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Abstract

Compared to non-urban environments, cities host ecological communities with al-
tered taxonomic diversity and functional trait composition. However, we know little
about how these urban changes take shape over time. Using historical bee (Apoidea:
Anthophila) museum specimens supplemented with online repositories and researcher
collections, we investigated whether bee species richness tracked urban and human
population growth over the past 118 years. We also determined which species were no
longer collected, whether those species shared certain traits, and if collector behavior
changed over time. We focused on Wake County, North Carolina, United States where
human population size has increased over 16 times over the last century along with the
urban area within its largest city, Raleigh, which has increased over four times. We esti-
mated bee species richness with occupancy models, and rarefaction and extrapolation
curves to account for imperfect detection and sample coverage. To determine if bee
traits correlated with when species were collected, we compiled information on native
status, nesting habits, diet breadth, and sociality. We used non-metric multidimen-
sional scaling to determine if individual collectors contributed different bee assem-
blages over time. In total, there were 328 species collected in Wake County. We found
that although bee species richness varied, there was no clear trend in bee species
richness over time. However, recent collections (since 2003) were missing 195 species,
and there was a shift in trait composition, particularly lost species were below-ground
nesters. The top collectors in the dataset differed in how often they collected bee
species, but this was not consistent between historic and contemporary time periods;
some contemporary collectors grouped closer together than others, potentially due to
focusing on urban habitats. Use of historical collections and complimentary analyses
can fill knowledge gaps to help understand temporal patterns of species richness in

taxonomic groups that may not have planned long-term data.
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1 | INTRODUCTION

Understanding the drivers of changes in species composition and
distribution is a cornerstone of ecological research. Interest in
these drivers has become increasingly important as the rise of the
Anthropocene has led to a massive defaunation (Dirzo et al., 2014;
the Anthropocene is used here to indicate a time period when
human activities have significant effects on the global environ-
ment as there is no current formal status, Orndorff et al., 2018) of
both vertebrates (Ceballos et al., 2017; Pimm et al., 2006; Schipper
et al., 2008; Stuart et al., 2004; Wake & Vredenburg, 2008) and
invertebrates (reviewed for terrestrial insects by Wagner, 2020).
Within invertebrates, bees (Hymenoptera: Apoidea: Anthophila) are
a part of this larger pattern of insect decline (Wagner, 2020). Bees
are a taxonomically well resolved group that collectively provide
the essential ecosystem service of pollination. More than 87% of
flowering plant species (Ollerton et al., 2011) and many food crops
(Klein et al., 2007; Lorenzo-Felipe et al., 2020) benefit from animal
pollinators. In most systems, bees are the most abundant and ef-
ficient pollinators (Rader et al., 2016), and this service is stabilized
by bee diversity (Bartomeus, Park, et al., 2013; Rader et al., 2013;
Winfree et al.,, 2018). Several studies provide evidence of de-
clines or changes in bee health (Cameron et al., 2016), distribution
(Cameron et al., 2011; Kerr et al., 2015), and diversity (Bartomeus,
Ascher, et al., 2013; Zattara & Aizen, 2021) over the past 150years
(Goulson et al., 2015), though these trends vary by bee species (e.g.,
Cameron et al., 2011) and study (e.g., Senapathi et al., 2015 vs. Van
Dooren, 2019).

Theinfluence of humandisturbance on biodiversity canbe studied
in multiple ways, including examining spatial or temporal gradients.
Spatial gradients use different locations with different land uses to
provide cross-sectional understanding of the effects of disturbance,
but do not aid in understanding longitudinal effects. Urbanization is
one key form of ecological disturbance that is known to affect bee
abundance (e.g., Carper et al., 2014; Fortel et al., 2014), diversity
(e.g., Fortel et al., 2014; Villalta et al., 2022; Wenzel et al., 2020), and
pollination services (e.g., Carper et al., 2022). However, as with many
studies on human disturbance, urban research rarely addresses the
influence of time (Szulkin et al., 2020), despite the possibility that
current land use patterns are influenced by temporal processes. For
example, habitat quality, which may not have been homogeneous
throughout the pre-urban landscape, can change over time because
of surrounding land use change (ecosystem decay hypothesis, Chase
et al., 2020). It is also likely that locations were chosen to have their
land use altered in nonrandom ways. How species and communi-
ties respond to these land use changes may not be instantaneous
(discussed in Szulkin et al., 2020); instead, there can be a time lag
where previous land use better explains current species richness
and species traits than more recent land use (e.g., Alberti et al., 2017,
Krauss et al., 2010) indicating that there could be a delay in spe-
cies extinction (extinction debt, Kuussaari et al., 2009). In these sit-
uations, spatial urban gradients likely provide an incomplete view
of the effects of urbanization, and temporal datasets-repeatedly

sampling the same location through time-may reveal how temporal
processes influence species richness patterns. As long-term stud-
ies are rare or lacking for most systems, museum collections can fill
these data gaps, providing a historical baseline and sampling through
time for long-term ecological research (Boakes et al., 2010; Suarez &
Tsutsui, 2004).

Museum collections provide unique snapshots of the past by
preserving collections of Earth's biodiversity as well as organisms
that are now extinct. For example, museums have provided the most
comprehensive historical data on the distribution of ground-feeding
birds at a broad spatial scale compared to information gathered from
other sources (e.g., literature, atlases, and citizen science reports,
Boakes et al., 2010). However, due to the opportunistic nature of the
data, datasets drawn from historical collections have various limita-
tions that arise from unknown sampling effort and unplanned spatial
and temporal sampling (e.g., Bartomeus, Ascher, et al., 2013; Van
Dooren, 2019). Additionally, surveys of biodiversity rarely achieve
complete censuses of the entire community due to imperfect de-
tectability; yet, imperfect detectability is rarely considered in analy-
ses of species (Benoit et al., 2018; Guillera-Arroita, 2017).

To overcome these limitations, potential biases in datasets need
to be explored and, when possible, explicitly accounted for (e.g.,
Davis et al., 2023). For example, restricting analyses to a certain
method of capture (e.g., Bartomeus, Ascher, et al., 2013), reducing
the dataset to a single record per species per collecting event (e.g.,
Bartomeus, Ascher, et al., 2013), analyzing presence/non-detection
instead of abundance (e.g., Zattara & Aizen, 2021), incorporating
imperfect detection (Guillera-Arroita, 2017), and including sam-
pling effort in analyses can help account for some biases. Multiple
analytical methods may be used to assess species diversity trends,
each with distinct advantages and disadvantages. For example, oc-
cupancy models are based on detection/non-detection data and
allow for explicit modeling of occupancy and detection probabilities
along with other community dynamics such as local colonization and
extinction (MacKenzie et al., 2018). Additionally, they allow for the
inclusion of rare species which otherwise tend to be removed from
trend datasets for lack of sample size (Benoit et al., 2018). However,
occupancy models do not assess sample completeness. In contrast,
rarefaction and extrapolation techniques can assess sample size,
sample completeness, provide estimates of asymptotic species rich-
ness, and allow for easy comparison among communities by esti-
mating diversity to a shared sample size or completeness (e.g., Chao
et al., 2014, Gotelli & Colwell, 2011).

Here, we use extensive historical bee collections as well as
contemporary researcher collections to evaluate trends in species
richness through time and increasing urbanization using presence/
non-presence data. We focus on bees in Wake County, North
Carolina, United States; this area has extensive collections of bees
that are taxonomically resolved dating back to 1900, as well as nu-
merous recent collections. In addition, the area has experienced
rapid human population growth, increasing 16-fold over the last
100vyears (Forstall, 1996; US Census Bureau, 2021). Specifically, we
investigated the following two questions: (1) Is there a trend in bee
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richness over time in this rapidly urbanizing area, and (2) are there
bee species no longer found in contemporary compared to historical
collections? If the answer to (2) is yes, are these species no longer
collected because they share particular traits or trait combinations,
oris their absence in collections associated with changes in collector
behavior? Taken together, these results provide insights into the use
of museum specimens in understanding temporal trends in species

richness.

2 | METHODS
2.1 | Study site and species

The human population of Wake County, North Carolina, which
contains the urban center of Raleigh and other municipalities, has
increased 16-fold from 1900 to 2010 (Forstall, 1996; US Census
Bureau, 2021). This area has comprehensive geospatial records for
how urbanization has occurred over time (Brown et al., 2005) and
how it is projected to occur in the future (Terando et al., 2014),
which demonstrate that time and amount of urbanization in this
region are correlated. If current rates continue, urbanization in the
Southeastern United States is projected to double or triple in area
between 2010 and 2060, with urban centers becoming more con-
nected and natural or semi-natural habitats becoming more frag-
mented (Terando et al., 2014).

Bees are a diverse clade within the insect order Hymenoptera,
consisting of about 4000 described species in North America,
of which approx. 560 are recorded in North Carolina (Ascher &
Pickering, 2019; Youngsteadt et al., 2021). Bee species can re-
spond differently to anthropogenic disturbances, including urban-
ization, based on differences in their functional traits (e.g., Hamblin
et al.,, 2017; Harrison et al., 2018; Wenzel et al.,, 2020; Williams
et al., 2010). Bee species found in North Carolina exhibit trait varia-
tion in social status, nesting habits, and diet specialization.

2.2 | Dataset compilation and processing

Physical museum specimen records were primarily collated from the
North Carolina State University (NC State) Insect Museum, which
has over 47,000 bee specimens (Youngsteadt et al., 2016). Specific
to Wake County, North Carolina, the NC State Insect Museum in-
cludes 7240 pinned and identified bee specimens spanning six fami-
lies (Andrenidae, Apidae, Colletidae, Halictidae, Megachilidae, and
Melittidae) collected from 1900 to 2009, including specimens from
T.B. Mitchell's extensive and well-resolved bee collection (NCSU
Insect Museum, 2020). An additional identified 1194 (1900 to 2018)
Wake County specimens are available in online repositories (Global
Biodiversity Information Facility-GBIF, Biodiversity Information
Serving Our Nation-BISON, Symbiota Collections of Arthropods
Network-SCAN) and 2797 specimens are available from individual
researcher collections.

ST e L

From this specimen list, we removed any specimens that could
not be assigned a collection year, were collected by methods other
than hand netting, or belonged to species whose range does not in-
clude Wake County (see Data S5 for more information). Specimen
records that did not have a collection method provided were as-
sumed to be netted, as the use of pan traps or bee bowls is a more
recent sampling method, with its first formal assessment for bees
in approximately 1999 (Leong & Thorp, 1999). We did not include
specimens collected by methods other than netting as this could in-
troduce a potential confounding variable. For example, although pan
traps were the second most common sampling method to netting
in recent studies, they sample a different subset of the community
than does netting (reviewed in Prendergast et al., 2020), and includ-
ing them would have introduced unique biases to the last ~20years
of our time series. To reduce the influence of multiple specimens per
collection event on biodiversity estimates, we collapsed the dataset
to one specimen per species per collection event. Collection event
was defined as unique combinations of collector, collection date,
and spatial coordinates. Additionally, we checked all scientific names
using both ITIS (Integrated Taxonomic Information System, www.
itis.gov) and Discover Life (www.discoverlife.org). Names that were
not valid were updated to valid scientific names. For a detailed de-
scription of specimen data sources, the breakdown of records across
data sources, and data processing, see Data S5.

2.3 | Statistical analyses

All analyses were conducted in R (version 3.6.1, R Core Team, 2019)
using RStudio (version 1.2.5019 for desktop, RStudio Team, 2019)
unless otherwise noted. All graphing was conducted in R and
RStudio, using the ggplot2 package (version 3.2.1, Wickham, 2016).
In analyses, time was our proxy for human modification from
increasing human population size, urban land development, and cli-
mate change, among others. To assess whether human population
size and year were correlated, we conducted a Spearman correla-
tion using US Census Bureau data and US Census year (data from
Forstall, 1996; US Census Bureau, 2021) and the cor.test function in
R. Additionally, we estimated the urban extent of Raleigh using the
global urban dynamics product developed by Li et al. (2021) by de-
termining the number of urban pixels and converting this to extent
of urban area based on pixel size (height and width=1831.53m) in
ArcMap (version 10.7.1.11595). To determine if the extent of urban
area (in square kilometers) was correlated with time, we conducted a

Spearman correlation using the cor.test function.

