogen spillover from honey bees (Apis mellifera L.) to
wild bees in North America. Discov Anim 1:33. https://doi.org/10.1007/s44338-024-00034-x

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

Scheper J, Reemer M, van Kats R, Ozinga WA, van der Linden GTJ, Schaminée JHJ, Siepel H, Kleijn D
(2014) Museum specimens reveal loss of pollen host plants as key factor driving wild bee decline in The

Page 14/22



32.

33.

34.

35.

36.

37.

38.

39.

40.

Netherlands. Proceedings of the National Academy of Sciences 111:17552-17557.
https://doi.org/10.1073/pnas.1412973111

Stavert JR, Pattemore DE, Gaskett AC, Beggs JR, Bartomeus | (2017) Exotic species enhance response
diversity to land-use change but modify functional composition. Proc Biol Sci 284:20170788.
https://doi.org/10.1098/rspb.2017.0788

Stout JC, Morales CL (2009) Ecological impacts of invasive alien species on bees. Apidologie 40:388~-
409. https://doi.org/10.1051/apido/2009023

Trunschke J, Junker RR, Kudo G, Alexander JM, Richman SK, Till-Bottraud | (2024) Effects of climate
change on plant-pollinator interactions and its multitrophic consequences. Alp Botany 134:115-121.
https://doi.org/10.1007/s00035-024-00316-w

Valdovinos FS, Berlow EL, Moisset de Espanés P, Ramos-Jiliberto R, Vazquez DP, Martinez ND (2018)
Species traits and network structure predict the success and impacts of pollinator invasions. Nat
Commun 9:2153. https://doi.org/10.1038/s41467-018-04593-y

Valiente-Banuet A, Aizen MA, Alcantara JM, Arroyo J, Cocucci A, Galetti M, Garcia MB, Garcia D, Gémez
JM, Jordano P, Medel R, Navarro L, Obeso JR, Oviedo R, Ramirez N, Rey PJ, Traveset A, Verdu M, Zamora
R (2015) Beyond species loss: the extinction of ecological interactions in a changing world. Functional
Ecology 29:299-307. https://doi.org/10.1111/1365-2435.12356

Vazquez DP, Lomascolo SB, Peralta G, Perry GLW, Tylianakis JM, Chacoff NP (2020) Trait matching and
phenological overlap increase the spatio-temporal stability and functionality of plant—pollinator
interactions. Ecology letters 23:1107-1116. https://doi.org/10.1111/ele.13510

Vizentin-Bugoni J, Maruyama PK (2023) To rewire or not to rewire: To what extent rewiring to surviving
partners can avoid extinction? Journal of Animal Ecology 92:1676-1679. https://doi.org/10.1111/1365-
2656.13972

Walters KFA (2016) Neonicotinoids, bees and opportunity costs for conservation. Insect Conservation
and Diversity 9:375-383. https://doi.org/10.1111/icad.12177

Ward DF (2012) More Than Just Records: Analysing Natural History Collections for Biodiversity
Planning. PLOS ONE 7:€50346. https://doi.org/10.1371/journal.pone.0050346

Figures

Page 15/22



Proportion
o
3

(a) 1.00
0.75
Interaction type
(bee - plant)
: . Exotic — Exotic
' [] Exotic — Native
. Native — Exotic
. Native — Native
0.25
0.00

All Native Exotic

Landcover
All
(b)
Native

Exotic

Native Exotic

Frequency
1250
1000
750

500

250

Bee status

Exotic  Native Exotic  Native Exotic  Native
Plant status

Figure 1

(a) Proportional contribution and (b) heatmap of the four bee—plant interaction types across three land cover
categories.
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H. capitosus Carmichaelia
L. boltoni G. bellidifolia
G. radicans
L. huakiwi K. ericoides
Kunzea
L. hukarere
L. scoparium
L. imitatus
Leplospermum
M. axillaris
L. keehua Metrosideros
L. mataroa Mmholagua
L. maunga T. repens
L. ferox
L. metallicus V. siricta
Vieronica
L. pango
A deliciosa
L. sordidum A millefolium
" Achillea
L. vestitus Aquilegia
L. waipounamu C. capillaris
N. fulvescens C. palmensis
N. paahaumaa C. vulgare
D. carota
A. manicatum H. radicata
Hieracium
B. hortorum J. vulgaris
Lolium
B. ruderatus M. domestica
M. pulegium
0. basilicum
B. lerrestris Rhododendron
Salix
H. concinna ?ospggﬁa
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Figure 2

Bee-plant bipartite networks across all land cover classes. Bar widths represent interaction frequency.
Colours indicate biostatus: purple - native bees; orange - exotic bees; green - native plants; red — exotic
plants.
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Figure 3

Bee-plant bipartite networks across native land cover types. Colours as for Figure 2.
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Figure 4

Bee-plant bipartite networks across exotic land cover types. Colours as for Figure 2.
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Species-level specialisation (d') of bee species grouped by biostatus (native vs exotic), with points
representing individual bee species.
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Native bees
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Lasioglossum mataroa
Lasioglossum maunga
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Exotic bees

o0

Anthidium manicatum
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Preference index (Pl_exotic) for exotic plants plotted against the number of interaction records for native
and exotic bee species in native and exotic land cover (grey columns).
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Figure 7

Predicted probabilities (+95% CI) from GLMs showing changes in bee-plant interactions over time. (a) native
bees- native plants; (b) native bees-exotic plants; (c) exotic bees-native plants; (d) exotic bees-exotic plants.
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