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Ecography Native bee species in the United States provide invaluable pollination services.
Concerns about native bee declines are growing, and there are calls for a national
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Accepted 10 January 2023 From 1.923 million records, we created range maps for nearly 88% (3158 species) of

bee species in the contiguous United States, provided the first analysis of inventory
completeness for digitized specimens of a major insect clade, and perhaps most impor-
tant, estimated spatial completeness accounting for all known bee specimens in USA
collections, including undigitized bee specimens. Completeness analyses were very low
(3-37%) across four examined spatial resolutions when using the currently available
bee specimen records. Adding a subset of observations from community science data
sources did not significantly increase completeness, and adding a projected 4.7 mil-
lion undigitized specimens increased completeness by only an additional 12-13%.
Assessments of data, including projected specimen records, indicate persistent taxo-
nomic and geographic deficiencies. In conjunction with expedited digitization, new
inventories that integrate community science data with specimen-based documenta-
tion will be required to close these gaps. A combined effort involving both strate-
gic inventories and accelerated digitization campaigns is needed for a more complete
understanding of USA bee distributions.
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Introduction

Evidence continues to support the decline of both animal
(Ceballos et al. 2010, 2020) and plant (Gray 2019) species,
documenting the initial phase of the sixth mass extinction
(Leakey and Lewin 1996). Yet data are frequently incon-
sistent across space, time and taxa, and assessing patterns
requires an understanding of what data are available and how
representative they are in these domains. For most arthro-
pod species, we cannot reliably delineate their distribution,
much less understand the factors mediating realized niches.
How many arthropod species will go extinct before we have
a critical mass of information to inform conservation mea-
sures? There has been significant digitization coupled with
community science efforts for many vertebrates, especially
birds, but less so for plants, and less than a 10% digitization
rate for invertebrates. It could easily take decades to tran-
scribe all invertebrate data (Borsch et al. 2020). However,
there has been enough digitization to start tracking prog-
ress and identify taxonomic and biogeographic gaps while
simultaneously increasing rates of digitization.

Arthropods comprise 60% of all taxa, but most occurrence
data are locked up in the one billion insect specimen labels
located in the 1001 arthropod collections throughout the
world (Cobb 2022). We can start targeting certain arthropod
clades that have enough data to project occurrences (e.g. but-
terflies, dragonflies and ants) and initiate gap-filling inven-
tories while finishing the digitization of existing specimens.
Because of their functional importance and documented
declines, bees are an important, signature taxon for develop-
ing more specific and strategic plans for mobilizing biodiver-
sity data for all arthropods. First, there is a critical mass of
specimen data; ca 25% of the existing bee specimens in USA
collections have been transcribed, compared to a 6% average
for all arthropods (Cobb et al. 2019). Second, through an
extensive survey of USA collections, we estimate that roughly
4.7 million USA bee specimens have yet to be transcribed.
We use 1.923 million publicly available digitized records,
including both specimen and observation data for nearly
88% of bee species (3158 species) in the contiguous USA to
project estimates of how digitization of the remaining ca 4.7
million specimens could enhance our knowledge of bee spe-
cies distributions.

Understanding bee species distributions and the com-
munities that they form is fundamental to developing
research programs and regional-to-national inventory and/
or monitoring programs aimed at pollinator conservation.
Furthermore, in the era sometimes described as the ‘insect
apocalypse’, reliable information on species ranges and pop-
ulation data is needed to facilitate management that safe-
guards these species and the crucial services they provide
(Goulson 2019). An increasingly popular method for delin-
eating insect distributions uses transcribed specimen label
data with additional observational records from a variety of
sources (Cobb etal. 2019, Di Cecco et al. 2021, Shirey et al.
2021). These data establish critical information on local-
ity, date and taxonomy needed to conduct a spectrum of
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evolutionary-ecological research, which in turn can facili-
tate management and help answer large-scale environmen-
tal questions (Hampton et al. 2013, Meyer et al. 2015,
Lobo et al. 2018). Occurrence records help visualize the past
and current distributions of bee species on local to conti-
nental scales (Orr et al. 2021) and are the basis for track-
ing range shifts and linking impacts of changes in climate or
land management.

Inventory completeness analyses use specimen records
and/or community science data to measure the number of
species documented in an area compared to those expected to
be present (Soberdn et al. 2007, Meyer et al. 2015, Lobo et al.
2018, Nava-Bolanos et al. 2022). Completeness analyses are
useful for understanding deficiencies or strengths in biodiver-
sity data from regional to global scales and can inform gap-
filling surveys before species become a conservation concern
(Pelayo-Villamil et al. 2018, La Sorte and Somveille 2020,
Shirey et al. 2021). Bees comprise the monophyletic group
Anthophila, encompassing more than 20 000 described spe-
cies worldwide (Ascher and Pickering 2022), nearly twice the
number of species of birds or reptiles. The United States has
the highest bee species richness of any country, with 3594
fully valid species (excluding territories), over half of which
(1882 species) occur nowhere else (Ascher and Pickering
2022) and are of great interest for conservation. However, the
sheer number of species poses an immense challenge to docu-
menting their distributions. We must identify the gaps and
spatial biases in bee biodiversity data to inform conservation
planning and develop efficient strategies for minimizing bio-
diversity loss (Girardello et al. 2019). Results from complete-
ness analyses can reveal the geographic areas and taxonomic
groups that lack sufficient data or are prime candidates for
additional analyses (Troia and McManamay 2016, Pelayo-
Villamil et al. 2018, Girardello et al. 2019, Shirey et al. 2021).