2.3.1 | Question 1: Is there a trend in bee richness
over time?

We used two methods to estimate species richness for different
time intervals: occupancy models and rarefaction. Given the op-
portunistic nature of the data, we used both methods to address
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both imperfect detection (occupancy models) and sampling effort
(rarefaction).

Occupancy models: We used multi-season occupancy models to
assess bee species richness over time using the program PRESENCE
(Hines, 2006), with time as a proxy for increasing anthropogenic
disturbance. To interface with PRESENCE, we used the RPresence
package (version 2.13.10, Mackenzie & Hines, 2021) in R. A multi-
season modeling framework is based on Pollock's robust design
(Pollock, 1982). This design involves sampling over two temporal
scales: primary and secondary periods. Primary periods (henceforth
seasons) are sampling occasions over which changes in community
composition can occur. That is, the population is open to changes
owing to the time elapsed between seasons. Note that in this study,
‘seasons’ do not correspond to meteorological seasons, but refer to
longer, multi-year periods. Secondary periods are nested within sea-
sons and consist of shorter sampling occasions over which there are
no significant changes in the community (i.e., closure). This sampling
framework yields estimates of several parameters, namely, proba-
bilities of initial occupancy (y,), local seasonal colonization (y), and
local seasonal extinction (¢) (MacKenzie et al., 2006, 2018). Initial
local occupancy was defined as the probability that Wake County
was occupied by a species in the initial season of the time series
being assessed. This parameter is estimated using data from the
sampling occasions within the first season. When there is a series of
primary sampling periods or seasons, as in this study, then two other
parameters can be estimated relative to the first or previous sea-
son. Local seasonal extinction probability (e,) is the probability that
a species occupying Wake County at season t is no longer occupying
the county in season t+ 1. Local seasonal colonization probability
(7)) is the probability that Wake County was unoccupied by a spe-
cies at season t and becomes occupied at season t+1. In the multi-
season occupancy framework, parameters are adjusted by detection
probability, or the probability that at least one individual of a species
is detected in season t, provided the individuals are available to be
detected. We note that estimates of occupancy for every season
in the time series are estimable as derived parameters or obtained
using appropriate model parameterizations (MacKenzie et al., 2006).
Before running the multi-season model, survey (captures) data were
converted into an encounter history of presence (1), non-presence
(0), or missed (-). Non-presence was assumed if specimens of other
species were captured that same year (defined as pseudo-absences
in Davis et al., 2023). In years where there were no specimens of
any species captured, missed was entered. Missing data appear as
NAs within occupancy models and do not contribute to likelihood
estimations, though they can make standard errors for estimated
variables larger.

As the multi-season occupancy model did not estimate species
richness directly, we estimated species richness (§) within each sea-

son using Equation (1),

~

S =My, 1)

where M is the number of all species collected in Wake County (328 for
this dataset) and i is the probability of occupancy for a given season.

Multi-season models assume that populations are closed within
secondary periods (MacKenzie et al., 2018). In our study, this meant
that we assumed there were no substantial losses or gains of bee
species in Wake County during each secondary period. Thus, to se-
lect seasons and secondary periods that met model assumptions, we
first estimated species richness by year using program SPECRICH2
(Hines, 2016; Rexstad & Burnham, 1991; White et al., 1982). This
analytical approach also requires closure, but we used the shortest
time interval available given the data (a year), which makes this as-
sumption more likely to be met. The added benefit of this approach
is that its estimates provided a separate basis to evaluate inferences
on species richness obtained from our multi-season model. Species
richness estimates are generated using model M(h) from program
CAPTURE (Otis et al.,, 1978; Rexstad & Burnham, 1991; White
et al., 1978, 1982). Model M(h) allows for detectability to vary by
species and is often used when estimating species richness (e.g.,
Boulinier et al., 1998). For our analyses, the model takes the num-
ber of species collected in one, two, three, ... and so forth, surveys
as an input, estimating the number of species never detected, and
allowing the model to estimate the total number of species pres-
ent. For our input, we treated collection date (day, month, year) as a
survey and estimated species richness annually for every year that
had at least three collection dates. Program SPECRICH?2 also takes
the number of species captured during each survey as inputs to cal-
culate a goodness-of-fit (GOF) test, determining whether the M(h)
model is appropriate for the data. We note that we ran analyses for
each spring, summer, and fall within a year because M(h) assumes no
seasonality and therefore GOF tests may be rejected (see Data S5
for more information). SPECRICH2 cannot be interfaced with R; in-
stead, we ran the program directly through its URL (https://www.
mbr-pwrc.usgs.gov/software/specrich2.html).

We used the SPECRICH2 output and a sliding frame to select our
focal seasons (i.e., primary periods) to analyze with our multi-season
models in PRESENCE (see Data S5 for more information). From this
assessment, our seasons were separated by 10years, and each sea-
son was made up of five consecutive years (i.e., secondary sampling
occasions; Figure 1). We focus on results from the multi-season
model for the following reasons: (1) species richness estimates gen-
erated from SPECRICH2 and the multi-season model are strongly
correlated (Spearman's rho=0.93,5=4, p<.01, see Data S5 for more
information), (2) the multi-season model provides additional infor-
mation on local community dynamics such as local colonization and
extinction, and (3) the multi-season model allowed us to explicitly
test for temporal trends within the model itself. Seasons chosen
for these analyses and the years they represent are summarized in
Table 1. We then ran multiple multi-season models where the proba-
bility of detection, local colonization and extinction was modeled as
constant or time-variant (i.e., differed among seasons). To explicitly
test for temporal trends, we also fitted a linear or quadratic term to
local colonization and extinction probability.

We used the Akaike's information criterion (AIC) to evaluate
the support in the data for multi-season models where probabili-
ties of local colonization and extinction were modelled differently
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1924 1925 1926 1927 1928

2014-2018

201420152016 2017 2018

FIGURE 1 Multi-season model sampling design. Seasons (i.e., primary periods) consist of five consecutive years with each consecutive

year called a secondary period. Seasons are separated by 10years.

TABLE 1 Summary of seasons for the multi-season model
sampling design.

Number unique
specimen records

Number unique

Season Years collection events

1 1909-1913 20 38

2 1924-1928 241 485
3 1939-1943 230 380
4 1954-1958 222 441
5 1969-1973 29 36

6 1984-1988 33 35

7 1999-2003 1 2

8 2014-2018 441 1340

Note: The years, number of unique collection events, and number of
unique bee species specimen records across seasons.

(Burnham & Anderson, 2002). Models with AAIC <2 were consid-
ered to have substantial support in the data. A summary of the full
model selection table with more information is available in Data S5.
The effect of covariates (i.e., s coefficient) on a model parameter was
considered to be strong if the 95% confidence interval (Cl) did not
overlap zero, and weak otherwise.

Rarefaction curves: We generated rarefaction curves with both
interpolation and extrapolation to estimate species richness over
time to account for sample size and sample coverage. We generated
these using the iNEXT function in the iNEXT package (version 2.0.19,
Chao et al., 2014; Hsieh et al., 2019). We used the same focal seasons
used in the multi-season model (see Data S5 for additional analyses
for comparison with SPECRICH?2). Therefore, for each season, species
richness and sample coverage were estimated using sample-based raw
incidence data and the Chao2 estimator (Chao et al., 2014; Gotelli &
Colwell, 2011). We defined a sample as a year (i.e., a secondary pe-
riod). Based on this, the number of samples for each season was either
four or five (as some years did not have any specimens collected). One
season (season 7: 1993-2003) was removed from consideration for
rarefaction as it only had 1year of data. While our multi-season model
could compute estimates for this season, rarefaction and extrapolation

require at least three samples to estimate asymptotic species richness
(McCabe, 2011). Because samples can differ in the number of individ-
uals collected, one community may have a higher sample coverage by
having more specimens collected in that year than another that may
have fewer specimens collected (Gotelli & Colwell, 2001, 2011); there-
fore, we standardized our comparisons to a common sample coverage
rather than a common sample size. Specifically, we followed box 1
from Chao et al. (2014) to determine the base sample size and sample
coverage to use to compare groups. Thus, our base sample size was
eight (two times the smallest sample size). We then determined that
the smallest sample coverage for an extrapolated sample size of eight
was 0.544. However, the sample coverage used to estimate species
richness was 0.8976, which was the highest sample coverage from the
original data, so that no data would be removed from the estimates
(see example in Chao et al., 2014). It is important to note that extrapo-
lating estimates to this sample coverage will extend the estimate past
two times the smallest sample size; therefore, the estimate may be
biased for some seasons. However, the richness estimator is conser-
vative as it is considered a lower bound estimator, and thus, actual
species richness is probably higher than estimated for those seasons.

Species richness over time: We used species richness estimates
and 99% confidence intervals from both the best supported multi-
season model (PRESENCE) and extrapolation (iNEXT) to a shared
sample coverage to determine which season had the greatest spe-
cies richness and whether that richness significantly differed from
other time periods.

2.3.2 | Question 2: Are there bee species
that are no longer found in contemporary collections
compared to historical collections?

We split species capture records into three time period categories
(1900-1969, 1970-1997, 2003-2018) to see when species were
collected, and whether there were any species that were not col-
lected recently. We chose these time period categories based on
the estimated species richness trends which generally had higher
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estimated species richness pre-1970 and post-2002. We visualized
patterns using a Venn diagram using the draw.triple.venn function in
the VennDiagram package (version 1.6.20; Chen, 2018).

To determine whether species that disappeared from recent col-
lections shared certain traits, we collated information on six categor-
ical traits: native status (presumed native, ancient range expansion,
or introduced); nesting level (above- or below-ground); whether they
rent, build, or parasitize nests; nest substrate (wood, stem, soil, ex-
posed, cavity); diet specialization (generalist, specialist, or parasite);
and social category (parasite, social parasite, polymorphic, social, or
solitary) (see Data S4 and sources within; Ruzi, 2023). These group-
ings are not mutually exclusive within a category. For example, some
bee species use multiple substrates to build their nests. Thus, some
species were scored as expressing multiple trait states in each cat-
egory. To visualize what categorical traits were associated with bee
species captured in different time frames, we used a heatmap to
show the relative proportion of bee species with that trait within
that time frame that also had trait information (i.e., trait information
for that category was not left unknown). We limited the heatmap
to bee species that were captured historically (1900-1969) and re-
cently (2003-2018), categorizing a species as historic only, recent
only, or both, depending on their occurrence records.

We investigated whether the composition of bee specimens
contributed by top collectors in different time frames had changed
using non-metric multidimensional scaling (NMDS) and the permuta-
tional multivariate analysis of variance (perMANOVA, with 999 per-
mutations) using the metaMDS and adonis2 functions in the vegan
package, respectively (version 2.5-6, Oksanen et al., 2019). Top
collectors were ones who contributed over 50 unique specimens to
the dataset (i.e., unique combination of species and collection event)
(Data S6 Table S2.1). Time was defined as historic (i.e., most of the
specimens collected were 1980s and earlier) and contemporary (i.e.,
specimens collected in 2000s and 2010s). The distance matrix was

compiled using frequency of detection/non-detection of species
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during unique collection events. The number of unique collection
events differed among top collectors. The distance matrix was com-
piled using frequency of detection and the Bray-Curtis index. We
used the envfit function in the vegan package to determine which
bee species significantly separated collectors. For this analysis, we
removed singletons, that is, species with only one collecting event
in the top collector dataset. Differences in assemblages collected
by top collectors could be due to collector behavior or to underly-
ing community change. If differences are solely due to community
change, we may expect collectors within the same timeframe to
have similar communities.

Additionally, we investigated whether the collecting locations
within Wake County were consistent over time. We conducted
Spearman correlations with both decimal latitude and decimal lon-
gitude using the cor.test function in R. For this analysis, we removed
specimens that were labelled as being collected in Wake County
without any additional locality information (209 unique records re-
moved). As many samples were collected within Raleigh city limits,
we also subsampled the data to determine if trends were consis-
tent between both Raleigh and Wake County samples (e.g., Davis
et al., 2023). The results and interpretation were consistent whether
we used Raleigh only or the entire Wake County dataset; we present
results from the full dataset (see Data S5 for the comparison).

3 | RESULTS

3.1 | Time as a proxy for increasing human
modification

Census year and the human population size of Wake County, North
Carolina were positively correlated (Spearman's rho=1, S=0,
p<.001; Figure 2a). Urban extent of Raleigh was positively correlated
with year (Spearman's rho=1.00, $=0.00, p<.0001; Figure 2b).
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FIGURE 2 Population of Wake County. (a) The population of Wake County, North Carolina is positively correlated with census year
(Spearman'srho=1, $=0, p<.001). (b) The urban area within Raleigh city limits is positively correlated with time (Spearman's rho=1.00,

§=0.00, p<.001).
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3.2 | Dataset summary

The final dataset included 6080 unique records from 2949 unique
collections from 1900 to 2018 (Data S1; Ruzi, 2023). These bee
specimens represented 328 species in 47 genera and 6 families.
These specimens were collected by 300 named collectors; only 660
specimens had no collector on record. The majority of collectors
(293) contributed fewer than 50 unique occurrence records each,
with 165 contributing only one unique occurrence record to the
dataset. Only six collectors (not including unknown collectors) con-
tributed over 50 unique occurrence records each. Most specimens
were collected from 1920 to 1969 (4087 unique records; 67.2% of
total unique records) and 2003 to 2018 (1501; 24.7%).

3.2.1 | Question 1: Is there a trend in bee richness
over time?

We found no support for a directional trend in bee species richness
over time. The model in which both local colonization and extinc-
tion probability was modeled as time-variant had the best predic-
tive value (AAIC=0; AICwt=1.0) (see Data S5 Table S1.7). There
were no competing models (AAIC >2). The effect of modeling col-
onization as time-variant was strong for most of the changes be-
tween seasons as f coefficients tended to not include zero in their
95% confidence intervals, but weak for modeling local extinction
as time-variant (Data Sé Table S2.2). All methods estimated similar
trends in species richness with higher estimated richness in the
1920s-1960s and 2010s than before 1920 or from the 1960s to
early 2000s (Figure 3a). Only the annual extrapolation estimates
were significantly correlated with time, albeit weakly (Table 2).
None of the other estimations were correlated with time.

As estimates from all methods were highly correlated with each
other (see Data S5), we focused on information gained using both
the best supported multi-season and extrapolation models because
both methods account for sources of uncertainty (e.g., detection
probability) and coverage (i.e., sampling effort), and yield param-
eter rates that help quantify a dynamic process of species occur-
rence change over time. The multi-season model yielded estimates
of higher probabilities of occupancy and detectability in seasons 2,
3, 4, and 8 (0.34 or higher) compared to other seasons (0.24 and
lower) (Data Sé Table S2.3). The model also yielded a high probabil-
ity of local colonization between the first and second seasons (i.e.,
before the mid-1920s at 0.39), and a high probability of local extinc-
tion between the fourth and fifth seasons (i.e., before the late-1960s
at 0.73) (Data Sé Table S2.4, Data Sé Figure S2.1). Extrapolation
demonstrated that seasons differed in sample coverage of the raw
data (Figure 3b,c). Four of the eight seasons had raw sample cover-
age of 79% or higher. We focus on these, comparing the 99% confi-
dence intervals of extrapolated values of only those four seasons to
minimize the influence of extrapolating past two times the smallest
sample size. Our top multi-season model identified season 2 as hav-
ing the greatest species richness, which is not significantly different

ST e L

from seasons 3, 4, or 8. Extrapolation also indicated that season 2
had the greatest species richness, though not significantly differ-
ent from 4. Season 4 was marginally different from season 3, while
season 8 had significantly lower species richness than seasons 2, 4,
and 3. Therefore, season 8, which is the most recent season, gener-
ally had lower estimated species richness compared to estimates in
1920s-1950s based on extrapolation or trends lower, though non-

significantly, based on the multi-season model.

3.2.2 | Question 2: Are there bee species
that are no longer found in contemporary collections
compared to historical collections?

Of the 328 species in our entire dataset (1900-2018), 195 species
(59.5% of those in our dataset) were unique to the historical time
frame (pre-1969) while only 19 species (5.8%) were unique to the con-
temporary time frame (2003-2018) (Figure 4a, Data Sé Table S2.5).
In general, most of these unique historic and contemporary species
had a few unique collection events, though there were some species
collected only historically that had more than 10 unique collection
records (Figure 4b). The 1920s had the highest number of species
that were collected on less than 10 unique collection events (87) fol-
lowed by the 1950s (58) and the 1940s (56) (Data S6 Table $2.6). The
1900s and 2000s had the fewest rare species collected at three and
four species, respectively.

The trait composition of collected species changed with time; in
general, those that were only collected historically comprised a more
diverse group that had higher proportions of parasitic species, while
those that were only collected recently comprised more generalist
bees with a lower frequency of ground nesting species. Specifically,
we found the following trends. The heatmap demonstrated that re-
gardless of time frame, collected species tended to be native and
solitary (Figure 5). Parasitic species were more likely to be collected
during the historic period while social species were likely to be col-
lected during both time periods. Species that nest below-ground
were more likely to be collected during the historic period while in
recent collections the proportion of above-ground to below-ground
nesting species was more similar. Bee species building their own
nests were common in both time frames, though historically there
were more parasitic nesters. In recent collections the proportion of
renters has increased. In general, many bee species nest in the soil,
however recent collections indicate the number of species living in
wood or stems has increased. Diet category indicated that generalist
species have been collected both historically and recently at a higher
frequency than either parasitic or specialist bees. Only two species
(Calliopsis coloradensis Cresson 1878 and Nomada parva Robertson
1900) were excluded from the heatmap as these two species were
only collected from 1970 to 1997. The number of species that we
had information for each category in each time frame is summarized
in Figure 5.

Top collectors contributed unique specimen records of 238 dif-
ferent bee species when singletons were removed. There was no
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significant effect of time period (historical vs. contemporary) on the
assemblage of bee specimen records contributed to the dataset per
collector (NMDS: stress=0.00; perMANOVA: strata=fixed by col-
lector, F;=3.10, p=.07; Figure 4c). Twenty-five bee species sepa-
rated the top collectors (Table 3). The remaining 213 bee species
were not significant and thus were weak predictors of the different
collector assemblages.

There was a significant but weak positive correlation between
decimal latitude and year (Spearman's rho=0.18, $=3,148,673,117,
p<.001) and a significant but moderate negative correlation
between decimal longitude and year (Spearman's rho=-0.38,
$=5,311,489,577, p<.001), indicating that collecting effort shifted
slightly north and west within the county over time. In general, there
was a greater breadth of sampling locations in contemporary time
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TABLE 2 Summary of how bee species richness estimates correlate with time.

Time Test statistic
Method correlate (S) Rho p Notes
Multi-season occupancy model (PRESENCE) Seasons 108 -0.29 .50
SPECRICH2 Annual 157,508 -0.10 .32 Cannot compute exact p-value with ties
Extrapolation (iNEXT) Seasons® 78 -0.39 40
Extrapolation (iNEXT) Annual 173,808 -0.22 .04 Cannot compute exact p-value with ties

Note: Spearman correlations between bee species richness (estimated by different methods) and time (expressed as seasons or as years with at least
three collection events). Extrapolation estimates were obtained using the estimateD function to a shared sample coverage.

2Extrapolation using iINEXT with data set up similar to that used in PRESENCE had one season dropped due to low sample size.

periods, though this may be due to having more specific sampling
localities than in historical time periods (Data S6 Figure S2.2). For
example, in the early 1900s it was common for labels to report a
generic location (e.g., “Raleigh”, “Apex”, etc.) without coordinates,
which we then filled in using Google Earth (see Data S5 for more
information).

4 | DISCUSSION

We investigated whether there was a trend in bee species rich-
ness over time with increasing urbanization within Wake County,
North Carolina, United States using museum specimens, online oc-
currence repositories, and researcher collections. Using multiple
methods, we determined that although bee species richness varied
among seasons, there was no clear trend of bee species richness
with time in this increasingly urbanized landscape. However, there
has been a decrease in bee richness in the most recent season
(2014-2018), at least compared to the mid- to late-1920-1950s
based on rarefaction and extrapolation methods. Over 59% (195
species) of the species in our dataset have not been collected since
1969 and less than 6% (19) have only been collected starting in
2003. Additionally, the trait composition of collected species has
changed. Those that were only collected historically comprised a
more diverse group that had higher proportions of parasitic spe-
cies, while those that were only collected recently comprised more
generalist bees with a lower frequency of ground nesting species.

Multiple studies have used museum specimens to fill in tempo-
ral data gaps to answer questions about bee diversity patterns (e.g.,
Bartomeus, Ascher, et al., 2013; Jacobson et al., 2018; Mathiasson &
Rehan, 2019), response to environmental stress (Arce et al., 2023),
and pollination networks (Mathiasson & Rehan, 2020). Studies
that looked at diversity patterns using museum specimens either
investigated across multiple time periods, finding weak declines in
richness that were non-significant except for some wild bee spe-
cies (e.g., some Bombus species, Bartomeus, Ascher, et al., 2013),
or split the data into two time periods (historic vs. contemporary;
e.g., Jacobson et al., 2018; Mathiasson & Rehan, 2019). When com-
paring across two time periods, some wild bee species demon-
strated declines in abundance while some increased in abundance
(Jacobson et al., 2018; Mathiasson & Rehan, 2019). However, none

of these studies included contemporary research collections, used
occupancy models, or modeled how local colonization or extinction
could have occurred across the time periods they selected. Recently,
occupancy models have been used to assess bee species richness
trends with long-term datasets (e.g., Duchenne et al., 2020; Van
Dooren, 2019), and studies are beginning to assess whether occu-
pancy models can be used successfully with museum specimen data
(Shirey et al., 2022). For example, Shirey et al. (2022) found that de-
pending on the dataset, museum specimens can be used with oc-
cupancy models to accurately estimate trends in occupancy over
time. Specifically, occupancy estimates tend to be more accurate
when datasets have a large number of sampling events that focus on
communities or groups of organisms rather than individual species,
and have many intervals from which to estimate probability of occu-
pancy (Shirey et al., 2022). Occupancy models were often just as ac-
curate at estimating gamma diversity as other methods when using
the same data (Tingley et al., 2020). Additionally, using occupancy
models has been demonstrated to produce less biased estimates
of occupancy and change in occupancy when restricting analyses
to species ranges (e.g., Guzman et al., 2021). Many of these studies
that used museum collections to investigate richness or population
trends recognized that limitations stem from the use of presence-
only records with unknown sampling effort (Bartomeus, Ascher,
et al., 2013; Shirey et al., 2022).

Studies of bee species richness find varied results on the relation-
ship between richness and time or increasing urbanization. Some lon-
gitudinal studies have found a non-significant negative trend with time
(e.g., non-significant negative trends for all bees in the Northeastern
United States except Bombus which exhibited a significant negative
trend, Bartomeus, Ascher, et al., 2013) which is similar to our study.
Other longitudinal studies have found a significant decrease in spe-
cies richness with time. For example, studies focusing on the city of
Curitiba, Brazil have found a decline in bee species richness with time
(35% decline in ground-nesting bees between surveys in 1955-1956
and 2018-2019, Pereira et al., 2021; 45% decline of bee species be-
tween 1981-1982 and 2015-2016, Cardoso & Gongalves, 2018). The
percent of urban cover in Curitiba was 0.4% in 1955-1956 and rose
to 56% in 2018-2019 (Pereira et al., 2021). Additionally, Zattara and
Aizen (2021) used online bee occurrence records deposited in GBIF
to suggest that there has been a global decline in bee species rich-
ness with time. Cross-sectional studies that investigate the effect of
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FIGURE 4 Changesin when bee species were captured. (a) Venn diagram of years when species were captured. More species were
only captured by hand netting before the 1970s with fewer species uniquely captured in recent time periods (2003-2018). (b) Histogram
of the number of species by number of unique collection records. Species were either only collected historically (1900-1969) or only
collected contemporarily (2003-2018). (c) Non-metric multidimensional scaling (NMDS) depicting the relationship between bee specimens
collected by top collectors in different time frames. Letters denote the collector: AC=A. Carper; AH=A. Hamblin; CSB=C.S. Brimley;
EY=E. Youngsteadt; TBM=T.B. Mitchell. Numbers refer to significant bee species (see Table 3) while x's denote bee species that do not
significantly separate out collections over time. Species that load at the far right on NMDS1 were only collected historically. Zoom insert
shows right portion of figure where significant bee species cluster. For easier viewing, these species positions were jittered by 0.015

horizontally and vertically.

urbanization or suburbanization on bee species richness are more
common than longitudinal studies but still have mixed findings. For
example, Prendergast et al. (2022) conducted a review of 215 studies,
51 of which compared bee communities between urban and either
agricultural or natural landscapes. Out of these studies, 48% found
lower species richness in urban sites compared to natural sites, and
44% found greater species richness in urban sites compared to agricul-

tural sites. Fewer studies found no differences between landscapes,

higher species richness in urban sites compared to natural sites, or
lower species richness in urban sites compared to agricultural sites.
However, Carper et al. (2014), who sampled in the Raleigh-Durham,
North Carolina area, found no significant differences in bee species
richness between suburban forests and natural forests. It is important
to note though that a subset of the data in Carper et al. (2014) was
included in this study. It is possible that different regions exhibit dif-
ferent species richness trends.
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FIGURE 5 Relative frequency of bee functional traits by trait category and time frame. Darker, more purple colors on the heatmap
are more frequent (higher percentage of species from that time frame), while lighter, more yellow colors are less frequent. Venn diagrams
represent the number of species with trait information by trait category and by time frame. The historical time frame was 1900-1969 and

the recent time frame was 2003-2018.