Given trends in the rate of specimen digitization, it could
be decades before near-complete digitization of specimen
records for the majority of bee species is achieved (Cobb et al.
2019). Even if new technologies greatly increase label tran-
scription rates (LightningBug 2022), there is no guarantee
that even if all specimens were digitized, there would be
enough occurrence data to estimate accurate bee species
distributions and population trends over time. Without a
clearer understanding of how already-digitized occurrence
records can answer basic questions about bee biogeography,
we are unable to predict whether the additional specimen
darta locked within collections would be adequate for filling
any remaining gaps about species and community trends.
However, we make the case that enough information has
been accumulated to assess the completeness of USA occur-
rence data for bees, including the ‘yet-to-be-transcribed” spec-
imen data labels. Although our assessment is only an initial
step in identifying gaps and strengths in occurrence data, it
can inform plans for the additional surveys and sampling ini-
tiatives required for research and conservation at ecologically
meaningful scales.

We defined four study goals: 1) develop range maps for all
bee species in the contiguous USA and overlap them to obtain
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expected species richness patterns at any scale; 2) determine
data completeness at four spatial scales for all bees and for
each of the six USA bee families; 3) project the increase in
completeness that would occur by including all currenty
undigitized specimens; and 4) identify geographic and taxo-
nomic gaps in knowledge and provide recommendations that
involve more strategic inventories and accelerated digitiza-
tion. Our research provides the first comprehensive source
of species ranges for bees of the United States. However, the
most important contribution is our assessment of complete-
ness for the total estimated number of specimens in USA
collections and identification of areas with high richness but
low sampling effort. Thus, we can identify gaps in geography
and taxonomy now, even though it may be decades before
already-collected specimens have their label data transcribed.
The importance of conducting this type of study is under-
scored by the pace of global change and the growing number
of projects that have documented declines in bees and other
pollinators (Potts et al. 2010, Koh et al. 2016). It provides
urgency for expanding on a NextGeneration set of proce-
dures to plan strategically and execute more complete and
thorough inventories (Schindel and Cook 2018).

Material and methods

We provide a more detailed methods description in the
Supporting information. We acquired 2 989 647 available
North American bee occurrence records from GBIF (Global
Biodiversity Information Facility: 2 608 346 records) and
SCAN (Symbiota Collection of Arthropod Network: 381
301 additional unique records) in February 2021 (GBIF
2021, SCAN 2021). We included all introduced species
except Apis mellifera because its distribution in the USA is
chiefly a direct result of active human management. After
extensive data cleaning, including the exclusion of all unde-
termined morphospecies (Supporting information), our
North American dataset for just the 3158 species used in
our analyses was 2 157 900 records. After we removed all
records for Mexico, Canada, Hawaii, Alaska, coastal islands
(e.g. California Channel Islands and Florida Keys) and USA
territories to restrict our data to the contiguous USA, our
final data set was 1 923 814 occurrence records for 3158
bee species. All analyses described below were done using R
ver. 4.0.2 (www.r-project.org), and all code can be found at
https://github.com/iDigBees/USBees.

We generated observed occurrence maps and land-cover-
informed range maps for 3158 described USA bee species in
the contiguous USA. All 3158 bee species are listed in the
Supporting information. We created occurrence maps by ras-
terizing the data points for a single species at a 10 X 10 km
resolution and transforming them to four coarser spatial reso-
lutions used for analyses: a) 30 X 30 km, b) 60 X 60 km, c)
110 X 110 km and d) 220 X 220 km. All individual rasters for
a given resolution were then stacked to create ‘observed rich-
ness’ maps for the contiguous USA. These maps are presented
for all bee species as a single group (Supporting information)

and for each bee family individually (Supporting informa-
tion). We generated species ranges using the minimum con-
vex polygon method by calculating the smallest polygon to
encompass the full distribution of occurrence records for
each bee species (‘chull’ function in the grDevices R package
(www.r-project.org)). Since this method can over-predict spe-
cies’ distributions by including areas within the polygon that
are not truly suitable habitat for that species, we corrected
for this using 22 geospatial land cover layers (10 X 10 km
resolution) from LANDFIRE (LANDFIRE 2016) to mask
cach species to suitable habitat (Supporting information).
Cross-referencing species occurrence data with land-cover
data gives an accurate classification of actual land-cover while
simultaneously delineating the vegetation classes that are
ecologically relevant to species distribution, thus providing a
good basis for delineating species’ habitat requirements. This
type of approach, which distinguishes suitable from unsuit-
able habitat within a range, is critical for not overestimating
species ranges and/or expected richness across a region and
is already in common usage (Ocampo-Pefiucla and Pimm
2014, Li et al. 2016). All masked species ranges for a given
resolution were stacked and numerical richness values were
summed across grid cells to create expected species richness
maps for all USA bee species as a group (Fig. 1a, Supporting
information) as well as for each family (Supporting informa-
tion) at all four spatial resolutions (a—d).

Next, we ran completeness analyses for the contiguous
USA by extracting numerical richness values from both
observed richness and expected richness maps and calculat-
ing the ratio of observed species to expected species within
a grid cell. Completeness analyses were performed at all four
spatial resolutions (a—d) for all bees as a group and for each
family (Supporting information). In this process, we also
assessed how observational data (including records from
iNaturalist and BugGuide, the top two most impactful com-
munity science websites for bees) contributed to current data
completeness compared to just specimen data. Following
this, we projected and incorporated ca 4.7 million additional
specimen records across USA bee species into our dataset and
repeated all completeness analyses to estimate the increase in
completeness if we used all bee specimens known to exist in
USA collections. This provides additional insights on how
data adequacy (in terms of species and habitat representation)
may increase if all records in museum collections were acces-
sible after significant digitization effort. Although we expect
8 million total specimen records to reside in North American
collections, 2 157 900 are already digitized and usable for the
3158 USA bee species in this study, meaning there are likely
about 5 842 100 records yet undigitized. However, based on
aquery in SCAN, roughly 26% of those records may be com-
posed of localities outside the contiguous USA, which brings
the number down to ca 4 323 154 USA records to be digi-
tized. We assume that the ca 376 000 USA records that were
removed from analyses during data cleaning will eventually
be research-ready and usable for analyses. This totals 4 699
154 additional records for USA bees that could supplement
our currently usable occurrence data after being digitized or
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Figure 1. (A) Expected species richness for all USA bee species at a 30 X 30 km spatial resolution (900 km?). Individual species ranges were
filtered by suitable habitat type using LANDFIRE land cover types and stacked to create a model of predicted richness across the contiguous
USA for all 3158 bee species combined. (B) Relative sampling effort across the contiguous United States. The ‘samples per species” metric
represents the ratio of species to number of occurrence records per pixel. Larger circles indicate a greater number of records per species.
Darker circles represent pixels with a higher number of estimated species. Pixels that are large and dark represent well-sampled areas,
whereas pixels that are small and dark indicate areas with high estimated richness but have not been well sampled.

made research-ready. We rounded up and structured our code
to project an even 4 700 000 additional points. New data
points were proportionally allocated to each species based on
the size of their masked ranges.

We used two different projection methods to generate
new points. First, we distributed points within ranges and
suitable LANDFIRE cover types, but spatially constrained
them by existing points, through the use of a modified ver-
sion of the nearest neighbor (NN) method (Clark and Evans
1954, Boyd et al. 2022). The original NN method uses the
distance from an individual occurrence record to its nearest
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neighbor, regardless of direction, to provide a measure of spa-
tial relationships in populations (Clark and Evans 1954). This
pattern reflects the trend that data distribution tends to be
non-random, whether as a result of sampling biases or true
species distributions (Boyd et al. 2022). In our adaptation,
the NN values for each bee species were generated using the
average nearest neighbor distance from a single record to the
four closest points in each of the cardinal directions. Only
unique occurrences were used when calculating nearest neigh-
bors (unique species with unique coordinates). This method,
which we refer to as the ‘cardinal direction nearest neighbor’
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(cdNN) method, takes into consideration the well-established
trend that there are strong geographic biases in specimen-
based datasets that can result in data clustering, primarily
based on accessibility (Girardello et al. 2019, Hughes et al.
2021, Boyd et al. 2022). This clustering may be due to collec-
tion biases (repeat collection at field sites or accessible areas)
and/or true dispersion patterns within a species’ preferred
range. We confirmed that the distribution of occurrences for
each species is relatively clustered within its range using the
occAssess R package (Boyd et al. 2021), where 99% of our
species showed a significant clustering effect (i.e. values of <
1) rather than random or over-dispersed (Supporting infor-
mation). We constrained the placement of projected points
to fall within a circular buffer of the cdNN distance for that
species. We appended all newly projected specimen records
to our current North American dataset for the 3158 USA
bees and regenerated observed richness maps for each species.
Updated observed richness values per pixel were extracted and
new completeness values were calculated for each grid cell. A
histogram of the distribution of cdNN distances for all species
is provided in the Supporting information.

Our second projection method used a randomized
approach that projected the ca 4.7 million undigitized
records anywhere within a species’ range and appropriate
LANDFIRE cover types without any additional spatial con-
straint. We again appended the newly generated points using
this ‘randomly projected” method to our currently digitized
dataset, regenerated observed richness maps and recalculated
completeness. Regardless of the projection method used,
newly generated points were restricted to falling within a spe-
cies’ existing range polygon. We acknowledge our assump-
tion that all ranges generated are complete, though it is
unlikely that the edge of species’ recorded distributions repre-
sents their absolute ranges. Importantly, however, evaluating
potential range boundaries is not a goal of this paper, and we
instead just ‘fill in’ what we already know while not extending
any range boundaries.