4.1 | Using collections data to assess biodiversity
changes over time

There are many challenges to understanding long-term biodiver-
sity trends (Didham et al., 2020) when using museum specimens
(Davis et al., 2023), online repositories such as GBIF (Rocha-Ortega
et al., 2021), and opportunistic observations such as those from par-
ticipatory or citizen science initiatives (e.g., from iNaturalist, Di Cecco

et al., 2021). Here we discuss the main issues regarding spatial and
temporal biases, unknown sampling effort, and collector preference,
what we have done to address them, and how they may still impact
our findings. Spatially, not all areas are sampled equally, even within
well sampled locations such as the southeastern United States. This
can be because observations can be biased towards areas that are
easier to access, are more likely to have the species of interest, or
are where people generally already are or go for recreation (e.g.,
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Species NMDS1 NMDS2 r

Agapostemon virescens -0.83 0.56 71
Andrena andrenoides 0.90 0.44 .82
Andrena erigeniae 0.90 0.44 .83
Andrena macra 0.030 =0 .87
Andrena nida 0.90 0.44 .83
Anthidium maculifrons 0.86 0.52 .83
Apis mellifera -1.0 0.077 .80
Bombus pensylvanicus -0.80 0.60 .63
Calliopsis andreniformis 0.17 -0.99 91
Ceratina strenua 0.096 -1.0 .98
Colletes brevicornis 0.86 0.52 .83
Dianthidium curvatum 0.90 0.44 .83
Epeolus pusillus 0.90 0.44 .82
Eucera pruinosa 0.37 0.93 .83
Halictus confusus -0.85 0.53 98
Halictus ligatus/poeyi -0.84 0.54 .73
Heriades carinata -0.065 -1.0 .80
Lasioglossum coreopsis 0.20 -0.98 96
Macropis steironematis 0.90 0.44 .82
Megachile mendica -0.96 0.29 .83
Megachile petulans -0.87 0.49 .92
Nomada articulata 0.87 0.49 .83
Nomada ovata 0.87 0.49 .83
Paranthidium jugatorium 0.83 0.56 .83
Svastra obliqua -0.72 0.69 71

TABLE 3 Bee species that significantly

AZIT AL separate top collectors using nonmetric
.021 1 multidimensional scaling (NMDS).
.033 2
.033 3
.042 4
.033 5
.033 6
.047 7
.019 8
.047 9
.014 10
.033 11
.033 12
.033 13
.033 14
.001 15
.010 16
.050 17
.014 18
.033 19
.014 20
.013 21
.033 22
.033 23
.033 24
.019 25

Note: The arrow endpoints for the species on the first (NMDS1) and second (NMDS2) as well as
the goodness-of-fit statistic (r=squared correlation coefficient), and p-value. The arrow endpoints
indicate both the length of the arrow, which corresponds to the strength of the correlation (longer
arrows have stronger predictions), and the direction of the arrow which corresponds to the
direction in which the abundance of that species captured in assemblages changes most rapidly
(Oksanen et al., 2019). Species included were significant based on using the envfit function in the
vegan package at the p<.05 level. Number refers to the label on Figure 4c which depicts where the

species loads on the NMDS.

iNaturalist users, Di Cecco et al., 2021). While we limited our analy-
ses to Wake County, we did find that most of the records within our
dataset came from within the current definition of Raleigh city limits
(Data S5). However, the trends we found when limiting the analyses
to the specimens collected within Raleigh were highly correlated to
those for all of Wake County (Data S5). Additionally, sampling can
be temporally biased. Within our dataset, we found more unique re-
cords from 1920 to 1969 and 2003 to 2018 than from other time
periods. To address how this may have impacted our results, we
chose our seasons using a sliding framework and using two differ-
ent methods that estimated species richness either for 5-year time
blocks or annually. This difference in temporal sampling also ties into
unknown sampling effort, which we addressed by complementing
our occupancy analyses with sample-based rarefaction and extrapo-
lation to determine which of our chosen seasons suffered from a lack
of coverage based on the raw data. We also extrapolated richness
estimates to shared sample coverage, but focused on the seasons

that initially had 279% coverage so that artefacts of an initial low

coverage would not impact our final estimates.

4.2 | Time as a proxy for increased human
population and urbanization

As expected, we found a positive correlation between time and
measures of increased human development (Brown et al., 2005;
Li et al., 2021; Terando et al., 2014). Both the population of Wake
County and the urban extent of Raleigh were positively correlated
with time. However, we did not find evidence to support that urban
extent influenced bee species richness trends; the latter remained
fairly constant over time and did not decrease or increase with urban
trend. Our best-supported model indicated that local extinction
probability varied over time, that is, some species presentin any given
season were not observed in the next. This finding does not exclude
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that other factors, aside from urban growth, influenced species de-
tected in samples over time. For example, since 1985 the average an-
nual temperature in North Carolina has risen about 0.56°C (Kunkel
et al., 2020) and with urban heat island effects (Bornstein, 1968),
some areas of Wake County could have experienced this shift faster.
But temperature increase was not always linear, as some years in the
Piedmont region of North Carolina were warmer than average (gen-
erally 1930s-50s, consistently increasing since 1990), others cooler
(1950s-70s), and the warmest years were in 2015-2018 (Kunkel
et al., 2020). Additionally, around the time when we saw the greatest
probability of local extinction based on the best supported multi-
season model (the transition between 1954-1958 and 1969-1973),
there were fewer hot days and fewer warm nights in the Piedmont
region than in other time periods (Kunkel et al., 2020). The change
from warm to cool around the 1950s happened about a decade be-
fore we saw the largest probability of local extinction in the best
supported multi-season model. It is not feasible with the current
dataset to disentangle the effects of temperature or urbanization on
bee communities, but neither stressor appears to be strongly linked

to bee species richness in our dataset.

4.3 | Theinfluence of rare species and
collector behavior

The 1920s had the greatest number of rare species (i.e., fewer than
10 unique collection records) while the 1950s and 1940s had the
next most, and 1900-1919 and 2000-2018 had the fewest (Data Sé
Table S2.6). This could have been because rare species are more
vulnerable to land use change (Harrison et al., 2019) or because of
changes in collector behavior over the years.

A shift in collector purpose is supported by looking at the top
collectors in the dataset, though detailed records of how historic
collectors sampled are unavailable. The top two historic collec-
tors, C.S. Brimley and T.B. Mitchell, both contributed most of their
unique collection records in the 1920s (Data Sé6 Table S2.7). Both
C.S. Brimley and T.B. Mitchell worked to inventory bees in North
Carolina. C.S. Brimley was a naturalist and worked for the Division
of Entomology (Metcalf, 1947; Mitchell, 1960). Though also inter-
ested in other taxa (e.g., birds, reptiles, amphibians; Metcalf, 1947,
Mitchell, 1960), he was involved in creating species inventories of
the insects of North Carolina which included bees (Brimley, 1938).
T.B. Mitchell was a taxonomist who moved to North Carolinain 1920
(Youngsteadt et al., 2016). He was primarily known for his work in
revising Megachile and Coelioxys (e.g., Mitchell, 1935a, 1935b, 1936,
1937a, 1937b) and publishing The Bees of the Eastern United States
(Mitchell, 1960, 1962), and joined C.S. Brimley and Franklin Sherman
in documenting all of the insects in North Carolina. At the begin-
ning of this survey work, only about 60 bee species were known
from North Carolina (Mitchell, 1960), and Mitchell described numer-
ous new species (Mitchell, 1951) and added new state records. In
contrast, most of the top contemporary collectors were seeking to
answer ecological questions, such as how the urban landscape or
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heat island affects bee species richness and abundance (see Data S5
for more information on recent collections data sources). Thus, ear-
lier time periods may have detected more unique species because
taxonomists specifically sought to maximize the diversity of their
collections, whereas later ecologists—whose work became possi-
ble after the fauna was well characterized—sought not to detect all
species but to characterize specific focal habitats with repeatable
methods.

Top collectors differed in how often they collected different bee
species, though this was not consistent by time period. For example,
within the NMDS, both Hamblin's (Hamblin et al., 2018) and Carper's
(Carper et al., 2014) bee records cluster more closely together than
the others, and they also addressed similar ecological questions.
Both collectors focused on urban habitats, collecting in urban yards
(Hamblin et al., 2018) or having a subset of their specimens col-
lected from urban forests (Carper et al., 2014). These two assem-
blages also tended to include more specimens of Andrena macra
Mitchell 1951, Calliopsis andreniformis Smith 1853, Ceratina strenua
Smith 1879, Heriades carinata Cresson 1964, and Lasioglossum co-
reopsis (Robertson 1902) than the other contemporary collections.
Additionally, Levenson's (Levenson & Tarpy, 2023) recent collection
from agricultural habitats included more specimens of Agapostemon
virescens (Fabricius 1775), Bombus pensylvanicus (De Geer 1773), and
Svastra obliqua (Say 1837), and C.S. Brimley's collections included
more Eucera pruinosa (Say 1873). Though collectors themselves col-
lected species in different frequencies, there was no strong change
in behavior between historical collectors and contemporary collec-
tors. However, this analysis excluded any species that had only been
collected once by any collector, which removed more specimens
from the historic collectors than from any of the contemporary col-
lectors (Data Sé Table S2.1).

4.4 | Bee traits, urbanization and time

Numerous studies have investigated whether bee life history traits
mediate responses to urbanization, with the most commonly inves-
tigated traits being sociality, diet specialization, and nesting habits
(e.g., see Wenzel et al., 2020 and citations within). Social species
have been thought to have greater ecological and behavioral flexi-
bility in novel environments (Banaszak-Cibicka & Zmihorski, 2012;
Wenzel et al., 2020), while parasitic species may be more vulner-
able if their host species is also lost. For example, both the para-
sitic Nomada cuneata (Robertson 1903) and its host Andrena vicina
Smith 1853 (Miliczky & Osgood, 1995) have only been collected
two times each in Wake County. Both were collected in 1923, but
after 1924 N. cuneata was no longer collected while its host was
last collected in 1957. Bees with narrower diet breadths may be
more sensitive to environmental change due to their inability to
switch hosts (Bartomeus, Ascher, et al., 2013; Mattila et al., 2008).
The availability of nesting substrate can also limit bee abundances
(Potts et al., 2005; Stubbs et al., 1997) and this availability can
be altered by land use change and urbanization (Cane et al., 2006;
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Wenzel et al., 2020). For example, we found a slight decrease in
the number of below-ground nesting species and an increasing
number of above-ground, wood and stem-nesting species. These
patterns may be due to a decrease in available bare-ground nest-
ing habitat as impervious surface increases with urbanization (e.g.,
Fortel et al., 2014, Pereira et al., 2021) and an increasing amount
of construction or buildings could potentially provide more wood
and stem habitats for bees.

Cross-sectional studies have found differences in the frequency
of bee functional traits across different land uses and urbanization
intensities (e.g., Harrison et al., 2018; Villalta et al., 2022; Wilson
& Jamieson, 2019), although patterns were not always in the same
direction or strength between studies. For example, both Harrison
et al. (2018) and Villalta et al. (2022) found that urban areas favored
social species, though the trend in Harrison et al. (2018) was non-
significant after phylogenetic correction. In contrast, Wilson and
Jamieson (2019) found that solitary bees were more common in
areas of greater urban intensity. Over time, we found that there re-
mained a high proportion of solitary bee species in Wake County.
Using historical specimens, Bartomeus, Ascher, et al. (2013) deter-
mined that species with a narrow diet breadth were more likely to
be in decline. We found that both the bee species gained in contem-
porary periods and ones that were collected in both time periods
were more likely to be generalists than bee species that were lost.
However, bee species that exhibit traits that are now represented in
low frequencies may have declined for several reasons. Traits that
are now present in low frequencies could be indicative of traits that
make bee species vulnerable to being lost in the future, or these
traits may only be present in species that are less easily detected in
current ecological sampling plans. For example, Macropis steironema-
tis Robertson 1891 was collected on only four occasions in 1921
and 1922 and is a diet specialist on Lysimachia (Steironema) flowers
(Fowler, 2016) which are uncommon in Wake County. It is possible
that M. steironematis is no longer present in Wake County, or that it
has been missed because no recent sampling effort targeted its un-
common host. Further investigation would help distinguish between

these possibilities.

5 | CONCLUSIONS

Using a combination of complimentary data analyses, we explored
and accounted for a variety of potential biases in bee specimens
collected from 1900 to 2018. The complimentary methods we
employed help cultivate a better understanding of bee species
richness trends than any method alone would offer. Rarefaction
helped us determine which time periods we should include in our
comparisons, while occupancy models provided estimates of de-
tection, local colonization, and local extinction probabilities and
allowed us to test additional models of how these parameters
may vary over time. These approaches could help avoid some
of the biases described by Didham et al. (2020) that come from
choices of which historic and contemporary baselines are used for

comparisons. Using these methodologies, we found that although
bee species richness varied in different seasons, there was no
trend in bee species richness over time in this urbanizing region
in the southeastern United States. Nonetheless, we found that
contemporary collections were missing 195 bee species relative
to historic collections. This change in species composition was as-
sociated with bee traits, with above-ground nesters and dietary
generalists most likely to persist through time. Overall, museum
specimens can help fill historic gaps in occurrence records to fa-
cilitate investigation of long-term species richness trends in areas
that lack long-term monitoring data (e.g., Boakes et al., 2010).
However, potential sources of bias need to be explored and ac-
counted for through data filtering and use of complimentary
analyses (e.g., Davis et al., 2023). Although a historical collection
accumulated with unknown methods and sampling effort will
never substitute for a true monitoring dataset, these collections
nevertheless harbor a wealth of information that can point to po-
tential species losses and vulnerabilities that can motivate and

focus modern detection efforts.

AUTHOR CONTRIBUTIONS

Selina A. Ruzi: Conceptualization; data curation; formal analysis; fund-
ing acquisition; investigation; methodology; project administration;
resources; software; validation; visualization; writing - original draft;
writing - review and editing. Elsa Youngsteadt: Conceptualization;
data curation; investigation; resources; supervision; writing - origi-
nal draft; writing - review and editing. April Hamblin Cherveny:
Data curation; investigation; resources; writing - review and editing.
Jessica Kettenbach: Data curation; investigation; resources; writing -
review and editing. Hannah K. Levenson: Data curation; investiga-
tion; resources; writing - review and editing. Danesha Seth Carley:
Data curation; investigation; resources; writing - review and editing.
Jaime A. Collazo: Conceptualization; formal analysis; investigation;
methodology; resources; software; supervision; validation; writ-
ing - original draft; writing - review and editing. Rebecca E. Irwin:
Conceptualization; funding acquisition; investigation; resources; su-

pervision; writing - original draft; writing - review and editing.

ACKNOWLEDGMENTS

We thank A. Carper for additional bee specimens from Wake
County. We thank B. Blinn for his assistance and access to the
NC State Insect Museum collection. We thank C. Belyea for as-
sistance with calculating the urban extent of Raleigh. AHC and
HKL thank S. Frank and D. Tarpy for mentorship and feedback
on specimen collection. We also thank both two Global Change
Biology reviewers and one internal US Geological Survey reviewer
for their comments. Any use of trade, firm, or product names is for
descriptive purposes only and does not imply endorsement by the
US Government.

FUNDING INFORMATION
This project was funded by the National Science Foundation (NSF)
Division of Biological Infrastructure (DBI) Postdoctoral Fellowship

9SUAOIT SUOWWO)) dANLaI1) d[qearjdde oyy £q pauIdA0S 18 SI[ONIE YO 38N JO I[N 10§ AIBIQIT SUUQ A1\ UO (SUOHIPUOD-PUB-SULIDY/WOD" KI[1m AIRIQI[DUI[UO//:ScNY) SUOBIPUO)) pue SWLID L ay 9§ “[€707/Z1/11] U0 Areiqry sunuQ AS[Ip * 1zny eul[ds £q 090L1°998/1111°01/10p/wod"Aaim:Areiqrjautuo//:sdny woly papeojumod ‘I 420z ‘98¥TS9ET



RUZI eT AL.

in Biology (award no: 1906242) to SAR. Effort from JK and REI
on this project was supported by the USGS Southeast Climate
Adaptation Science Center (G17AC00204). Any opinions, find-
ings, and conclusions or recommendations expressed in this ma-
terial are those of the authors and do not necessarily reflect the
views of the funding agencies but do represent the views of the
US Geological Survey.

CONFLICT OF INTEREST STATEMENT
The corresponding author confirms on behalf of all authors that
there are no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly available
in a public GitHub repository available at https://github.com/sruzi
24/Ruzi_etal_temporal_bee_richness and http://doi.org/10.5281/
zenodo.10105284.

ORCID
Selina A. Ruzi " https://orcid.org/0000-0003-1973-8526
https://orcid.org/0000-0003-2032-9674
https://orcid.org/0009-0002-7740-8103
Hannah K. Levenson " https://orcid.org/0000-0002-1667-0127
https://orcid.org/0000-0002-1816-7744

https://orcid.org/0000-0002-1394-4946

Elsa Youngsteadt
April Hamblin Cherveny

Jaime A. Collazo

Rebecca E. Irwin

REFERENCES

Alberti, M., Correa, C., Marzluff, J. M., Hendry, A. P., Palkovacs, E. P.,
Gotanda, K. M., Hunt, V. M., Apgar, T. M., & Zhou, Y. (2017). Global
urban signatures of phenotypic change in animal and plant popula-
tions. Proceedings of the National Academy of Sciences of the United
States of America, 114(34), 8951-8956. https://doi.org/10.1073/
pnas.1606034114

Arce, A. N., Cantwell-Jones, A., Tansley, M., Barnes, |., Brace, S., Mullin,
V. E., Notton, D., Ollerton, J., Eatough, E., Rhodes, M. W., Bian, X.,
Hogan, J., Hunter, T., Jackson, S., Whiffin, A., Blagoderov, V., Broad,
G., Judd, S., Kokkini, P., ... Gill, R. J. (2023). Signatures of increasing
environmental stress in bumblebee wings over the past century:
Insights from museum specimens. Journal of Animal Ecology, 92,
297-309. https://doi.org/10.1111/1365-2656.13788

Ascher, J., & Pickering, J. (2019). Discover Life bee species guide and
world checklist (Hymenoptera: Apoidea: Anthopila) (draft 52, 26
June, 2019). http://www.discoverlife.org/mp/20q?guide=Apoid
ea_species

Banaszak-Cibicka, W., & Zmihorski, M. (2012). Wild bees along an urban
gradient: Winners and losers. Journal of Insect Conservation, 16(3),
331-343. https://doi.org/10.1007/s10841-011-9419-2

Bartomeus, I., Ascher, J. S., Gibbs, J., Danforth, B. N., Wagner, D. L.,
Hedtke, S. M., & Winfree, R. (2013). Historical changes in north-
eastern US bee pollinators related to shared ecological traits.
Proceedings of the National Academy of Sciences of the United States
of America, 110(12), 4656-4660. https://doi.org/10.1073/pnas.
1218503110

Bartomeus, |., Park, M. G., Gibbs, J., Danforth, B. N., Lakso, A. N., &
Winfree, R. (2013). Biodiversity ensures plant-pollinator pheno-
logical synchrony against climate change. Ecology Letters, 16(11),
1331-1338. https://doi.org/10.1111/ele.12170

Benoit, D., Jackson, D. A., & Ridgway, M. S. (2018). Assessing the
impacts of imperfect detection on estimates of diversity and

150f 18
% Global Change Biology ga%YA § B =A%

community structure through multispecies occupancy modeling.
Ecology and Evolution, 8(9), 4676-4684. https://doi.org/10.1002/
ece3.4023

Boakes, E. H., McGowan, P. J. K., Fuller, R. A., Chang-qing, D., Clark,
N. E., O'Connor, K., & Mace, G. M. (2010). Distorted views of bio-
diversity: Spatial and temporal bias in species occurrence data.
PLoS Biology, 8(6), e1000385. https://doi.org/10.1371/journal.
pbio. 1000385

Bornstein, R. D. (1968). Observations of the urban heat Island effect
in New York City. Journal of Applied Meteorology, 7(4), 575-582.
https://doi.org/10.1175/1520-0450(1968)007<0575:O0TUHI>
2.0.CO;2

Boulinier, T., Nichols, J. D., Sauer, J. R., Hines, J. E., & Pollock, K. H. (1998).
Estimating species richness: The importance of heterogeneity in
species detectability. Ecology, 79(3), 1018-1028.

Brimley, C. S. (1938). The insects of North Carolina: Being a list of the insects
of North Carolina and their close relatives. Division of Entomology,
North Carolina Department of Agriculture. https://catalog.lib.ncsu.
edu/catalog/NCSU1156831

Brown, D. G., Johnson, K. M, Loveland, T. R., & Theobald, D. M. (2005).
Rural land-use trends in the conterminous United States, 1950-
2000. Ecological Applications, 15(6), 1851-1863. https://doi.org/10.
1890/03-5220

Burnham, K. P, & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach (2nd ed.).
Springer.

Cameron, S.A.,Lim,H. C., Lozier, J. D., Duennes, M. A,, & Thorp, R. (2016).
Test of the invasive pathogen hypothesis of bumble bee decline in
North America. Proceedings of the National Academy of Sciences of
the United States of America, 113(16), 4386-4391. https://doi.org/
10.1073/pnas.1525266113

Cameron, S. A,, Lozier, J. D., Strange, J. P,, Koch, J. B., Cordes, N., Solter,
L. F., & Griswold, T. L. (2011). Patterns of widespread decline in
North American bumble bees. Proceedings of the National Academy
of Sciences of the United States of America, 108(2), 662-667. https://
doi.org/10.1073/pnas.1014743108

Cane, J. H., Minckley, R. L., Kervin, L. J., Roulston, T. H., & Williams, N. M.
(2006). Complex responses within a desert bee guild (Hymenoptera:
Apiformes) to urban habitat fragmentation. Ecological Applications,
16(2), 632-644. https://doi.org/10.1890/1051-0761(2006)016[0632:
CRWADBJ2.0.CO;2

Cardoso, M. C., & Gongalves, R. B. (2018). Reduction by half: The im-
pact on bees of 34years of urbanization. Urban Ecosystems, 21(5),
943-949. https://doi.org/10.1007/s11252-018-0773-7

Carper, A. L., Adler, L. S., Warren, P. S., & Irwin, R. E. (2014). Effects
of suburbanization on forest bee communities. Environmental
Entomology, 43(2), 253-262. https://doi.org/10.1603/EN13078

Carper, A. L., Warren, P.S., Adler, L. S., & Irwin, R. E. (2022). Pollen limita-
tion of native plant reproduction in an urban landscape. American
Journal of Botany, 109, 1969-1980. https://doi.org/10.1002/ajb2.
16080