By excluding records that correspond to < 10% of a
habitat type, we could lose data from undersampled areas.
However, if we did not use the masking approach, and all
pixels within a minimum convex polygon were included for
a species, we would likely overestimate ranges and species
richness values, and thus underestimate completeness per-
centages. Regardless, we expect the difference in complete-
ness values produced from the two different approaches to be
minimal. To confirm the suitability of our approach, we ran
separate completeness analyses where species richness values
were derived from unmasked ranges and compared the differ-
ence in data completeness values at each resolution.

Lastly, we estimated the relative sampling effort across the
contiguous USA for all bees and for each family. We divided
the total number of current, unique records per grid cell by
the total number of expected species for that same pixel to
get a single value of ‘samples-per-species’ and compared the
average ‘samples-per-species’ to the estimated richness in each
grid cell ata 30 X 30 km resolution. We used ArcGIS (release
10.3) (ESRI 2011) to create maps that show the varying

amount of samples-per-species across pixels in the contigu-
ous USA while simultaneously showing the varying degree of
species richness across those same pixels. These analyses high-
light priority locations for targeted sampling with the intent
of documenting species that are currently unrecorded, but
expected to occur, in that area.

Results

Bee species richness across the contiguous USA

Expected bee species richness (based on overlapping range
maps) and observed species richness (based on occurrence
records-per-pixel) were highly variable across the United
States. However, general hotspots of biodiversity are concen-
trated in the southwestern USA (Fig. 1a, Supporting informa-
tion). When analyzed by family ata 30 X 30 km resolution, all
groups except Halictidae show the same high expected diver-
sity in the southwestern USA (Supporting information). The
highest richness for any family was found in Megachilidae
in the western USA (California), with 157 species currently
observed and 311 species expected at a 30 X 30 km resolu-
tion (Supporting information). Patterns did not vary mark-
edly at different resolutions for this family, though patterns
around the Sierra Nevada in eastern California became much
more noticeable at coarser resolutions (Supporting informa-
tion). Interestingly, Halictidae showed a different richness
pattern than other families, with higher expected rich-
ness primarily in the eastern USA, while the western USA
showed lower and more fragmented expected richness. In
general, Halictidae showed a slightly lower richness than
most other families, with a maximum of 81 observed and
128 expected in the most diverse regions. Melittidae showed
an even more extreme version of this pattern, with the high-
est richness in the far West but also patches of high richness
in the East, although it should be noted that this involves a
maximum of only 6 observed and 10 expected species at even
the coarsest resolutions for this species-poor family. For all
analyses, topographic patterns tended to become clearer as
resolution became coarser (Supporting information), except
for Colletidae, where trends fragmented at coarser resolu-
tions. However, the expected richness values extracted for
each pixel are likely more precise at the finer-scale resolutions
due to a mismatch between landscape heterogeneity and scale
at coarse resolutions.

Relative sampling effort

Sampling effort for currently digitized specimens varies
considerably across the country and does not always fol-
low patterns of species richness when species-to-sample
ratios (excluding duplicates) are examined. Overall, species
richness is highest in Arizona and California, but sampling
effort relative to diversity was very patchy across these states.
This indicates that areas already known to be species-rich
may still have under-described bee faunas as they are often
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proportionally undersampled, such as foothills ringing xeric
regions of California. Conversely, low richness areas around
Washington DC and Maryland have high numbers of sam-
ples per estimated species and therefore are less likely to have
many species present that have not already been recorded
(Fig. 1b). Furthermore, efforts relative to high richness are
clear for certain locations such as the Southwestern Research
Station of the AMNH (American Museum of Natural
History) in Portal, Arizona that is used for the Bee Course
(www.thebeecourse.org/ (Minckley and Ascher 2013)), and
also various National Park inventories.

Importantly, family-level trends may drive underlying pat-
terns of diversity and sampling effort (Supporting informa-
tion). Andrenidae shows higher levels of sampling effort in
the western USA, especially in California, Arizona and Utah,
which is also an area with high bee diversity, suggesting that
areas with high diversity often have disproportionately high
sampling effort. However, this pattern does not hold across
the entire country; there are still areas of relatively low sam-
pling effort compared to high estimated Andrenidae richness
and areas in the East where richness is lower, but sampling
effort is higher. Colletidae and Megachilidae also have higher
sampling effort in parts of these same western states, although
bee richness is notably lower in Colletidae than Andrenidae
or Megachilidae. Colletidac and Halictidae trends likely
drive any high sampling efforts in eastern states; although
richness for Colletidae is not notably high in the eastern
USA, high samples-to-species ratios were calculated for this
area. Halictidae shows the most unusual pattern, with high-
est richness (and most of the best sampled areas, at least for
identified and digitized specimens) in the Eastern states, par-
ticularly in parts of Washington DC, Maryland, Connecticut
and Delaware. Additional family trends are outlined in the
Supporting information.