Ceballos, G., Ehrlich, P. R., & Dirzo, R. (2017). Biological annihilation via
the ongoing sixth mass extinction signaled by vertebrate popu-
lation losses and declines. Proceedings of the National Academy of
Sciences of the United States of America, 114(30), E6089-E6096.
https://doi.org/10.1073/pnas.1704949114

Chao, A, Gotelli, N. J., Hsieh, T. C., Sander, E. L., Ma, K. H., Colwell, R. K.,
& Ellison, A. M. (2014). Rarefaction and extrapolation with hill num-
bers: A framework for sampling and estimation in species diversity
studies. Ecological Monographs, 84(1), 45-67. https://doi.org/10.
1890/13-0133.1

Chase, J. M., Blowes, S. A., Knight, T. M., Gerstner, K., & May, F.
(2020). Ecosystem decay exacerbates biodiversity loss with hab-
itat loss. Nature, 1-6, 238-243. https://doi.org/10.1038/s4158
6-020-2531-2

9SUAOIT SUOWWO)) dANLaI1) d[qearjdde oyy £q pauIdA0S 18 SI[ONIE YO 38N JO I[N 10§ AIBIQIT SUUQ A1\ UO (SUOHIPUOD-PUB-SULIDY/WOD" KI[1m AIRIQI[DUI[UO//:ScNY) SUOBIPUO)) pue SWLID L ay 9§ “[€707/Z1/11] U0 Areiqry sunuQ AS[Ip * 1zny eul[ds £q 090L1°998/1111°01/10p/wod"Aaim:Areiqrjautuo//:sdny woly papeojumod ‘I 420z ‘98¥TS9ET


https://github.com/sruzi24/Ruzi_etal_temporal_bee_richness
https://github.com/sruzi24/Ruzi_etal_temporal_bee_richness
https://doi.org/10.5281/zenodo.10105284
https://doi.org/10.5281/zenodo.10105284
https://orcid.org/0000-0003-1973-8526
https://orcid.org/0000-0003-1973-8526
https://orcid.org/0000-0003-2032-9674
https://orcid.org/0000-0003-2032-9674
https://orcid.org/0009-0002-7740-8103
https://orcid.org/0009-0002-7740-8103
https://orcid.org/0000-0002-1667-0127
https://orcid.org/0000-0002-1667-0127
https://orcid.org/0000-0002-1816-7744
https://orcid.org/0000-0002-1816-7744
https://orcid.org/0000-0002-1394-4946
https://orcid.org/0000-0002-1394-4946
https://doi.org/10.1073/pnas.1606034114
https://doi.org/10.1073/pnas.1606034114
https://doi.org/10.1111/1365-2656.13788
http://www.discoverlife.org/mp/20q?guide=Apoidea_species
http://www.discoverlife.org/mp/20q?guide=Apoidea_species
https://doi.org/10.1007/s10841-011-9419-2
https://doi.org/10.1073/pnas.1218503110
https://doi.org/10.1073/pnas.1218503110
https://doi.org/10.1111/ele.12170
https://doi.org/10.1002/ece3.4023
https://doi.org/10.1002/ece3.4023
https://doi.org/10.1371/journal.pbio.1000385
https://doi.org/10.1371/journal.pbio.1000385
https://doi.org/10.1175/1520-0450(1968)007%3C0575:OOTUHI%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1968)007%3C0575:OOTUHI%3E2.0.CO;2
https://catalog.lib.ncsu.edu/catalog/NCSU1156831
https://catalog.lib.ncsu.edu/catalog/NCSU1156831
https://doi.org/10.1890/03-5220
https://doi.org/10.1890/03-5220
https://doi.org/10.1073/pnas.1525266113
https://doi.org/10.1073/pnas.1525266113
https://doi.org/10.1073/pnas.1014743108
https://doi.org/10.1073/pnas.1014743108
https://doi.org/10.1890/1051-0761(2006)016%5B0632:CRWADB%5D2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016%5B0632:CRWADB%5D2.0.CO;2
https://doi.org/10.1007/s11252-018-0773-7
https://doi.org/10.1603/EN13078
https://doi.org/10.1002/ajb2.16080
https://doi.org/10.1002/ajb2.16080
https://doi.org/10.1073/pnas.1704949114
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1038/s41586-020-2531-2
https://doi.org/10.1038/s41586-020-2531-2

RUZI €T AL.

16 of 18
—I—Wl [B2A% Clobal Change Biology

Chen, H. (2018). VennDiagram: Generate high-resolution Venn and Euler
plots (1.6.20) [R].

Davis, C. L., Guralnick, R. P., & Zipkin, E. F. (2023). Challenges and op-
portunities for using natural history collections to estimate insect
population trends. Journal of Animal Ecology, 92, 237-249. https://
doi.org/10.1111/1365-2656.13763

Di Cecco, G. J., Barve, V., Belitz, M. W.,, Stucky, B. J., Guralnick, R. P, &
Hurlbert, A. H. (2021). Observing the observers: How participants
contribute data to iNaturalist and implications for biodiversity
science. Bioscience, 71(11), 1179-1188. https://doi.org/10.1093/
biosci/biab093

Didham, R. K., Basset, Y., Collins, C. M., Leather, S. R., Littlewood, N. A.,
Menz, M. H. M., Miiller, J., Packer, L., Saunders, M. E., Schénrogge,
K., Stewart, A. J. A. Yanoviak, S. P, & Hassall, C. (2020).
Interpreting insect declines: Seven challenges and a way forward.
Insect Conservation and Diversity, 13(2), 103-114. https://doi.org/
10.1111/icad.12408

Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., & Collen,
B. (2014). Defaunation in the Anthropocene. Science, 345(6195),
401-406. https://doi.org/10.1126/science.1251817

Duchenne, F., Thébault, E., Michez, D., Gérard, M., Devaux, C., Rasmont,
P., Vereecken, N. J., & Fontaine, C. (2020). Long-term effects
of global change on occupancy and flight period of wild bees in
Belgium. Global Change Biology, 26(12), 6753-6766. https://doi.org/
10.1111/gcb.15379

Forstall, R. L. (1996). Population of states and counties of the United States:
1790 to 1990: From the twenty-one decennial censuses. U.S. Dept. of
Commerce, Bureau of the Census, Population Division: for sale by
the U.S. G.P.O,, Supt. of Docs. distributor; For sale by the National
Technical Information Service distributor.

Fortel, L., Henry, M., Guilbaud, L., Guirao, A. L., Kuhlmann, M., Mouret,
H., Rollin, O., & Vaissiére, B. E. (2014). Decreasing abundance, in-
creasing diversity and changing structure of the wild bee commu-
nity (Hymenoptera: Anthophila) along an urbanization gradient.
PLoS One, 9(8), €104679. https://doi.org/10.1371/journal.pone.
0104679

Fowler, J. (2016). Specialist bees of the mid-Atlantic: Host plants and
habitat conservation. The Maryland Entomologist, 6(4), 2-40.

Gotelli,N. J., & Colwell, R. K.(2001). Quantifying biodiversity: Procedures
and pitfalls in the measurement and comparison of species rich-
ness. Ecology Letters, 4(4), 379-391. https://doi.org/10.1046/j.
1461-0248.2001.00230.x

Gotelli, N. J., & Colwell, R. K. (2011). Estimating species richness. In A.
E. Magurran & B. J. McGill (Eds.), Biological diversity: Frontiers in
measurement and assessment (pp. 39-54). Oxford University Press.

Goulson, D., Nicholls, E., Botias, C., & Rotheray, E. L. (2015). Bee declines
driven by combined stress from parasites, pesticides, and lack of
flowers. Science, 347(6229), 1255957. https://doi.org/10.1126/
science.1255957

Guillera-Arroita, G. (2017). Modelling of species distributions, range
dynamics and communities under imperfect detection: Advances,
challenges and opportunities. Ecography, 40(2), 281-295. https://
doi.org/10.1111/ecog.02445

Guzman, L. M., Johnson, S. A., Mooers, A. O., & M'Gonigle, L. K. (2021).
Using historical data to estimate bumble bee occurrence: Variable
trends across species provide little support for community-level
declines. Biological Conservation, 257, 109141. https://doi.org/10.
1016/j.biocon.2021.109141

Hamblin, A. L., Youngsteadt, E., & Frank, S. D. (2018). Wild bee abun-
dance declines with urban warming, regardless of floral density.
Urban Ecosystems, 21(3), 419-428. https://doi.org/10.1007/s1125
2-018-0731-4

Hamblin, A. L., Youngsteadt, E., Lopez-Uribe, M. M., & Frank, S. D. (2017).
Physiological thermal limits predict differential responses of bees
to urban heat-Island effects. Biology Letters, 13(6), 20170125.
https://doi.org/10.1098/rsbl.2017.0125

Harrison, T., Gibbs, J., & Winfree, R. (2018). Forest bees are replaced
in agricultural and urban landscapes by native species with differ-
ent phenologies and life-history traits. Global Change Biology, 24(1),
287-296. https://doi.org/10.1111/gch.13921

Harrison, T., Gibbs, J., & Winfree, R. (2019). Anthropogenic landscapes
support fewer rare bee species. Landscape Ecology, 34(5), 967-978.
https://doi.org/10.1007/s10980-017-0592-x

Hines, J. (2006). PRESENCE—Software to estimate patch occupancy
and related parameters [computer software]. USGS-PWRC. http://
www.mbr-pwrc.usgs.gov/software.presence.html

Hines, J. (2016). SPECRICH2 [computer software]. USGS-PWRC. https://
www.usgs.gov/software/specrich2

Hsieh, T. C., Ma, K. H., & Chao, A. (2019). iNEXT: iNterpolation and
EXTrapolation for species diversity (2.0.19) [R]. http://chao.stat.nthu.
edu.tw/blog/software-download/

Jacobson, M. M., Tucker, E. M., Mathiasson, M. E., & Rehan, S. M. (2018).
Decline of bumble bees in northeastern North America, with spe-
cial focus on Bombus terricola. Biological Conservation, 217, 437-
445, https://doi.org/10.1016/j.biocon.2017.11.026

Kerr, J. T., Pindar, A., Galpern, P, Packer, L., Potts, S. G., Roberts, S. M.,
Rasmont, P., Schweiger, O., Colla, S. R., Richardson, L. L., Wagner,
D. L., Gall, L. F, Sikes, D. S., & Pantoja, A. (2015). Climate change
impacts on bumblebees converge across continents. Science,
349(6244), 177-180. https://doi.org/10.1126/science.aaa7031

Klein, A.-M., Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, |.,
Cunningham, S. A., Kremen, C., & Tscharntke, T. (2007). Importance
of pollinators in changing landscapes for world crops. Proceedings of
the Royal Society B: Biological Sciences, 274(1608), 303-313. https://
doi.org/10.1098/rspb.2006.3721

Krauss, J., Bommarco, R., Guardiola, M., Heikkinen, R. K., Helm, A.,
Kuussaari, M., Lindborg, R., Ockinger, E., Partel, M., Pino, J., Poyry,
J., Raatikainen, K. M., Sang, A., Stefanescu, C., Teder, T., Zobel, M.,
& Steffan-Dewenter, I. (2010). Habitat fragmentation causes imme-
diate and time-delayed biodiversity loss at different trophic levels.
Ecology Letters, 13(5), 597-605. https://doi.org/10.1111/j.1461-
0248.2010.01457.x

Kunkel, K. E., Easterling, D. R., Ballinger, A., Bililign, S., Champion, S. M.,
Corbett, D. R., Dello, K. D., Dissen, J., Lackmann, G. M., Luettich, R.
A., Jr., Perry, L. B., Robinson, W. A,, Stevens, L. E., Stewart, B. C., &
Terando, A. J. (2020). North Carolina climate science report (p. 233).
North Carolina Institute for Climate Studies.

Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J.,
Lindborg, R., Ockinger, E., Partel, M., Pino, J., Roda, F., Stefanescu,
C., Teder, T., Zobel, M., & Steffan-Dewenter, I. (2009). Extinction
debt: A challenge for biodiversity conservation. Trends in Ecology
& Evolution, 24(10), 564-571. https://doi.org/10.1016/j.tree.2009.
04.011

Leong, J. M., & Thorp, R. W. (1999). Colour-coded sampling: The pan trap
colour preferences of oligolectic and nonoligolectic bees associ-
ated with a vernal pool plant. Ecological Entomology, 24(3), 329-335.
https://doi.org/10.1046/j.1365-2311.1999.00196.x

Levenson, H. K., & Tarpy, D. R. (2023). Planted pollinator habitat in
agroecosystems: How does the pollinator community respond?
Frontiers in Ecology and Evolution, 11, 1060834. https://doi.org/10.
3389/fevo.2023.1060834

Li, X., Zhou, Y., Hejazi, M., Wise, M., Vernon, C,, lyer, G., & Chen, W.
(2021). Global urban growth between 1870 and 2100 from inte-
grated high resolution mapped data and urban dynamic modeling.
Communications Earth & Environment, 2(1), 201. https://doi.org/10.
1038/s43247-021-00273-w

Lorenzo-Felipe, ., Blanco, C. A., & Corona, M. (2020). Impact of Apoidea
(Hymenoptera) on the world's food production and diets. Annals of
the Entomological Society of America, 113(6), 407-424. https://doi.
org/10.1093/aesa/saaa016

Mackenzie, D., & Hines, J. (2021). RPresence: R interface for program
PRESENCE (2.13.10) [R].

9SUAOIT SUOWWO)) dANLaI1) d[qearjdde oyy £q pauIdA0S 18 SI[ONIE YO 38N JO I[N 10§ AIBIQIT SUUQ A1\ UO (SUOHIPUOD-PUB-SULIDY/WOD" KI[1m AIRIQI[DUI[UO//:ScNY) SUOBIPUO)) pue SWLID L ay 9§ “[€707/Z1/11] U0 Areiqry sunuQ AS[Ip * 1zny eul[ds £q 090L1°998/1111°01/10p/wod"Aaim:Areiqrjautuo//:sdny woly papeojumod ‘I 420z ‘98¥TS9ET


https://doi.org/10.1111/1365-2656.13763
https://doi.org/10.1111/1365-2656.13763
https://doi.org/10.1093/biosci/biab093
https://doi.org/10.1093/biosci/biab093
https://doi.org/10.1111/icad.12408
https://doi.org/10.1111/icad.12408
https://doi.org/10.1126/science.1251817
https://doi.org/10.1111/gcb.15379
https://doi.org/10.1111/gcb.15379
https://doi.org/10.1371/journal.pone.0104679
https://doi.org/10.1371/journal.pone.0104679
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1126/science.1255957
https://doi.org/10.1126/science.1255957
https://doi.org/10.1111/ecog.02445
https://doi.org/10.1111/ecog.02445
https://doi.org/10.1016/j.biocon.2021.109141
https://doi.org/10.1016/j.biocon.2021.109141
https://doi.org/10.1007/s11252-018-0731-4
https://doi.org/10.1007/s11252-018-0731-4
https://doi.org/10.1098/rsbl.2017.0125
https://doi.org/10.1111/gcb.13921
https://doi.org/10.1007/s10980-017-0592-x
http://www.mbr-pwrc.usgs.gov/software.presence.html
http://www.mbr-pwrc.usgs.gov/software.presence.html
https://www.usgs.gov/software/specrich2
https://www.usgs.gov/software/specrich2
http://chao.stat.nthu.edu.tw/blog/software-download/
http://chao.stat.nthu.edu.tw/blog/software-download/
https://doi.org/10.1016/j.biocon.2017.11.026
https://doi.org/10.1126/science.aaa7031
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/j.1461-0248.2010.01457.x
https://doi.org/10.1111/j.1461-0248.2010.01457.x
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.1016/j.tree.2009.04.011
https://doi.org/10.1046/j.1365-2311.1999.00196.x
https://doi.org/10.3389/fevo.2023.1060834
https://doi.org/10.3389/fevo.2023.1060834
https://doi.org/10.1038/s43247-021-00273-w
https://doi.org/10.1038/s43247-021-00273-w
https://doi.org/10.1093/aesa/saaa016
https://doi.org/10.1093/aesa/saaa016

RUZI eT AL.

MacKenzie, D. I., Nichols, J. D., Royle, J. A., Pollock, K. H., Bailey, L. L.,
& Hines, J. E. (2006). Occupancy estimation and modeling: Inferring
patterns and dynamics of species occurrence. Elsevier.

MacKenzie, D. I, Nichols, J. D., Royle, J. A., Pollock, K. H., Bailey, L. L.,
& Hines, J. E. (2018). Occupancy estimation and modeling: Inferring
patterns and dynamics of species occurrence (2nd ed.). Academic
Press.

Mathiasson, M. E., & Rehan, S. M. (2019). Status changes in the wild bees
of North-Eastern North America over 125years revealed through
museum specimens. Insect Conservation and Diversity, 12(4), 278-
288. https://doi.org/10.1111/icad.12347

Mathiasson, M. E., & Rehan, S. M. (2020). Wild bee declines linked to
plant-pollinator network changes and plant species introductions.
Insect Conservation and Diversity, 13(6), 595-605. https://doi.org/
10.1111/icad.12429

Mattila, N., Kotiaho, J. S., Kaitala, V., & Komonen, A. (2008). The use
of ecological traits in extinction risk assessments: A case study
on geometrid moths. Biological Conservation, 141(9), 2322-2328.
https://doi.org/10.1016/j.biocon.2008.06.024

McCabe, D. J. (2011). Sampling biological communities. Nature Education
Knowledge, 3(10), 63.

Metcalf, Z. P. (1947). Obituaries: Dr. Clement Samuel Brimley. Journal
of Economic Entomology, 40(1), 141. https://doi.org/10.1093/jee/
40.1.141

Miliczky, E. R., & Osgood, E. A. (1995). Bionomics of Andrena (Melandrena)
vicina Smith in Maine and Washington, with new parasite Records
for A. (M.) regularis Malloch and a review of Melandrena biology.
Journal of the Kansas Entomological Society, 68(1), 51-66.

Mitchell, T. B. (1935a). A revision of the genus Megachile in the Nearctic
region. Part Il. Morphology of the male sternites and genital
armature and the taxonomy of the subgenera Litomegachile,
Neomegachile and Cressoniella (Hymenoptera: Megachilidae).
Transactions of the American Entomological Society (1890-), 61(1),
1-44.

Mitchell, T. B. (1935b). A revision of the genus Megachile in the
Nearctic region. Part Ill. Taxonomy of subgenus Anthemois and
Delomegachile (Hymenoptera: Megachilidae). Transactions of the
American Entomological Society (1890-), 61, 155-205.

Mitchell, T. B. (1936). A revision of the genus Megachile in the Nearctic re-
gion. Part V. Taxonomy of subgenus Xeromegachile (Hymenoptera:
Megachilidae). Transactions of the American Entomological Society
(1890-), 62(4), 323-382.

Mitchell, T. B. (1937a). A revision of the genus Megachile in the Nearctic
region. Part VII. Taxonomy of the subgenus Sayapis (Hymenoptera:
Megachilidae). Transactions of the American Entomological Society
(1890-), 63(2), 175-206.

Mitchell, T. B. (1937h). A revision of the genus Megachile in the Nearctic
region. Part VIIl. Taxonomy of the subgenus Chelostomoides, ad-
denda and index (Hymenoptera: Megachilidae). Transactions of the
American Entomological Society (1890-), 63(4), 381-421.

Mitchell, T. B. (1951). Some new species of bees from the eastern United
States. Journal of the Elisha Mitchell Scientific Society, 67(2), 231-248.

Mitchell, T. B. (1960). Bees of eastern United States. Part 1. North Carolina
Agricultural Experiment Station.

Mitchell, T. B. (1962). Bees of eastern United States. Part 2. North Carolina
Agricultural Experiment Station.

NCSU Insect Museum. (2020). https://projects.ncsu.edu/cals/entom
ology/museum/index.php

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn,
D., Minchin, P.R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens,
M. H. H., Szoecs, E., & Wagner, H. (2019). vegan: Community ecology
package (2.5-6) [computer software]. https://CRAN.R-project.org/
package=vegan

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants
are pollinated by animals? Oikos, 120(3), 321-326. https://doi.org/
10.1111/j.1600-0706.2010.18644.x

17 of 18
= [Global Change Biology \\YA § B DA%

Orndorff, R. C., Stamm, N., Edwards, L., Herrick, J., Ruppert, L., Slate, J.,
Soller, D., & Tew, B., Jr. (2018). Divisions of geological time—Major
chronostratigraphic and geochronologic units. U.S. Geological Survey.
Fact Sheet 2018-3054. https://pubs.usgs.gov/fs/2018/3054/
fs20183054.pdf

Otis, D. L., Burnham, K. P, White, G. C., & Anderson, D. R. (1978).
Statistical inference from capture data on closed animal popula-
tions. Wildlife Monographs, 62, 3-135.

Pereira, F. W., Carneiro, L., & Goncalves, R. B. (2021). More losses than
gains in ground-nesting bees over 60years of urbanization. Urban
Ecosystems, 24(2), 233-242. https://doi.org/10.1007/s11252-020-
01030-1

Pimm, S., Raven, P., Peterson, A., Sekercioglu, C. H., & Ehrlich, P. R.
(2006). Human impacts on the rates of recent, present, and future
bird extinctions. Proceedings of the National Academy of Sciences of
the United States of America, 103(29), 10941-10946. https://doi.
org/10.1073/pnas.0604181103

Pollock, K. H. (1982). A capture-recapture design robust to unequal
probability of capture. The Journal of Wildlife Management, 46(3),
752-757. https://doi.org/10.2307/3808568

Potts, S. G., Vulliamy, B., Roberts, S., O'Toole, C., Dafni, A., Ne'eman,
G., & Willmer, P. (2005). Role of nesting resources in organising
diverse bee communities in a Mediterranean landscape. Ecological
Entomology, 30(1), 78-85. https://doi.org/10.1111/j.0307-6946.
2005.00662.x

Prendergast, K. S., Dixon, K. W., & Bateman, P. W. (2022). A global re-
view of determinants of native bee assemblages in urbanised land-
scapes. Insect Conservation and Diversity, 15, 385-405. https://doi.
org/10.1111/icad.12569

Prendergast, K. S., Menz, M. H. M., Dixon, K. W., & Bateman, P. W. (2020).
The relative performance of sampling methods for native bees: An
empirical test and review of the literature. Ecosphere, 11(5), e03076.
https://doi.org/10.1002/ecs2.3076

R Core Team. (2019). R: A language and environment for statistical com-
puting [Computer software]. R Statistical Computing. https://www.
r-project.org/

Rader, R., Bartomeus, |., Garibaldi, L. A., Garratt, M. P. D., Howlett, B.
G., Winfree, R., Cunningham, S. A., Mayfield, M. M., Arthur, A. D.,
Andersson, G. K. S., Bommarco, R., Brittain, C., Carvalheiro, L. G.,
Chacoff, N. P, Entling, M. H., Foully, B., Freitas, B. M., Gemmill-
Herren, B., Ghazoul, J., ... Woyciechowski, M. (2016). Non-bee insects
are important contributors to global crop pollination. Proceedings of
the National Academy of Sciences of the United States of America, 113(1),
146-151. https://doi.org/10.1073/pnas.1517092112

Rader, R., Reilly, J., Bartomeus, |., & Winfree, R. (2013). Native bees
buffer the negative impact of climate warming on honey bee pol-
lination of watermelon crops. Global Change Biology, 19(10), 3103-
3110. https://doi.org/10.1111/gcb.12264

Rexstad, E., & Burnham, K. (1991). User's guide for interactive program
CAPTURE.