Current data completeness of USA bee distributions

Average data completeness for all USA bees ranges from
5.66% (+ 10.23% standard deviation) at the finest resolu-
tion (30 X 30 km) to 37.57% (* 18.94%) at the largest
(220 x 220 km) resolution (Fig. 2). This means that even
at the coarsest spatial resolution (48 400 km), our dataset
of cleaned USA bee records can only account for an average
of 37.57% of all expected bee species for any grid cell in the
country (Fig. 2d). When evaluated at the two middle spatial
resolutions of 110 X 110 km and 60 X 60 km, mean data
completeness is greatly reduced to 19.10% (+ 16.19%) and
11.12% (% 12.60%), respectively. Completeness levels were
similar for most families, where at the coarsest resolution,
Apidae had the highest average completeness of 38.30% (&
17.03%) and Melittidae had the lowest average completeness
of 29.34% (£ 38.19%) (all family statistics are summarized
in the Supporting information). High standard deviation
in percent completeness across pixels is likely a cause of
low completeness, supported by higher standard deviations
for the less complete Melittidae (Supporting information).
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As resolution becomes more fine-grained, completeness
decreases even further, such thatata 30 X 30 km spatial reso-
lution, even the most complete family Apidae is only 7.70%
(% 11.65%) complete. Finally, to confirm our approach of
using masked species ranges (convex polygons filtered by
suitable land cover type) to obtain completeness percentages,
we compared our results with those obtained from a separate
set of analyses using unmasked range polygons. We found
that between the two approaches, completeness percentages
at the finest resolution (30 X 30 km) are only a maximum
of 2.6% lower when using unmasked ranges, and a maxi-
mum of 0.95% lower at the coarsest resolution (220 X 220
km). These figures hold true regardless of family (Supporting
information). We therefore find that our results are robust to
the method of range creation.

We show family-level differences in the number of records
and species contributed to the USA dataset (Fig. 3). Apidae
(excluding Apis mellifera) contributes the most by providing
35.9% of records (690 996 records), and Melittidae contrib-
utes the least, just 0.4% of overall records (6931 records).
Although Andrenidae contributes the greatest number of
species (1067 species), which is 33.8% of the total species
pool, it only contributes 18.3% to the total number of USA
records (351 432 records), likely due to the hyper-diversity
of tiny and oligolectic bees in this family that makes them
challenging to collect. Completeness maps for each family are
displayed in the Supporting information.

Contribution of observational records to current
data completeness

There were 140 986 USA observational records contributed
by iNaturalist, BugGuide and Xerces Society for 766 bee spe-
cies at the time of our data pull, accounting for 24.2% of all
USA species. Importantly, 74.1% of this subset of observa-
tional records correspond to the genera Bombus or Xylocopa
(Apidae). Removing observational records yielded small (<
2.5%) decreases in percent completeness (Supporting infor-
mation). These trends are especially driven by the removal of
records in the families Apidae and Megachilidae (Supporting

information).

Potential data completeness with future
digitized data

Using the cdNN projection method (Supporting informa-
tion), the inclusion of more digitized records (estimated
to be about 4.7 million additional USA specimen records
that are collected but undigitized) increased the average
bee completeness to only 17.99% at the 30 X 30 km reso-
lution (Fig. 2¢). This method spatially constrains future
points to maintain the clustered dispersion that most spe-
cies exhibited, but with moderate capacity for future points
to occur in new areas within the species’ known range.
Similar increases in data completeness (ranging from a
10.75% absolute increase at the 220 X 220 km resolution
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Figure 2. Percent data completeness across the contiguous USA for all 3158 bee species using current specimens and observations (A)—(D)
and using a larger dataset with 4.7 million additional projected occurrences generated from the cardinal-direction-nearest-neighbor-method
(E)=(H). (A) and (E) =30 X 30 km resolution, (B) and (F)=60 X 60 km resolution, (C) and (G)=110 X 110 km resolution, (D) and
(H) =220 X 220 km resolution. Average percent completeness and standard deviation across all pixels is presented below each map.
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to a 12.29% absolute increase at the 110 X 110 km resolu-
tion) were calculated for the other three spatial resolutions
(Fig. 2f-h). Analyses at the family level indicate similar per-
cent increases, ranging from a 7.69% absolute increase for
Halictidae at a 220 X 220 km resolution to a 16.11% abso-
lute increase for Melittidae at a 220 X 220 km resolution
(Supporting information).

Results from the ‘randomly projected’ method, which
allows points to fall anywhere within a species’ current range,
obtained much higher completeness values (Supporting
information). Even at the finest 30 X 30 km spatial scale,
overall bee data completeness increased to 86.86% for the
contiguous USA when future projected records were placed
randomly. At the coarsest spatial resolution, average data
completeness approached 100% at 99.15% complete.

Discussion

We addressed all four goals of the study: 1) developed range
maps for 3158 documented bee species occurring in the con-
tiguous United States to create expected species richness; 2)
determined low to moderate inventory completeness for bee
assemblages across the USA at four spatial scales; 3) evaluated
the additional contribution by community science data, and
more importantly, the small increase in completeness when
projecting all specimen records from USA collections; and
will 4) provide recommendations for filling gaps that will
lead to more complete knowledge of species assemblages to
inform future inventories and monitoring for basic research
and conservation efforts.

The most important implication of this research is likely
the potential limitation of specimen data to understand the
distribution of species and communities. This is the first
study we are aware of that assesses inventory completeness for
a major insect clade using existing occurrence data to project
untranscribed specimen label data. The two projections from
yet-to-be-transcribed specimen data were telling; the con-
strained projection, where points were limited by the prox-
imity of existing bee data using cdNN values, only yielded
moderate completeness increases (12—13%). This underscores
the bias towards collecting around roads, municipalities, field
stations or areas of geographic appeal (e.g. nature reserves),
leaving large gaps in our documentation of species ranges
(Meyer et al. 2015, Girardello et al. 2019, Jamieson et al.
2019, Hughes et al. 2021, Shirey et al. 2021). It is likely that
the remaining specimens needing digitization will also be
highly biased and this supports the notion that even if all bee
specimens in USA collections (8 million) are digitized, the
data will still be inadequate to provide completeness assess-
ments at meaningful ecological scales. However, this must
be tested by expeditiously digitizing all the remaining speci-
mens. Unfortunately, it may be decades before the remaining
4.7 million bees with United States-based localities hosted in
USA collections are fully digitized (Cobb et al. 2019), but we
need to increase data completeness now in order to inform
conservation research efforts. The second projection assumed
random allocation of new points anywhere throughout a
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Figure 3. Inner ring=number and percentage of occurrence records
contributed by each bee family for the contiguous USA data. Outer
ring=number and percentage of species contributed by each bee
family for species in the contiguous USA.

species’ known range and generated estimates of near com-
plete coverage (95-100%), suggesting that completeness is
more limited by highly-biased sampling (Hughes et al. 2021)
rather than by the number of specimens collected. This is
promising in that obtaining a more complete inventory will
likely only require a fraction of specimens collected to date.

The spatial biases from both specimen and observation
data will require filling gaps through new inventories and
backcasting where possible; continued digitization of speci-
mens will also provide other benefits beyond completeness
assessment. They will fill gaps at finer spatial resolutions than
assessed here, are vital for obtaining consistent taxonomic
coverage across years (Boyd et al. 2022), provide baseline
historical reference (Bartomeus et al. 2019), and can serve
as reference material for specimen identification, identi-
fication keys and state/regional checklists (Jamieson et al.
2019). Regardless, we need to develop inventory strategies
to fill known taxonomic and geographic gaps. By extending
a NextGen philosophy that embraces emerging technology
and strategic planning, prioritizing sampling locations and
obtaining complete collection data, including biotic associa-
tions, genetics and field images (Schindel and Cook 2018),
natural history collections can play a huge role in this process
by actively enabling integrated efforts that include commu-
nity science (i.e. image monitoring/inventory), DNA barcod-
ing and collaborating on open-source data projects that track
progress in filling these knowledge gaps.

Spatial and taxonomic gaps

Our results uncover clear sampling biases and show that many
potential hotspots of richness have low degrees of inventory
completeness. For example, a recent study has shown that

ASUOIT SUOWIWIO)) dARa1) d[qear[dde oy £q PaUIdA0S A1 SA[OIIE () aSN JO SN 10§ AIRIQIT AUIUQ AS[IAY UO (SUOHIPUOI-PUB-SULIS)/W0d" AD[IM" ATeIqriaur[uo//:sd)y) suonipuoy) pue suid |, ay) 398 "[£707/80/2Z] U0 Areiqr auruQ A[IM 485908009/ [11°0[/10p/wod Kd[1mAreiqrjaurjuo//:sdny woiy papeojumo(] s ‘€70 ‘L8S0009 1



the San Bernardino Valley (Arizona) exhibits the highest bee
species density in a limited area of 16 km? compared to any
other area in the world with a total of 497 bee species, con-
stituting roughly 14% of USA species (Minckley and Ascher
2013, Minckley and Radke 2021). While our results indi-
cate higher expected diversity in this area, digitized sampling
effort is incommensurate and data completeness remains low.
Other areas in the Southwest have recorded very high species
richness (Michener 1979, Carril et al. 2018, Meiners et al.
2019, McCabe et al. 2020, Orr et al. 2021), though many of
these areas still have a low number of records-per-estimated-
species and bee data are not as complete for this region as one
might expect based on our species richness maps. There are
likely still additional undiscovered species and range exten-
sions even in these already diverse regions.