Rocha-Ortega, M., Rodriguez, P., & Codrdoba-Aguilar, A. (2021).
Geographical, temporal and taxonomic biases in insect GBIF data
on biodiversity and extinction. Ecological Entomology, 46, 718-728.
https://doi.org/10.1111/een.13027

RStudio Team. (2019). RStudio: Integrated development for R (1.2.5019)
[computer software]. RStudio, Inc. http://www.rstudio.com/

Ruzi, S. (2023). Data from: Bee species richness through time in an urbaniz-
ing landscape of the southeastern USA (version v1) [dataset]. https://
doi.org/10.5281/zenodo0.10105284

Schipper, J., Chanson, J. S., Chiozza, F., Cox, N. A, Hoffmann, M.,
Katariya, V., Lamoreux, J., Rodrigues, A. S. L., Stuart, S. N, Temple,
H. J, Baillie, J., Boitani, L., Lacher, T. E., Mittermeier, R. A., Smith,
A. T., Absolon, D., Aguiar, J. M., Amori, G., Bakkour, N., ... Young,
B. E. (2008). The status of the world's land and marine mammals:
Diversity, threat, and knowledge. Science, 322(5899), 225-230.
https://doi.org/10.1126/science.1165115

9SUAOIT SUOWWO)) dANLaI1) d[qearjdde oyy £q pauIdA0S 18 SI[ONIE YO 38N JO I[N 10§ AIBIQIT SUUQ A1\ UO (SUOHIPUOD-PUB-SULIDY/WOD" KI[1m AIRIQI[DUI[UO//:ScNY) SUOBIPUO)) pue SWLID L ay 9§ “[€707/Z1/11] U0 Areiqry sunuQ AS[Ip * 1zny eul[ds £q 090L1°998/1111°01/10p/wod"Aaim:Areiqrjautuo//:sdny woly papeojumod ‘I 420z ‘98¥TS9ET


https://doi.org/10.1111/icad.12347
https://doi.org/10.1111/icad.12429
https://doi.org/10.1111/icad.12429
https://doi.org/10.1016/j.biocon.2008.06.024
https://doi.org/10.1093/jee/40.1.141
https://doi.org/10.1093/jee/40.1.141
https://projects.ncsu.edu/cals/entomology/museum/index.php
https://projects.ncsu.edu/cals/entomology/museum/index.php
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://pubs.usgs.gov/fs/2018/3054/fs20183054.pdf
https://pubs.usgs.gov/fs/2018/3054/fs20183054.pdf
https://doi.org/10.1007/s11252-020-01030-1
https://doi.org/10.1007/s11252-020-01030-1
https://doi.org/10.1073/pnas.0604181103
https://doi.org/10.1073/pnas.0604181103
https://doi.org/10.2307/3808568
https://doi.org/10.1111/j.0307-6946.2005.00662.x
https://doi.org/10.1111/j.0307-6946.2005.00662.x
https://doi.org/10.1111/icad.12569
https://doi.org/10.1111/icad.12569
https://doi.org/10.1002/ecs2.3076
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1073/pnas.1517092112
https://doi.org/10.1111/gcb.12264
https://doi.org/10.1111/een.13027
http://www.rstudio.com/
https://doi.org/10.5281/zenodo.10105284
https://doi.org/10.5281/zenodo.10105284
https://doi.org/10.1126/science.1165115

RUZI €T AL.

18 of 18
—I—Wl [B2A% Clobal Change Biology

Senapathi, D., Carvalheiro, L. G., Biesmeijer, J. C., Dodson, C.-A., Evans,
R. L., McKerchar, M., Morton, R. D., Moss, E. D., Roberts, S. P. M.,
Kunin, W. E., & Potts, S. G. (2015). The impact of over 80years
of land cover changes on bee and wasp pollinator communities
in England. Proceedings of the Royal Society B: Biological Sciences,
282(1806), 20150294. https://doi.org/10.1098/rspb.2015.0294

Shirey, V., Khelifa, R., M'Gonigle, L. K., & Guzman, L. M. (2022).
Occupancy-detection models with museum specimen data:
Promise and pitfalls. Methods in Ecology and Evolution, 14, 402-414.
https://doi.org/10.1111/2041-210X.138%96

Stuart, S. N., Chanson, J. S., Cox, N. A., Young, B. E., Rodrigues, A. S.
L., Fischman, D. L., & Waller, R. W. (2004). Status and trends of
amphibian declines and extinctions worldwide. Science, 306(5702),
1783-1786. https://doi.org/10.1126/science.1103538

Stubbs, C. S., Drummond, F. A., & Allard, S. L. (1997). Bee conserva-
tion and increasing Osmia spp. in Maine lowbush blueberry fields.
Northeastern Naturalist, 4(3), 133-144. https://doi.org/10.2307/
3858708

Suarez, A. V., & Tsutsui, N. D. (2004). The value of museum collections
for research and society. Bioscience, 54(1), 66. https://doi.org/10.
1641/0006-3568(2004)054[0066:TVOMCF]2.0.CO;2

Szulkin, M., Carroway, C., Corsini, M., Kotarba, A., & Dominoni, D. (2020).
How to quantify urbanization when testing for urban evolution? In
M. Szulkin, J. Munishi-South, & A. Charmantier (Eds.), Urban evo-
lutionary biology (pp. 13-33). Oxford University Press. https://doi.
org/10.1093/0s0/9780198836841.003.0002

Terando, A. J., Costanza, J., Belyea, C., Dunn, R. R., McKerrow, A., &
Collazo, J. A. (2014). The southern megalopolis: Using the past to
predict the future of urban sprawl in the southeast U.S. PLoS One,
9(7), €102261. https://doi.org/10.1371/journal.pone.0102261

Tingley, M. W., Nadeau, C. P., & Sandor, M. E. (2020). Multi-species occu-
pancy models as robust estimators of community richness. Methods
in Ecology and Evolution, 11(5), 633-642. https://doi.org/10.1111/
2041-210X.13378

US Census Bureau. (2021). Explore census data. https://data.census.gov/
cedsci/

Van Dooren, T. J. M. (2019). Assessing species richness trends: Declines
of bees and bumblebees in the Netherlands since 1945. Ecology and
Evolution, 9(23), 13056-13068. https://doi.org/10.1002/ece3.5717

Villalta, I, Bouget, C., Lopez-Vaamonde, C., & Baude, M. (2022).
Phylogenetic, functional and taxonomic responses of wild bee
communities along urbanisation gradients. Science of the Total
Environment, 832, 154926. https://doi.org/10.1016/j.scitotenv.
2022.154926

Wagner, D. L. (2020). Insect declines in the Anthropocene. Annual Review
of Entomology, 65(1), 457-480. https://doi.org/10.1146/annurev-
ento-011019-025151

Wake, D. B., & Vredenburg, V. T. (2008). Are we in the midst of the sixth
mass extinction? A view from the world of amphibians. Proceedings
of the National Academy of Sciences of the United States of America,
105(Supplement 1), 11466-11473. https://doi.org/10.1073/pnas.
0801921105

Wenzel, A., Grass, ., Belavadi, V. V., & Tscharntke, T. (2020). How urban-
ization is driving pollinator diversity and pollination—A systematic
review. Biological Conservation, 241, 108321. https://doi.org/10.
1016/j.biocon.2019.108321

White, G., Burnham, K., Otis, D., & Anderson, D. (1978). User's manual for
program CAPTURE. Utah State University Press.

White, G. C., Anderson, D. R., Burnham, K. P., & Otis, D. L. (1982).
Capture-recapture and removal methods for sampling closed popu-
lations. In Capture-recapture and removal methods for sampling closed
populations (p. 14) [Other Report]). Los Alamos National Laboratory.
http://pubs.er.usgs.gov/publication/70120390

Wickham, H. (2016). Ggplot2. Springer Science+Business Media, LLC.

Williams, N. M., Crone, E. E., Roulston, T. H., Minckley, R. L., Packer,
L., & Potts, S. G. (2010). Ecological and life-history traits predict
bee species responses to environmental disturbances. Biological
Conservation, 143(10), 2280-2291. https://doi.org/10.1016/j.bio-
con.2010.03.024

Wilson, C. J., & Jamieson, M. A. (2019). The effects of urbanization on
bee communities depends on floral resource availability and bee
functional traits. PLoS One, 14(12), e0225852. https://doi.org/10.
1371/journal.pone.0225852

Winfree, R., Reilly, J. R., Bartomeus, |, Cariveau, D. P., Williams, N. M., &
Gibbs, J. (2018). Species turnover promotes the importance of bee
diversity for crop pollination at regional scales. Science, 359(6377),
791-793. https://doi.org/10.1126/science.aa02117

Youngsteadt, E., Levenson, H., & Adamson, N. (2021). Hymenoptera
of North Carolina. https://authl.dpr.ncparks.gov/hymenoptera/
index.php

Youngsteadt, E., Moylett, H., Lépez-Uribe, M. M., & Hamblin, A. (2016).
T. B. Mitchell: The man behind the bees of the eastern United
States. American Entomologist, 62(3), 157-162. https://doi.org/10.
1093/ae/tmw023

Zattara, E. E., & Aizen, M. A. (2021). Worldwide occurrence records
suggest a global decline in bee species richness. One Earth, 4(1),
114-123. https://doi.org/10.1016/j.oneear.2020.12.005

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Ruzi, S. A., Youngsteadt, E.,
Cherveny, A. H., Kettenbach, J., Levenson, H. K., Carley, D.
S., Collazo, J. A., & Irwin, R. E. (2023). Bee species richness
through time in an urbanizing landscape of the southeastern
United States. Global Change Biology, 30, €17060. https://doi.
org/10.1111/gcb.17060

9SUAOIT SUOWWO)) dANLaI1) d[qearjdde oyy £q pauIdA0S 18 SI[ONIE YO 38N JO I[N 10§ AIBIQIT SUUQ A1\ UO (SUOHIPUOD-PUB-SULIDY/WOD" KI[1m AIRIQI[DUI[UO//:ScNY) SUOBIPUO)) pue SWLID L ay 9§ “[€707/Z1/11] U0 Areiqry sunuQ AS[Ip * 1zny eul[ds £q 090L1°998/1111°01/10p/wod"Aaim:Areiqrjautuo//:sdny woly papeojumod ‘I 420z ‘98¥TS9ET


https://doi.org/10.1098/rspb.2015.0294
https://doi.org/10.1111/2041-210X.13896
https://doi.org/10.1126/science.1103538
https://doi.org/10.2307/3858708
https://doi.org/10.2307/3858708
https://doi.org/10.1641/0006-3568(2004)054%5B0066:TVOMCF%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2004)054%5B0066:TVOMCF%5D2.0.CO;2
https://doi.org/10.1093/oso/9780198836841.003.0002
https://doi.org/10.1093/oso/9780198836841.003.0002
https://doi.org/10.1371/journal.pone.0102261
https://doi.org/10.1111/2041-210X.13378
https://doi.org/10.1111/2041-210X.13378
https://data.census.gov/cedsci/
https://data.census.gov/cedsci/
https://doi.org/10.1002/ece3.5717
https://doi.org/10.1016/j.scitotenv.2022.154926
https://doi.org/10.1016/j.scitotenv.2022.154926
https://doi.org/10.1146/annurev-ento-011019-025151
https://doi.org/10.1146/annurev-ento-011019-025151
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1073/pnas.0801921105
https://doi.org/10.1016/j.biocon.2019.108321
https://doi.org/10.1016/j.biocon.2019.108321
http://pubs.er.usgs.gov/publication/70120390
https://doi.org/10.1016/j.biocon.2010.03.024
https://doi.org/10.1016/j.biocon.2010.03.024
https://doi.org/10.1371/journal.pone.0225852
https://doi.org/10.1371/journal.pone.0225852
https://doi.org/10.1126/science.aao2117
https://auth1.dpr.ncparks.gov/hymenoptera/index.php
https://auth1.dpr.ncparks.gov/hymenoptera/index.php
https://doi.org/10.1093/ae/tmw023
https://doi.org/10.1093/ae/tmw023
https://doi.org/10.1016/j.oneear.2020.12.005
https://doi.org/10.1111/gcb.17060
https://doi.org/10.1111/gcb.17060

	Bee species richness through time in an urbanizing landscape of the southeastern United States
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study site and species
	2.2|Dataset compilation and processing
	2.3|Statistical analyses
	2.3.1|Question 1: Is there a trend in bee richness over time?
	2.3.2|Question 2: Are there bee species that are no longer found in contemporary collections compared to historical collections?


	3|RESULTS
	3.1|Time as a proxy for increasing human modification
	3.2|Dataset summary
	3.2.1|Question 1: Is there a trend in bee richness over time?
	3.2.2|Question 2: Are there bee species that are no longer found in contemporary collections compared to historical collections?


	4|DISCUSSION
	4.1|Using collections data to assess biodiversity changes over time
	4.2|Time as a proxy for increased human population and urbanization
	4.3|The influence of rare species and collector behavior
	4.4|Bee traits, urbanization and time

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