Geographic and taxonomic biases are especially apparent
in our expected richness map for Halictidae. Although our
results predict the highest expected richness to occur in the
northern Midwest, it is likely that the western USA actually
has more halictid species than are reflected in our analyses.
Discrepancies with the level of recent taxonomic work in cer-
tain areas could be responsible for this pattern. For example,
the eastern species of Lasioglossum, the most speciose genus of
Halictidae, have received relatively more taxonomic attention
(Grundel et al. 2011, Gibbs et al. 2013, 2017). Conversely,
many Lasioglossum specimen records collected in west-
ern state checklists were excluded from our analyses due to
only being identified to morphospecies (Carril et al. 2018,
Jamieson et al. 2019, McCabe et al. 2020). This could poten-
tially explain the lower Halictidae richness in the western
USA. However, recent and extensive revisions on the western
Lasioglossum (Dialictus) (Gardner and Gibbs 2020) will ide-
ally allow for these unidentified specimens to receive species
identifications and get updated on data portals.

Our results corroborate other recent assessments of
biodiversity data completeness: data are heavily biased
(Girardello et al. 2019, Orr et al. 2021, Kass et al. 2022).
A recent study of North American butterfly occurrence data
(Shirey et al. 2021) identified geographic gaps across the
far north, midwestern United States and northern Mexico,
along with noticeable under-sampling in desert, tropical
and boreal-arctic regions. For bees, a 2014 assessment of
worldwide distributional data completeness for 5836 species
(ca 30% of global species) indicates that global bee survey
effort is unevenly distributed, with western North America
and central and northern Europe having the most records
(Lobo et al. 2018). However, authors of some of these assess-
ment papers acknowledge that the country-level complete-
ness analysis they performed does not address smaller-scale
assessments on inventory quality. Essentially, areas of low
inventory completeness might be masked by areas of high
inventory completeness, especially in large countries such as
the United States. Our study is unique as it uses 30 X 30
km as the finest-grain spatial resolution, enabling a better
view of the pixels with very incomplete data that may have
otherwise been masked at coarser spatial scales, especially
in more environmentally-heterogencous areas (Lobo et al.

2018). In summary, while we show that some areas within
the southwestern (California, Arizona, Utah), northeastern
(Maryland, Delaware, New Jersey, Vermont) and midwestern
(Michigan, Illinois, North Dakota, South Dakota) United
States do have small patches of higher samples-per-species,
most of the country has much lower sampling effort, includ-
ing patches within the states mentioned. This is especially true
for Arizona and southern Nevada, despite the high potential
diversity. We also show noticeable under-sampling in the
south-central and mid-south regions of the USA, with less
than 0.76-1.20 samples-per-species. The initiation of future
inventory and monitoring programs and/or increased digiti-
zation efforts for previously-collected specimens is especially
critical for the southern and central United States.

Advancing bee systematics and identification

Our completeness results are based on current knowledge. As
such, our inferences are limited in part by what remains to
be done for North American bee systematics and the ability
of researchers to identify species properly. Many species-rich
USA bee genera, representing well over 600 species, have not
been included in published taxonomic revisions for decades.
For example, Nomada and Sphecodes have never had compre-
hensive USA revisions. The situation is also challenging for
Melittidae, where the largest genus, Hesperapis, has an inac-
cessible manuscript revision (Stage 1966). Similarly, Dufourea
(Halictidae) and Stelis (Megachilidae) have near-finished
revisions. Even for taxa that have been recently revised, iden-
tifications are challenging. For recently revised genera, such
as Epeolus (Onuferko 2018), there has been little time for
identifications of museum specimens to be made, but myriad
formerly obscure or new taxa have been recognized by the
author (Onuferko) and others on iNaturalist and BugGuide.
Undescribed species and/or specimens from difficult-to-iden-
tify groups also pose a challenge; for example, undescribed
morphospecies still comprise 16-30% of species in the west-
ern USA for projects that have had material examined by
taxonomic experts (Carril et al. 2018, Delphia et al. 2019,
Meiners et al. 2019, McCabe et al. 2020). To make addi-
tional progress, it is critical that taxonomic efforts are better
funded, and, going forward, better integrated with emergent
technologies (e.g. DNA, Al identification) that will empower
ecologists and community science efforts to contribute and
use integrative approaches to clarify the status of species.

Strategically filling gaps

Integrating sampling efforts

Our sampling effort analyses show that specific collections or
institutions can make huge contributions to overall knowl-
edge; some of the best-represented areas are due to extensive
park survey efforts by BBSL (Bee Biology and Systematics
Laboratory) or massive digitization events, including the
digitization of over 369k bee specimen records through
the AMNH (Ascher 2016). Additionally, geographic areas

surrounding certain universities and specific researchers’
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field sites are frequently the best represented (e.g. Laurel,
Maryland). To even out geographic biases country-wide, we
recommend supporting existing and new community sci-
ence partnerships across these institutions or universities.
Community science data can already contribute to overall
biodiversity data completeness on local and regional scales;
for example, observational data are increasing butterfly data
completeness across the continent (Shirey et al. 2021). Bee
records on iNaturalist are fast approaching one million for the
USA alone and already cover more than one thousand spe-
cies (iNaturalist.com 2022). This number is rapidly growing
as established taxonomic experts engage with the site and as
emerging experts increase in skill. While our results indicate
that observational data only increased bee data completeness
by 1-2%, this is likely an underestimate since only ca 34%
of existing iNaturalist records were included in our data pull,
whereas the remaining records were not identified to species
and/or not considered Research Grade. Additionally, taxa
such as Bombus and Xylocopa are disproportionately repre-
sented in our observational data. We are confident that the
number of iNaturalist records that are identified to species
will increase as image detection, combined with integra-
tion of date and location, is perfected. More importantly,
it will be critical to promote concerted programs that move
beyond urban centers and sample more USA locations.
Thus, with continued investment by local and regional
experts in identifying and curating observational records,
both existing and future community scientist observational
data can hugely contribute to our understanding of USA bee
distributions, especially in areas where formal collections
might be difficult (e.g. urban areas). The implementation of
‘NextGen’ collecting and curating practices (Schindel and
Cook 2018), including organized monitoring programs for
undersampled locations and taxa across the country, inclu-
sive of governmental efforts and open data publication, can
reduce biases in bee data. Furthermore, we can expand upon
state and regional bee checklists; while there are a few USA
states that have published region-specific bee species check-
lists (Scott et al. 2011, Carril et al. 2018, Stephenson et al.
2018, Delphia et al. 2019, Kilpatrick et al. 2020, 2021,
McCabe et al. 2020, Wright 2021, Veit et al. 2022), several
more states with ongoing monitoring of species occurrences
(Dibble et al. 2017, Kilpatrick et al. 2020, 2021) and a few
federal agency lists (Meiners et al. 2019), these are generally
lacking. We encourage more of these state-level checklists,
especially for the critically undersampled states compris-
ing the central and southern USA, and the establishment
of long-term local monitoring programs to help fill in geo-
graphic gaps in states where we expect high diversity yet still
show noticeable under-sampling (e.g. parts of California,
Arizona, Utah and New Mexico). Additionally, undescribed
morphospecies present major roadblocks to capturing com-
plete bee data, even in existing state checklists. If we can
complement monitoring programs (Woodard et al. 2020)
with technological advances such as DNA barcoding and
other molecular tools, we can potentially reduce the num-
ber of morphospecies listed in state checklists and enhance
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accuracy in species-level identification for collected bees
(Jamieson et al. 2019).

Lessons from the bees: navigating the ways to meet
the challenges of incomplete data on other
invertebrate taxa and regions

Here we showed that, despite intense effort and taking care
to integrate synonyms and remove inaccurate records (which
requires expert knowledge and is hard to automate), substan-
tial knowledge gaps remain for bees. These gaps include spe-
cies that might have been locally extirpated and have not been
re-recorded in many decades and/or a misalignment between
sampling effort and richness in many regions, likely due to
many bee species’ preference of desert or mountainous habi-
tats where human population is often low (Orr et al. 2021).
For bees, undigitized data are not projected to enhance com-
pleteness percentages dramatically, but this may not be true
for other taxa and/or regions for which sampling and digitiza-
tion are rarer, though the rate of increase for completeness is
likely to plateau for any taxon. Thus, regardless of taxonomic
group, more efforts are needed to include existing specimens
that are not recorded in online repositories. However, over 17
million records already exist for approximately 140 000 USA
taxa (SCAN), indicating that there are enough data across
different groups for the techniques highlighted in our study
to be applied to other taxa.

Conclusion

Currently, the USA has the most raw bee occurrence data
of any country in the world with over 60% of global bee
database samples and 17.5% of all bee species documented
(Orr et al. 2021). While we could map probable richness at
a high resolution, our results confirm that currently avail-
able data are incomplete across space and taxonomic groups.
Community science data and yet-to-be-transcribed specimen
label data are still critical but will not increase completeness
to the degree needed to provide a baseline across space and
species that could guide strategic conservation and man-
agement. Our analyses revealed not only diversity patterns
within specific bee families but also geographic areas where
current samples are likely to under-represent the richness of
species estimated to be present there. Conversely, most of
the well-studied hotspots are limited to a few highly studied
sites and regions in the west and southwest, with more work
needed over the larger region, while much of the east, except
the southeast, is already well-documented. Targeted and
complete bee inventories and monitoring programs on a con-
tinental scale could provide the platform for future analyses
with critical ecological and conservation implications, such
as correlating bee species distributions with flowering plant
species or nesting requirements and managing landscapes to
meet these needs. Ultimately, our results provide a foundation
for future monitoring programs that can be applied across
the United States and increase bee data completeness on a
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regional scale, while acting as a model for other countries to
enact pollinator protection programs. We are confident that
we can justifiably engage all collections and state and federal
inventory programs with the aforementioned opportunities
for strategically filling gaps to facilitate the research and man-
agement needed to conserve species and their ecosystem ser-
vices in the future.
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